Mars in the Late Noachian:
evolution of a habitable surface environment

by

Sarah Stewart Johnson

M.Sc. Biology, University of Oxford, UK, 2005
B.A. Philosophy, Politics and Economics, University of Oxford, UK, 2003
B.A. Mathematics and Environmental Studies, Washington University in St. Louis, USA, 2001

Submitted to the Department of Earth, Atmospheric, and Planetary Sciences
in partial fulfillment of the requirements for the degree of

Doctor of Philosophy
at the
MASSACHUSETTS INSTITUTE OF TECHNOLOGY
June 2008

© Massachusetts Institute of Technology 2008. All rights reserved.

FN 111110 O S TP
Department of Earth, Atmospheric, and Planetary Sciences
April 30, 2008
F N ToTe) 01 T ) £
Maria T. Zuber
E. A. Griswold Professor of Geophysics
Thesis Advisor
ACCEPLEA DY: et

Thomas A. Herring
Professor of Geophysics
Graduate Officer, Department of Earth, Atmospheric, and Planetary Sciences



SARAH STEWART JOHNSON PH.D. THESIS

[THIS PAGE INTENTIONALLY LEFT BLANK]



SARAH STEWART JOHNSON PH.D. THESIS

Mars in the Late Noachian:
evolution of a habitable surface environment

by
Sarah Stewart Johnson

Submitted to the Department of Earth, Atmospheric and Planetary Sciences
on April 30, 2008, in partial fulfillment of the requirements for the degree of
Doctor of Philosophy in Planetary Sciences

Abstract

This dissertation addresses whether simple life forms might have existed on Mars during
the late Noachian epoch, and whether those life forms, or their traces, can be detected
today. It begins by analyzing the ancient Martian climate in light of new evidence that
sulfur chemistry played a prominent role in the planet's early evolution. It finds that
sulfur-induced greenhouse warming could have periodically heated the planet enough to
support liquid water, thereby creating warm, wet, clement conditions. Moreover, it finds
that those warming pulses, while short-lived over geologic time, may have persisted for
hundreds of years. If sulfur helped create environmental conditions capable of hosting
life, however, it also created conditions that were adverse to sustaining it. In particular,
dissipation of sulfur volatiles cooled the climate, and sulfur rainout contributed to the
acidity of Martian surface waters. The dissertation therefore proceeds to analyze the
potential for persistence and detection of life in terrestrial environments with Mars-like
characteristics. It first investigates the potential for detecting ancient life by searching for
lipid biomarkers in sulfur-rich acid salt lakes, concluding that a variety of biomarkers
may be more resistant to decay than previously believed. It then analyzes soil samples
from permafrost, discovering the oldest independently authenticated viable organisms
ever found, and positing low-level metabolic activity and DNA repair as a survival
mechanism in ancient cells. Finally, the dissertation uses deep sequencing to examine
prokaryotic diversity in a terrestrial Mars-like river characterized by low pH and high
concentrations of iron and sulfur, with results considered in light of the implications for
life detection approaches incorporating new, in situ “PCR in a chip” technology. The
dissertation concludes by proposing future work, including the ultimate goal of
developing a life detection instrument for Mars.
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Chapter 1

Introduction

1.1 Context and chapter outline

This dissertation sits at the nexus of planetary science and biology, probing the prospects
for habitability in the late Noachian epoch on Mars, and for the detection of life or its
traces on Mars today. The first half of the dissertation draws upon petrology,
geomorphology, radiative transfer and photochemistry to analyze the role the element of
sulfur played in the late Noachian atmosphere. The second half of the dissertation
scrutinizes habitability in the ancient Martian surface environment. From the sulfur-rich
acid salt lakes of the Yilgarn Craton and the permafrost soils of the Kolyma Lowlands to
the Rio Tinto Basin, an acidic river in the Iberian Pyritic Belt in Southwest Spain, the
research examines the nature of life in Mars-like conditions, particularly its preservation,
survival, and prospects for detection. Interwoven throughout the dissertation’s seven
chapters is the element of sulfur, fast emerging as a component of any comprehensive
explanation of the ancient Martian atmosphere and surface environment, as well as the

prospects for life therein.

1.1.1 A sulfur-rich environment on ancient Mars
For someone who hopes to find life on Mars to focus her research on the element of

sulfur begets a certain irony: for much of history, sulfur has been associated not with life,
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CHAPTER 1 INTRODUCTION

but with death. It was used as the base of a fumigant and bleaching agent in Pre-Roman
civilizations, it appears in English translations of the Bible as “brimstone,” and it was
referenced in Homer’s Odyssey as an insecticide and “purifier of sick rooms.” This
association started to fade in the late 19th Century, however, when one of the founders of
microbiology, Sergei Winogradsky, demonstrated sulfur's life-sustaining role in certain
classes of bacteria [Ackert, 2006]. In the 120 years since, as our understanding of
microbial metabolism has advanced, sulfur has emerged as a multifaceted and far-
reaching component of complex biological systems. Capable of existing in an
exceptionally broad range of oxidized and reduced states, sulfur provides organisms with
ample opportunities to harvest energy, the most elemental task for any life form. The
element has proven to be particularly beneficial in anaerobic environments such as
hydrothermal vents, deep marine sediments, and the subsurface biosphere. For example,
there are clues suggesting that the biosphere flourishing deep in the Earth’s crust, home
to 10 to 66% of Earth’s microbial population, may thrive off the reduction of sulfate via
oxidation of iron [D'Hondt, et al., 2004; Schippers, et al., 2005]. Despite a century of
research, however, the role of sulfur in sustaining simple life, both on Earth and possibly

elsewhere, remains largely unexplained.

The data from recent NASA missions indicate that Mars is also an anaerobic, sulfur-rich
world: a place that was periodically warm and wet in the late Noachian period of Martian
history, roughly 3.7 to 4 billion years ago (see Figure 1.1). During that time period, the
Martian hydrologic cycle radically altered the landscape: water flowed across the surface

12
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of Mars, cutting the river valleys and outflow channels that are visible today. At present,
however, the surface of Mars is dry, cold, and incapable of supporting liquid water. The
mechanisms of this dramatic climate change remain uncertain. Many planetary scientists
have tried to simulate early atmospheric conditions, but the most prominent models have
failed to make the surface warm enough using carbon dioxide alone to sustain the liquid
water necessary for the observed hydrology-related geologic features to form. Even
when the models assume 1000 times the amount of CO, we have on Earth, they result in
insufficient greenhouse warming, in part because Mars is farther from the sun and
because the sun may have been less bright in the distant past [Gulick, 1997; Kasting,

1991; 1997; Pollack, 1987; Postawko, 1986].

There is, however, a growing body of evidence from recent Mars exploration missions
suggesting that sulfur chemistry may have played a prominent role in the planet’s early
evolution. My thesis begins by integrating this evidence into previous efforts to explain
the evidence for a warm, wet surface environment on ancient Mars. Although the thin
Martian atmosphere contains virtually no sulfur species at present, both soils and rocks
observed by landed missions have very high sulfur abundances. Isotopic analyses in
Martian meteorites further support the idea that the sulfur detected at the surface first
underwent atmospheric chemical reactions prior to surface deposition [Farquhar, 2000].
These recent discoveries are intriguing because sulfur volatiles emitted from volcanoes

can act as powerful greenhouse gases, absorbing at wavelengths complimentary to CO,

13
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and driving climate change during periods of enhanced volcanic activity [Postawko,

1986].

My work hypothesizes that pulses of sulfur volatiles into the Martian atmosphere from
volcanic activity could have given rise to short-lived periods of clement environmental
conditions on late Noachian Mars. The possibility of these warm, wet periods is
particularly intriguing because the late Noachian period on Mars coincides with a time
period when the first protocells were evolving on Earth [Knoll, et al., 2005]. Many have
assumed that the physical similarity of Earth and Mars during this period, particularly the
weakly reducing atmosphere, protective magnetic field and silicate mantle structure, are
reasons to believe that Mars, too, may have hosted life; similarity of climate during the

relevant time period would provide another such reason.

Chapters 2 and 3 address these topics. Using a theoretical model, Chapter 2 investigates
the solubility of sulfur in Martian magma, which is directly tied to the amount of sulfur
volatiles available for release to the atmosphere during volcanic degassing, and then
proceeds to investigate the sulfur volatile levels that could be reached in the Martian
atmosphere and the subsequent implications for greenhouse warming. Tremendous
amounts of volcanism occurred before the end of the late Noachian, and the gases
released from the magma associated with this volcanism certainly affected the early
climate. Yet it remains unclear to what extent gases deep within igneous provinces could
have been released to the atmosphere. For this reason, I explore the climatic
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consequences of large, discrete, near-surface volcanic events. Orbital reconnaissance
shows recognizable topographic features that correspond to places where magma was
once rapidly emplaced near the surface [Wilson, 2002]. The associated volumes of
magma are estimated after making some basic assumptions from geophysics. That
amount of near-surface magma together with the amount of soluble sulfur in Martian
magma gives an estimate of total sulfur volatiles that could have been directly released to
the atmosphere. I further assume that these amounts will be well mixed over the planet
within a short time in comparison to the lifetimes of the gases. This method allows me to
take a “snapshot” of the atmosphere shortly after the volcanic event takes place and
analyze the extra greenhouse warming caused by these pulses of sulfur volatiles. To
calculate the magnitude of the warming, I use a three-dimensional global circulation
model adapted for Martian conditions. Surface temperature results indicate extra heating
from sulfur volatiles of up to 25 Kelvin, and even higher if water vapor feedback effects
are included. The resulting surface temperatures on Mars create localized conditions

conducive to the presence of liquid water.

Chapter 3 investigates how long these sulfur volatile warming pulses may have lasted in
the early Martian atmosphere. I use a one-dimensional photochemical model adapted
from a previous study of sulfur volatiles in Earth’s early atmosphere. While
photochemistry research to date has concentrated on current Martian conditions, my work
examines the ancient Martian atmosphere, which was thicker, warmer, and more reducing
than the current regime. After validating the model against other photochemical models,
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I conclude that sulfur dioxide could have persisted in the ancient atmosphere for at least
hundreds of years, generating short but potent warming episodes following an episode of

volcanic activity.

1.1.2 Finding ancient life

If sulfur helped create environmental conditions capable of hosting life, it also created
conditions that were adverse to sustaining it. As sulfur species were removed from the
atmosphere, most likely in the form of SO, rainout, they would have strongly affected
surface waters, generating highly acidic conditions and precluding the formation of
carbonates. In addition, the warm, wet surface environment caused by sulfur-induced
greenhouse warming may only have persisted for hundreds of years; at most, they lasted
until the end of the late Noachian epoch, when Mars likely lost its core dynamo and
protective magnetic field, and much of its volcanic activity subsided. By the Hesperian
epoch, cold, dry steady state conditions dominated Mars’ climate, and the atmosphere

was slowly sputtered away by the solar wind. What remains is the planet we see today.

If life began but did not survive on Mars, it may still be detectable in the acidic, sulfur-
rich surface environments predicted by sulfur-induced greenhouse warming. Of the
many life detection techniques proposed for Mars, searching for organic material has
emerged as one of the optimal methods for finding evidence of extinct life. This effort
centers on the search for lipid biomarkers, which are organic compounds derived from
living organisms found in rocks and sediments. Unlike other biomolecules that degrade
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quickly, such as nucleic acids, traces of lipids from ancient organisms can be preserved
over geologic time [Brocks, et al., 1999]. Moreover, the majority of sedimentary organic
matter reflects highly characteristic biological processes, lessening the difficulty

presented by abiotic routes to these biomarkers.

A chief criticism of the lipid biomarker approach for Mars comes from the field of
thermodynamics, which predicts poor preservation in acidic, oxidizing environments like
that at Meridiani Planum, the Opportunity landing site. There, we see evidence for an
ancient aqueous biosedimentary system that was characterized by high acidity and
salinity in the late Noachian. To evaluate this criticism, I assay sediments from highly
acidic natural salt lakes, which are rare in terrestrial settings, for their lipid biomarker
compositions. My work suggests a variety of organic compounds, including those from
dead organisms, remain in these environments, thereby furthering the debate about the

search for organic matter in Martian evaporite deposits.

Chapter 4 begins by describing the sulfur-rich acid saline basins in the vicinity of
Norseman, Western Australia. I use two independent analytical methods to extract and
quantify lipid residues, both of which identify biomarkers from the indigenous microbial
population as well as biomarkers from dead vascular plant material, swept in from the
catchment areas associated with the lakes. Given that microbial and plant lipids have

similar chemistries, it is unlikely that this outcome reflects a preservational bias. My
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findings demonstrate that fossil lipids, in general, are surprisingly stable in the oxidizing

and acidic saline sediments represented by these environments.

1.1.3  Survival under duress

Perhaps more intriguing than searching for signs of fleeting life on Mars, however, is the
possibility that life survived long enough to begin adapting to the Martian environment.
To do so, ancient organisms would have had to survive the long-lasting intervals of cold,
dry conditions that would have prevailed between warming periods. Numerous scientists
have posited long-term microbial survival, but they do not agree on the mechanism by
which it can occur [Cano, 1995; Fish, 2002; Vreeland, 2000]. While the favored
explanation for the survival of ancient cells has centered on dormancy, recent claims of
cultivable ancient bacteria within sealed environments have highlighted our limited
understanding of the mechanisms behind long-term cell survival. Specifically, it has
remained unclear how processes like sporulation can cope with spontaneous genomic
decay over geological timescales. My work with bacteria in Siberian permafrost suggests
that low-level metabolic activity and DNA repair, as opposed to the alternative
explanation that cells enter a state of dormancy under conditions of stress, allows cells to
survive under cold, desiccated conditions for up to half a million years. This is of
particular interest given that results from neutron and gamma-ray spectroscopy aboard
the Mars Odyssey orbiter suggest that water ice is widespread on Mars, comprising
several percent of at least top meter of the surface [Feldman, et al., 2002; Mitrofanov, et
al., 2002].
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Chapter 5 addresses the survival of life over geologic timescales. I use strict protocols
and new metabolic methods to address the questionable existence of ancient cells in
permanently frozen sediments here on the Earth. I find that ancient cells not only exist
but also can remain in a metabolically active state repairing their DNA for at least
400,000 to 600,000 years. This work documents the oldest independently authenticated
DNA ever reported from viable cells in isolated environments and suggests intriguing

possibilities for the survival of life within permafrost and ice on Mars.

1.1.4 Finding existing life

While probing for lipid biomarkers is perhaps the most conservative way to look for life,
a far greater scientific yield could come from the application of new, precision
technologies to the search for life on Mars. One exciting new approach is a NASA
instrument prototype being developed by the Search for Extraterrestrial Genomes (SETG)
Project [Ruvkun, et al., 2002] that incorporates genetic amplification, sequencing, and
analysis technologies originally developed for the health sciences industry. If microbial
life adapted to environmental change and is still present at low levels today, the SETG
approach promises considerable gains in sensitivity and specificity for certain life
detection approaches, and could greatly increase the chances of finding and identifying
Martian life. This approach utilizes microfluidic “PCR in a chip” technology that enables
hundreds of DNA fragments to be sequenced in wells only a few microns in width. By
returning genetic sequences, the instrument could virtually eliminate false positive
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results: sequence data from likely contaminates would be immediately identified,
whereas any system of life isolated from that on Earth over geologic time would be
evident from phylogenetic analysis. In addition, this technique is superior to others for its
single molecule sensitivity and ability to recognize contamination. Moreover, the
applicability of these techniques, which are useful only for RNA/DNA-based life forms,

is consistent with an increasingly tenable “shared-ancestry” hypothesis.

Central to the use of the SETG approach is the hypothesis that life on Earth and Mars
share a common ancestor. This hypothesis is not unlikely; indeed, the probability of a
common ancestor seems at least as high, if not radically higher, than the alternative of
two independent geneses. Evidence from magnetization studies increasingly shows that
viable microbes could have been transferred well below sterilization temperatures to or
from Mars during the late Noachian [Weiss, et al., 2000]. Once life had evolved on one
of the planets, the rate of material transfer makes it plausible that the adjacent planet
could “catch” life rather than independently evolving it. Moreover, microbial life has
been discovered here on Earth at extremes of temperature and radiation, demonstrating
the significant adaptability of microbes and reducing the likelihood that extreme

environmental stress would fully sterilize a planet.

In Chapter 6, I consider this new life detection approach vis-a-vis a “training set” of
phylotypes detected in the Mars-like chemistry of the Rio Tinto Basin in southwestern
Spain, a terrestrial analog for the sulfur-rich early Martian environment. Much as we
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might expect for early Mars, the microbial population at Rio Tinto harvests energy from
chemical gradients created by the elements iron and sulfur. I perform deep sequencing,
collecting more sequence data from prokaryotic organisms than have been collected from
any single sampling site at Rio Tinto before, and I discuss the implications of my results
for the SETG instrument being pioneered for use in a life detection platform on a future

Mars mission.

At different points, this dissertation draws upon the results of missions such as Mars
Global Surveyor, the Mars Exploration Rovers, Mars Odyssey, Mars Reconnaissance
Orbiter, and Mars Express. What has emerged from recent exploration is an entirely new
vision of Mars in the ancient past. My work not only helps us understand the history of
climate change and the evolution of the surface environment on early Mars, it prompts us
to look forward to results from the next generation of Mars spacecraft. Perhaps what will
emerge in coming years is yet another vision of our near neighbor, one more similar to

Earth than we think... perhaps even one that harbors, or once harbored, life.
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1.3 Figures

Figure 1.1. The Mars Exploration Rovers analyzed layered sedimentary rocks, such as
this sulfate-rich section at Burns Cliff, to discover that Mars was characterized by ancient

acidic aqueous weathering in at least some regions during the late Noachian.
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Chapter 2

Sulfur-induced greenhouse warming on early Mars'

2.0 Abstract

Mineralogical, geological, geophysical and isotopic data recently returned from Mars
suggest that the delivery of sulfur gases to the atmosphere may have played a significant
role in the planet’s early evolution. Using the Gusev Crater basalt composition and a
batch melting model, we obtain a high sulfur solubility, approximately 1400 ppm, in
Martian mantle melts. We proceed to explore different scenarios for the pulsed degassing
of sulfur volatiles associated with the emplacement of near-surface dikes during the late
Noachian or early Hesperian, when surface pressures are thought to be substantially
higher than present. We investigate background Martian atmospheres of 50 and 500 mb
CO, with varying abundances of H,O and sulfur volatiles (H,S and SO, mixing ratios of
107 to 10°). Results suggest that these sulfur volatile influxes, alone, could have been
responsible for greenhouse warming up to 25 K above that caused by CO,. Including
additional water vapor feedback, this process could have raised the early surface

temperature above the freezing point for brines and possibly allowed transient liquid

" This chapter was accepted at the Journal of Geophysical Research — Planets on Febru-
ary 28, 2008.

Johnson, S.S., M.A. Mischna, T.L. Grove, and M.T. Zuber, “Sulfur-related greenhouse
warming on early Mars,” Journal of Geophysical Research, in press.
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water on the Martian surface. Each temperature rise was likely to have been short-lived,

however, due to brief residence times for sulfur volatiles in an optically thin atmosphere.

2.1 Introduction

The present geology of Mars points to the existence of a thicker, warmer atmosphere in
the past. Climate change is best evidenced by the early age and distribution of dendritic
valley networks and interior channels within these valley networks as well as geologic
indicators of much higher erosion rates in ancient Martian history, such as degraded
Noachian-aged craters [Fanale et al., 1992; Catling, 2005]. Some have postulated the
existence of a large ocean in the Northern Plains [Baker et al., 1991; Clifford and Parker,
2001]. Mars Orbiter Laser Altimeter data suggest that the innermost of two proposed
shorelines forms an approximately equipotential surface [Head et al., 1999], and Perron
et al. [2007] propose that, coupled with the resistance of Mars’ elastic crust, true polar
wander over the past two to three billion years can account for much of the shorelines’
topographic variation. The smoothness of the lowlands also may be explained by
fluvially transported sediments [4haronson et al., 1998]. Others suggest that more
sporadic climate variations led only to ephemeral rivers and lakes, or simply near-surface
groundwater with multiple recharge events [Segura et al., 2002]. At the Opportunity
landing site, the sedimentary and mineralogical features associated with a sulfate-rich
stratigraphic section at least seven meters in thickness suggest that water was present

episodically for at least thousands of years [Knoll et al., 2005], with no less than four
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distinct recharge episodes [McLennan et al., 2005]. Orbital data indicate that this
geological unit, associated with aeolian and shallow water deposition, and likely to be
late Noachian or early Hesperian in age, extends over several hundred thousand square
kilometers and reaches up to 800 m in thickness [Hynek et al., 2002; Arvidson et al.,

2003, 2005].

An increasing body of evidence from recent Mars exploration missions suggests that
sulfur chemistry may have played an important role on early Mars. Although the Martian
atmosphere contains virtually no sulfur species at present (upper limit = 0.1 ppm), all
soils observed by landed missions have duricrust with enhanced sulfate abundances of 3-
10% sulfate [Maguire, 1977; Settle, 1979; Owen et al., 1992; Squyres et al., 2004].
Sulfate abundances in outcrops have been detected at even higher levels. Mg-sulfates are
estimated to constitute up to the 30% of the Meridiani Planum landing site outcrop
[Wiéinke et al., 2001; Feldman, 2004], and the OMEGA hyperspectral imager aboard Mars
Express has identified kieserite, gypsum and polyhydrated sulfates on localized layered
terrains that extend well beyond these landing sites [Gendrin et al., 2005]. The
visible/infrared spectrometer aboard Mars Reconnaissance Orbiter, CRISM, has targeted
many of these hydrated sulfate deposits for further analyses [Roach, 2007; Poulet, in
preparation]. Most sulfate-rich deposits correspond to freshly exhumed surfaces that can
be dated to the Noachian and/or Hesperian epochs. The layered deposits where OMEGA

sees evidence for hydrated sulfates occupy a few percent of the equatorial to mid-latitude

29



CHAPTER 2 SULFUR-RELATED GREENHOUSE WARMING

regions; these deposits are on the order of a few hundred meters thick, containing roughly

20 to 30 percent sulfate [Arvidson, 2006].

The SNC meteorites (shergottites, nakhilites and chassignites— basaltic, achondritic
meteorites believed to have originated from Mars) contain sulfur, and isotopic sulfur data
from the meteorites reflect deposition of sulfur species produced by atmospheric
chemical reactions [Farquhar et al., 2000]. Sulfur isotope measurements of oxidized and
reduced sulfur reveal mass-independent fractionation, indicating that dynamic
atmospheric chemistry has strongly contributed to the history of the Martian sulfur cycle
and suggesting an important role for sulfur volatiles and sulfate aerosols in Martian

history [Farquhar et al., 2000].

Sulfur volatiles, in the form of SO, and H,S, act as powerful greenhouse gases and may
have been important atmospheric components during periods of enhanced volcanic
activity on Mars [Postawko and Kuhn, 1986; Settle, 1979]. Sulfur volatiles have also
been suggested as serving a useful secondary role in warming early Mars; the presence of
small amounts of SO, in the middle atmosphere may have kept temperatures warm
enough to prevent CO, condensation, allowing for both a thicker CO, atmosphere and
less reflectance of solar energy back to space [Yung et al., 1997]. Without sulfur
volatiles, many atmospheric models have struggled with two related problems: 1)
creating the necessary warming for liquid water stability with CO, alone, and 2)
explaining the lack of carbonate deposition. Regarding the first problem, Kasting [1991]
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finds that a dense early CO, atmosphere could not warm early Mars sufficiently to allow
aqueous surface features without additional, complementary greenhouse gases, and
Postawko and Kuhn [1986] found that even three bars of CO, would not provide
sufficient warming to reach melting temperatures. Concerning the second problem, while
carbonate platforms would be expected in abundance with a CO,-rich atmosphere and an
aqueous surface environment, none have been detected on the surface of the planet.
Orbital Thermal Emission Spectrometer (TES) data constrain carbonate abundance in
Martian dust to 1-2 wt% [Bandfield, 2002]. The discovery of the mineral jarosite,
(Na,K)Fe,(SO,),(OH), by Opportunity at Meridiani Planum indicates the presence of
ancient acidic conditions on Mars, which could have prevented the deposition of
carbonate, despite the fact that expected weathering reactions with widespread surface
basalt layers would have served to buffer pH. This conclusion requires a source for

surface acidity over Martian history.

It has been proposed that outgassed sulfur species, and the subsequent formation of
sulfuric acid aerosols in the atmosphere, may have been responsible for, inter alia: 1)
producing ubiquitous sulfur-rich dust and globally dispersed sulfate platforms, 2) creating
the low pH levels of 2-4 that are suggested by the presence of jarosite, preventing
carbonate deposition, and 3) generating relatively clement climatic conditions that allow
for liquid water and brines at the surface of Mars via potent but short-lived greenhouse
warming (see [Settle, 1979; Postawko and Kuhn, 1986; Blaney, 1996; Halevy et al.,
2007]). A Martian history with significant sulfur outgassing may explain recent mission
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findings more comprehensively than theories in the literature which invoke: 1) an
extremely thick (multiple bar) CO, atmosphere [Pollack et al., 1997; Gulick et al., 1997],
a CH,-rich atmosphere [Kasting, 1997] or an NH;-rich atmosphere with shielding by an
organic haze layer [Sagan and Chyba, 1997] as the source of greenhouse warming; 2)
near global coverage of scattering CO, ice clouds [Forget and Pierrehumbert, 1997;
Mischna et al., 2000]; 3) impacts as the source of heat for short-lived aquifer recharge
[Segura et al., 2002]; 4) weathering without the presence of liquid water at the rock-
atmosphere interface over hundreds of millions of years as the source of surface
evaporites [Banin, 2005]; 5) mechanical mixing of subsurface salts, brines and ices from
large impact events as the source of the Burns Formation material in Meridiani Planum
[Burt et al., 2005]; or 6) aqueous oxidation of volcanic iron sulfides pyrite and pyrrhotite
as the source of sulfate minerals [Zolotov and Shock, 2005]. What follows is the first
model that has been created to account for both sulfur delivery to the early atmosphere of
Mars and its subsequent atmospheric warming effects. We show in a feasibility
demonstration that sulfur volatiles may have been key to warming the early Martian

atmosphere.

2.2 Sulfur solubility in Martian mantle melts
2.2.1 Batch melting model
A batch melting model, in which decompression melting of the mantle takes place with

the solid residue staying with the melt during most of its ascent, is used to assess the
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sulfur solubility in Martian silicate melts in equilibrium with metal sulfide. Regardless of
ascent velocity and melt fraction volume, magma from mantle source regions in this
model will arrive at the base of the lithospheric lid undersaturated in sulfur. This is due
to the unique negative pressure dependence for sulfur solubility that dominates the

positive temperature dependence in systems that contain FeO [Holzheid and Grove,

2002].

At the base of the lithospheric lid, a final equilibration will take place before the liquid
melt is advected to the planet’s surface. While significant cooling in passage through the
crust would affect the Sulfur Solubility Limit (SSL), here we assume that chemical and

thermal halo effects insulate the magma along cracks and in magma chambers.

To calculate the SSL in liquid silicate conditions, Mavrogenes and O’Neill [1999] used

the equation:

A P ‘
(1) ln(SSL):?+B+C(F)+lna;;l§ide,

where a}/ is the activity of FeS in metallic sulfide, and constants A, B and C are

derived from a fit to experimental data. The sulfur content in the silicate liquid is in ppm,
temperature, 7, in Kelvin, and pressure, P, in bars. Holzheid and Grove [2002] adapted
the equation from Mavrogenes and O’Neill [1999] by adding an additional parameter to

assess the further dependence of sulfur solubility on the silicate liquid composition:
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A P ‘
@ 1n(SSL)=;+B+C(?)+D-nbo/t+1na§:j§"’“,

where nbo/t is the ratio of non-bridging oxygen anions to tetrahedrally coordinated
cations in the silicate; it is a measure of the degree of polymerization in the silicate melt
sulfide

structure. The value of a,“ is taken to be ~ 1 as metallic sulfides are close to

stoichiometric FeS in the experimental data [Holzheid and Grove, 2002].

The empirically-derived parameters (A, B, C and D) are found by means of a nonlinear
least squares regression of the sulfur solubility limits in liquid silicate from experimental
data as a function of T (over the range 1573 to 1873 K), P (over the range 9 to 27 kbar)
and nbo/t (over the range 0.46 to 1.62). These values in Equation 2 are found to be
-7714, 11.90, -0.038 and 0.368 for A, B, C and D, with standard deviations of 2582, 1.65,

0.012 and 0.169, respectively [Holzheid and Grove, 2002].

2.2.2. Calculating sulfur solubility

Alpha Particle X-ray Spectrometer (APXS) data from abraded, dark, vesicular basaltic
rocks at the Spirit landing site in Gusev Crater are consistent with primitive basalts, with
an average of 11 wt% MgO [McSween et al., 2006]. Furthermore, laboratory
experiments performed by Monders et al. [2007] on a basalt of a composition averaged
from the unaltered Gusev basalts document a three-phase multiple saturation of olivine +

orthopyroxene + spinel near the liquidus at 10 kbar and 1583 K. This result, at a point
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equivalent to a pressure depth of approximately 80 km, suggests the Gusev basalts either
were generated or were last in equilibrium with mantle minerals not far below the

approximately 50 km thick crust [Zuber, 2001].

The primitive mantle compositions derived from the unaltered Gusev basalt composition
are given in Table 2.1 for APXS targets Adirondack, Humphrey and Mazatzal. The
compositional results were originally reported by Gellert et al. [2004], but the
percentages in Table 2.1 reflect corrections made subsequent to new instrument

calibrations completed in early 2005 [McSween et al., 2006].

We calculate an average value for nbo/t by using Equations 3, 4 and 5 [Mills, 1993;

Mysen, 1988]:

3 v - z x(S10,) + x(Ti0,) + x(ALO;) + x(Cr,0,)
) NBT 4 L x(FeO) + x(MnO) + x(MgO) + x(Ca0) |’

[ x(5i0,) | x(ALO,)
@) XT_Z{ > 15 }
(5) nbo/tz(XLj(ZYN -4X,),

where x is the mole fraction of the respective constituent.
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The resulting nbo/t value, 1.26, can be substituted into Equation 2 along with the
previously listed constants for A, B, C and D, and T = 1583 K and P = 10 kbar. The
resulting sulfur solubility at the 80 km depth equilibration region, as suggested by the

Monders et al. [2007] experiments, is 1407 ppm.

The 15 kbar anhydrous partial melting experiments of Bertka and Holloway [1994] at
1633 K on an iron-rich spinel lherzolite also simulated a Martian mantle composition as
inferred from Dreibus and Wdénke [1985]. Parallel calculations result in a broadly similar
sulfur solubility of 1699 ppm. In addition, a number of effects not considered here may
also serve to increase the release of sulfur volatiles and associated warming effects.
Preliminary petrologic experiments suggest that the addition of a few weight percent of

water to the melt could increase sulfur solubility by up to 50% [Grove, unpublished data].

The melting of metal sulfide, forming immiscible blebs of FeS, occurs approximately 400
K below the beginning of melting of the silicate mantle. Because the negative pressure
dependence of sulfur solubility is more significant than its positive temperature
dependence, adiabatic ascent will lead to sulfur undersaturation of a formerly sulfur-
saturated magma [Holzheid and Grove, 2002]. When decompression melting commences
in the batch-melting model, sulfur from these immiscible metal sulfide blebs will begin,
and continue, dissolving directly into the silicate melt. The remaining metal sulfide will
largely be left behind as the final equilibration takes place and melt is extracted at the
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base of the lithospheric lid. As surface temperature and pressure conditions are well
beneath the vapor saturation pressures for both H,S and SO, [Lemmon et al., 2005], we
assume that all 1407 ppm of soluble sulfur are released from the magma directly to the
atmosphere. With an estimate for the sulfur concentration in Martian magma, we
proceed now to estimate the sulfur volatile amounts potentially released by volcanic

degassing.

2.3 Volcanic release of sulfur volatiles

The Tharsis igneous province is estimated to contain 3x10® km’ of solidified magma.
Volatile degassing associated with the formation, thought to be largely complete by the
end of the Noachian, certainly affected the early Martian climate [Phillips et al., 2001],
yet it remains unclear to what extent the more deeply intruded magma in the Tharsis
province may have communicated with the surface. Had magma been emplaced
uniformly at a continuous rate, the impact of the sulfur species in the atmosphere is less
likely to have had significant implications for warming over the late Noachian. Some
abrupt, catastrophic volcanism events, however, are consistent with the current
understanding of the surface geomorphology on Mars. For these reasons, we explore the
consequences of sulfur volatiles on climate following large, discrete volcanic events

associated with dike emplacement features as interpreted by orbital reconnaissance.
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Analyzing near-surface dike intrusions associated with Tharsis-radial graben, Wilson and
Head [2002] estimate that a single giant dike intruded radial to a Tharsis volcano could
inject up to 60,000 km®’ of magma over a timescale on the order of days. Under a
different set of assumptions, Hanna and Phillips [2006] and Andrews-Hanna [2007a]
suggest a minimum emplacement volume of 1500 km’ associated with some of these
features. We examine volatile pulses associated with both a lower bound “Andrews-
Hanna” model and an upper bound “Wilson” model. For the purposes of our model, we
assume that sulfur volatile release occurs within the first few weeks of the simulation.
Although the majority of this volcanism is intrusive, gases are thought to segregate up to
the top of these dikes forming collapse craters and/or creating the necessary pressure to
generate explosive eruptions, as was likely in the Memnonia Fossa region [Scott and
Wilson, 2002]. Convective overturn in wide dikes (>100 m) is also thought to enhance
this process of rapid volatile release. It is important to note that there would have
certainly been flood basalt eruptions of similar magnitudes, presumably also driven by
mantle plumes, on early Mars. We focus on giant dike swarm formation as it allows us
estimate with more specificity the total magma emplacement in a single event. It is
interesting to note that Thordarson and Self [2003] found that the largest lava flow in
recorded history, the 1783-1784 flood basalt eruption associated with the Laki volcanic
fissure in Iceland, released 15 km’ of basalt and 122 megatons of SO, into the atmosphere
over a period of 8 months, with nearly half released in the first six days. This proportion

of sulfur release is within a factor of two of our estimate for Mars.
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The density of the Gusev basalt magma is calculated to be 2820 kg/m’ [Greeley et al,
2005], using the method of Bottinga and Weill [1970] with the parameters of Mo et al.
[1982]. In our atmospheric calculations, we consider the range of exsolved volatiles
associated with a pulse of 1500 km® to 60,000 km® of magma emplacement: 1.19x10" to
4.76x10" kg of SO, or 6.32x10" to 2.53x10" kg H,S. These correspond to the mixing

ratios listed in Table 2.2.

We examine both SO, and H,S endmembers in our simulations of greenhouse warming.
Analysis of shergottite meteorite data suggests that the mantle source of Martian basalts
had a redox state within one log unit of the iron-wiistite buffer [ Wadhwa, 2001]. As the
magma may remain buffered by the mineral assemblages through its ascent to the
surface, part of the sulfur could have been released to the atmosphere with an oxidation
state of -2, forming H,S. Yet, SO, is a likely intermediate in the process of sulfur volatile
removal from the atmosphere, with reaction rates for liberated O and OH radicals in the
pathway from H,S to SO, (via HS and HSO or HS and SO) exceeding those in the
pathway from SO, to sulfate (via SO,) [DeMore et al., 1997]. Although it should be
noted that SO, disproportionation reactions are also possible, generating elemental sulfur
and sulfate as products of atmospheric photochemistry [Zahnle and Haberle, 2006], our
investigation primarily explores the exclusive volatile form of SO,. At the beginning of
the simulations, we assume either gas (H,S or SO,) to be uniformly mixed in the

atmosphere.
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2.4 Atmospheric warming

2.4.1 General circulation model

We use the Mars Weather Research and Forecasting (MarsWRF) general circulation
model (GCM) as the basis for our atmospheric warming experiments [Richardson et al.,
2007]. The MarsWRF GCM solves the primitive equations using a finite difference

model on an Arakawa-C grid, and is run with a lat x lon model resolution of 5° x 5.625°

(36 x 64 grid points) and with 25 vertical levels on a modified sigma (terrain-following)
vertical coordinate. The total present-day atmospheric CO, budget has been tuned to fit
the Viking Lander annual pressure curves. We then scale the present-day annual and
global average surface pressure (~6 mb) to either 50 or 500 mb, depending on the
scenario being considered. Both surface albedo and thermal inertia are matched to
present-day TES observations [Christensen et al., 2001; Putzig et al., 2005], and the
present-day topography is used. Tests of the MarsWRF dynamical core [Richardson et
al., 2007] show that it produces results that compare favorably to the Held-Suarez
“standard” [Held and Suarez, 1994] under terrestrial atmospheric conditions.
Comparisons to existing Mars climate models and vertical profiles of TES data further
show that MarsWREF is able to replicate key features of the Martian atmosphere quite
well. At the Second International Workshop on Mars Atmosphere Modeling and
Observations in Granada, Spain in March 2006, a broad model intercomparison was
performed between seven independent Mars GCMs, including MarsWREF, to study their

ability to reproduce observations of the Martian atmosphere. Sample results from this
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(unpublished) intercomparison are shown in Figure 2.1. In each of the four comparisons,
output from MarsWRF for its “best fit” to present-day temperature and zonal wind
profiles is shown alongside the same field for both the GFDL Mars GCM [Wilson and
Hamilton, 1996] and LMD/AOPP Mars GCM [Forget et al., 1999]. For all four
comparisons, atmospheric dust is set to a column opacity of 0.2. The intercomparison
results are quite good at both solstice seasons, as well as during the equinoctial periods
(not shown), and capture the winter zonal jets both in magnitude and location, as well as
the zonal temperature gradient across the planet. Small differences between the
simulations are due largely to differences in model architecture (i.e. different dynamical
cores). These preliminary results provide confidence in the behavior of MarsWREF.
Additional comparisons to TES temperature data [Smith et al., 2001] further show a high

degree of similarity to observations [Richardson et al., 2007].

2.4.2 Radiation scheme

We have developed a new multi-gas, two-stream radiation code loosely based on the
structure of the UK Hadley Centre Radiation Scheme [Edwards and Slingo, 1996], but
modified to use the k-distribution radiative transfer method. This method retains much of
the accuracy of line-by-line calculations, but is significantly faster, making it ideal for
computationally expensive 3-D global models. Details about the k-distribution method
can be widely found [e.g., Lacis and Oinas, 1991; Fu and Liou, 1992], so only a brief

summary of relevant points will be provided here.
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The numerical scheme regarding the k-distribution method involves partitioning the
solar/IR spectrum into distinct spectral bands, and re-sorting the individual lines, which
are highly variable as a function of wavelength, within each band to produce a relatively
smooth curve that is more conducive to numerical approximation. Each distinct band is
both sufficiently narrow such that the Planck blackbody curve is approximately constant
across the entire band and also sufficiently broad to encompass full absorption features of
individual gases. In the present implementation of this k-distribution method, the entire
solar/IR spectrum is partitioned into twelve bands (seven solar, five IR) of varying
widths, following the partitioning employed by the Ames MGCM (versions 2.0 and
greater) [Haberle, personal communication]. Errors introduced by variations in the
Planck function across these spectral bands are quite nominal [Haberle et al., 2003].
Bands are prudently selected to ensure that individual absorption features are not bisected
across two bands. Once band sizes are selected, the portion of the spectrum within each
band is discretized at a sub-linewidth frequency, and these discrete intensities are sorted
by magnitude. A before-and-after illustration of this type of line sorting is shown in
Figure 2.2. The sorted curve in Figure 2.2b no longer maps line intensity directly to
wavelength, but instead maps intensity to a cumulative probability function, i.e., what

fraction of the intensities are smaller than the given intensity.

For a standard line-by-line calculation, the transmissivity, 7, is calculated as

(6) Tr= J- exp[—k, uldv,

v

min
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where k, is the absorption coefficient at frequency v, and u is the mass of the absorbing

gas. Following the resorting of this spectrum, transmissivity is calculated as

) Tr= j exp|—k,u]dg.

0

where now k, is the absorption coefficient for the cumulative probability g (between zero

and one).

Within each band, we perform the discretization and sorting to develop a smooth
cumulative probability curve. We then fit this curve with 16 quadrature points at
specified intervals along the distribution—eight points in the lowest 95% of the
distribution and eight points in the upper 5%. These intervals were selected because
experimentation has shown that the strongest absorption, which occurs at the cores of
individual spectral lines, takes place in the top 5% of the distribution, so extra precision is
warranted. From this, we can obtain a numerical approximation to the transmissivity for

a given atmospheric layer of mass u
16

®) Tr= Zaie’k"“ ,
i=1

where k; is the absorption coefficient chosen at quadrature point i, and g, is the assigned

weight (where X a=1).

Absorption coefficients vary according to both temperature and pressure. To maintain

the best accuracy possible in our absorption calculations, we have assembled, off-line, a
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series of databases containing the k-distribution absorption coefficients for the full range
of p,T conditions expected in the atmospheres used for this study (7= 50-400 K in 1 K
increments; p = 10*-10° Pa with log(p) spacing of 0.2). The most basic database is for a
pure CO, atmosphere. Here, and in all other databases in this study, the CO, mixing ratio
is fixed at 0.953. Spectral line data are obtained from the HITRAN database [Rothman et
al., 2005] and internal partition sum data of Fischer et al. [2003]. The Humlicek
approximation to a Voigt lineshape is used to obtain the pressure and temperature
dependent line shape [Humlicek, 1982]. A second database was assembled for a dual-gas
(CO,+H,0) atmosphere over the same pressure/temperature conditions as above, but also
across a range of putative water vapor mixing ratios (g, where g=10" to 107 by decade).
The water vapor foreign continuum, which represents the net contribution of the distant
tails of water vapor absorption lines, is parameterized [Mlawer et al., in preparation] and

included in this and any other databases containing water.

Two databases were assembled for each of the two-gas mixtures (SO,+CO,) and
(H,S+CQO,), at both the upper and lower bound values of the sulfur species. Rather than
calculating k-coefficient data over a range of SO, or H,S mixing ratios as was done for
H,0, we use the fixed sulfur species abundances found in Table 2.2 to build the database.
This reduces the overall size of the database, and simplifies its construction, but also
reduces the relevant parameter space to only those atmospheres with these precise sulfur
species mixing ratios. For an investigation such as this, where specific atmospheric
compositions are being considered, such an approach is acceptable. Lastly, a series of
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databases were assembled for all three-gas (SO,/H,S+CO,+H,0) permutations, covering
the same parameter space as the others. In total, 16 databases were required for the

present study.

To assemble a database, the raw (unsorted) spectra are calculated for each p,T,q triad and
then partitioned into 12 spectral bands where they are discretized and sorted by strength
as noted above. Within each of the 12 bands and for each p,7,q combination, the 16 k-
coefficients are obtained from the smoothed spectral curve and stored in the database (for
a total of ~20 million coefficients per database). The weighting function for the k-

coefficients is the same for all bands, and for all p,T,q triads.

These k-coefficient databases are then used by the two-stream radiation code as lookup
tables, from which the appropriate k-coefficients are obtained for the specific p,T,q
conditions at each model grid point, using the nearest neighbor in temperature and a
linear interpolation in log space for both p and g. The corresponding radiative
calculations are then performed to determine atmospheric heating rates. While such a
process is, somewhat slower than current methods [e.g. Hourdin, 1992; Forget et al.,
1999], it is not unduly so. Because the k-coefficient databases are calculated directly
from the HITRAN database, we are able to choose at the outset any arbitrary combination
of atmospheric species to investigate and convolve their respective spectra into a single
distribution, thus this method is not only very useful for investigating atmospheres with
varying compositions but also generic enough to be used on virtually any planet with an
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atmosphere. Currently, implementations of this code are being developed for the

atmospheres of Titan and Venus.

Other radiation schemes commonly used for the Martian atmosphere have two major
drawbacks that prevent their application to the present study. First, they are designed to
best represent the present Martian climate, and are thus designed for compositionally
pure CO, model atmospheres (since H,O is radiatively negligible in the current Martian
atmosphere). Second, they are tuned for atmospheres having surface pressures similar to
present day (6-10 mb) and not for thick atmospheres. Above ~100 mb, for example, the
model of Hourdin [1992] has been shown to become increasingly unreliable, making it

impossible to investigate the model atmospheres we present here.

2.4.3 Water cycle

The model is initialized with a globally uniform 10 water vapor mixing ratio and is free
to evolve without additional external adjustments. The MarsWRF water cycle provides a
simple mechanism for the transport, sedimentation, and exchange of water between the
vapor and ice phases. For each model time step, both water vapor and water ice (treated
independently in the model) are advected by the local wind field and diffused down the
local vapor/ice gradient. At the conclusion of each model time step, the ice sediments at
a pressure-dependent velocity according to the Stokes-Cunningham slip-flow equation

[Conrath, 1975; Haberle et al., 1982], assuming uniform 10 um radius particles.
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The primary source of water for the atmosphere is from surface ice. Exchange of water
vapor with the surface in MarsWRF follows the classical equation of Flasar and Goody
[1976] and used in Montmessin et al. [2004]

) F, =pCou(d, = 4.),

[Forget et al. 1999], u. is the friction velocity, set to the horizontal wind in the lowest
model layer, q,, 1s the water vapor saturation mixing ratio at the surface temperature and
g, 1s the local atmosphere water vapor mixing ratio. The resulting flux determines the
magnitude of vapor flowing into/out of the atmosphere, and is proportional to the

difference in humidity between the surface and atmosphere.

2.4.4 Dust and solar luminosity

For present-day conditions, MarsWRF generally uses a time- and space-varying dust
distribution modeled on MGS observations [Montmessin et al., 2004], but test cases have
been run with no dust, or with a fixed global abundance. It’s not evident whether any of
these specific distributions can be translated to higher pressure regimes with any physical
basis. For this reason, radiatively active dust was excluded in the present simulations,
though the presence of atmospheric dust would likely cause additional warming in our
model. Future investigations may gauge the impact of a simplified dust scheme on the
dynamics of the system. The incoming solar luminosity is chosen to be conservative:
75% of the modern value, as has been traditionally demanded by solar evolution models
[Gough, 1981].
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2.5 Results

Water vapor and the sulfur species each contribute a fraction of the total greenhouse
warming in the system (above that generated by CO, itself). To identify the magnitude of
warming produced by water vapor alone, we have run a series of ‘control’ simulations at
both surface pressures to quantify the effect of water vapor in the atmosphere. Results
from all simulations in this work are shown for the third year, when the atmospheric
vapor distribution has reached an approximate steady state. Figures 2.3a and 2.3b show
annually averaged surface temperatures at 50 mb and 500 mb CO,, respectively, without
water vapor. Figures 2.3c and 2.3d show their water vapor-inclusive counterparts. The
temperature difference between the two panels of like pressure shows the warming
contribution of water vapor. At 50 mb (left column) water vapor plays only a minor role
in atmospheric warming, generally enhancing temperatures by <5 K. There is little water
vapor in this atmosphere due to low (<170K) surface temperatures in the polar regions
(particularly the north polar region where the residual water ice cap resides). Vapor flux

is highly sluggish at the temperatures.

In contrast, polar temperatures are substantially warmer in the 500 mb scenario, and polar
ice sublimation is more vigorous. During summer, when nearly all sublimation occurs,
the disparity between the two pressure scenarios is significant. Annual maximum
temperatures at the North Pole at 50 mb rise to only 170 K, while at 500 mb, annual

maxima approach 230 K. The vapor holding capacity is a factor of 10,000 greater at the
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polar temperatures in the 500 mb simulation, permitting a vastly greater quantity of vapor
to flow into the atmosphere. Additionally, the larger thermal inertia of the thicker
atmosphere prevents nighttime temperatures from dipping to the low values in the 50 mb
simulation, allowing a greater amount of water to remain in the atmosphere. The end
result of this greater vapor content at 500 mb is a surface that is ~40 K warmer than its
water-free counterpart, including some tropical locations with mean temperatures above

the water ice melting point (Figure 2.3d).

It should be noted that the present implementation of MarsWRF does not account for the
radiative effects of water ice clouds, which are believed to have an overall cooling effect.
In these humid atmospheres, thick, low (and bright) convective clouds will likely be
present, raising the planetary albedo, reducing the amount of insolation at the surface, and
lowering surface temperatures. We do not consider this negative radiative feedback cycle
at present in MarsWREF (although we do model the opacity and distribution of water ice
clouds), thus the temperature results may be upper limits depending on the abundance of

clouds and their specific distribution both horizontally and vertically.

In parallel with Figure 2.3’s depiction of the extent of greenhouse warming by H,O,
Figure 2.4 shows the warming by “Wilson” upper and “Andrews-Hanna” lower bound
amounts of SO, in a dry (no H,0O) CO, atmosphere. For the 50 mb “Andrews-Hanna”
lower bound atmosphere, annual average warming by SO, is generally of the order of 7-
15 K (Figure 2.4a), while for the “Wilson” upper bound, this warming increases to 15-25
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K (Figure 2.4c). There is a noticeable hemispheric dichotomy present in both panels,
mirroring the lower altitude and greater atmospheric mass present in the north. For a
fixed SO, mixing ratio, there is more SO, present in an overhead column in the Northern
Lowlands, and hence more greenhouse warming. The magnitude of warming introduced
by the presence of SO, in the atmosphere is in line with the estimates of Postawko and
Kuhn [1986]. Simulations involving H,S show it is a less efficient greenhouse gas than

SO,. The results of these simulations are shown in Table 2.3.

In the 500 mb scenario, there is approximately the same level of warming as in the 50 mb
scenarios, which is expected. The magnitude of greenhouse warming is largely a
consequence of the mass of the species, as opposed to its mixing ratio. In both scenarios,
the atmospheres have the same total mass of SO,, and hence have similar greenhouse
effects. The magnitude of warming is slightly greater in the 500 mb scenario. This small
increase is a consequence of greater absorption caused by increased pressure broadening

of the spectral lines in the thicker 500 mb atmosphere.

Figure 2.5 shows the result of combining both H,O and SO, greenhouse warming in each
of our two pressure scenarios. In Figure 2.5, the ‘control” scenario is “wet” and contains
both CO,+H,0 (cf. Figures 2.3c-d). This is different from Figure 2.4, where the ‘control’
is “dry” (cf. Figures 2.3a-b). In each of the four scenarios presented in Figure 2.5, the
same amount of SO, is present in the atmosphere as for the respective scenarios in Figure
2.4; thus, at first guess, one might assume the same level of warming (i.e. 7-25 K) by SO,
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here, above the “wet” control run, as in Figure 2.4 above the “dry” control run. Instead,
we find the temperature differences in Figure 2.5 to be not only larger than in Figure 2.4,
but also increasingly large as we move from “Andrews-Hanna” lower to “Wilson” upper
bound values and from 50 mb to 500 mb (e.g. Figure 2.5a shows only slightly more
warming than Figure 2.4a, while Figure 2.5d shows substantially more warming than
Figure 2.4d.) Since this added warming is not produced by the SO, or CO,, both of
which have fixed abundances, it must be obtained from atmospheric water vapor. This is
a clear demonstration of the positive feedback between SO, and H,O greenhouse
warming in the atmosphere. The addition of SO, provides a ‘boost’ in temperature,
permitting even more water vapor into the atmosphere, further augmenting the already
significant greenhouse effect. In the “Wilson” upper bound SO, 500 mb case, this
corresponds to additional warming by H,O vapor of 25 K. For cooler scenarios, or those

with a smaller SO, ‘boost,’ the additional H,O increase is correspondingly less.

An underlying objective of this work is to explore regions on the surface where enhanced
greenhouse warming may provide conditions for liquid water to be present at the surface.
This requires satisfying both atmospheric pressure and temperature restrictions
[Richardson and Mischna, 2005]. For these thick atmospheres, the pressure restriction is
fully satisfied, which means that the potential for liquid water is constrained only by
temperature. This temperature constraint is nominally 273 K, but may be several tens of
degrees lower depending on the salinity of the water. Figure 2.6 maps the fraction of the
year when temperatures at each surface location exceed the nominal liquid water melting
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temperature of 273 K under the listed atmospheric compositions, thus suggesting those

places where the potential for liquid water would be greatest.

At 50 mb, much of the planet can sustain liquid for at least a portion of the year,
Generally, between 1-30% of the year reaches temperatures >273 K, with these times
occurring during the warmest periods—summertime, and in the mid-afternoon hours.
The exception is the Northern Hemisphere, where summertime temperatures are colder,
and over Tharsis when the SO, abundance is too low. This dichotomy is a direct result of
the orbit chosen for this particular simulation, which is the same as present-day. For a
different orbital configuration (e.g. if perihelion occurred during northern summer),
summertime temperatures would be warmer in the north and cooler in the south, and the
distribution would be different than shown in Figure 2.6, though the overall magnitudes
would remain roughly the same. The situation is more favorable at 500 mb, where a
majority of the planet is >273 K for at least half of the year, and much of the planet is

permanently above this value.

Tying this all together, Figure 2.7 illustrates the maximum potential warming made
possible by mixtures of SO,+H,O above the baseline temperature of a “dry” CO,
atmosphere. These magnitudes range from 10-20 K for “Andrews-Hanna” lower bound
SO, at 50 mb to over 100 K for the warmest, “Wilson” upper bound SO, at 500 mb
scenario. Once again, these values will not be typically obtained due to the negative
feedbacks imposed by the water cycle itself. It is interesting, however, to note that the
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greatest warming occurs over the cold North Polar Cap where the summertime vapor
concentration is the highest anywhere on the planet, and thus the potential for enhanced

warming is greatest.

Table 2.3 provides a summary of conditions found for each of the simulations run,
including those in Figures 2.3-2.6. Additional surveys of global average temperatures,
including those for H,S, are listed, along with measures of frequency of time above 260
K (a nominal brine melting temperature) and 273 K and the magnitude of greenhouse

warming introduced by sulfur volatiles and water vapor.

2.6 Discussion

Our results suggest that volcanic release of sulfur volatiles in the early Martian
atmosphere may have generated significant additional warming by trapping heat in
wavelength-dependent atmospheric windows different from those of CO, and H,O.
Alone, SO, pulses may have generated up to 25 K of warming. In combination with
water vapor feedbacks, surface temperatures after an SO, pulse may have risen 50-70 K
or more above a steady state CO, atmosphere, creating widespread surface conditions
conducive to the presence of transient liquid water. Furthermore, as we have already
noted, freezing points can be depressed by salt composition in brines [Clark and Van
Hart, 1981].  Although the most logical choice of salt under these

conditions—sulfate—is a poor freezing-point depressor, high levels of chlorine have
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been detected in soils at the landing sites for Spirit, Opportunity, Pathfinder and the
Viking Landers, and salts may have been mobilized and concentrated by repeated wetting
and evaporation events in ephemeral saline pans [Yen et al., 2005; Rutherford at al.,
2001]. In his work on the stability of brines on Mars, Brass [1980] suggested a freezing
point depression that easily allows for liquid phases within the upper range of our model

results.

The length of time that sulfur-related greenhouse warming persists in the atmosphere is a
key area for additional work. Although sulfur volatiles are converted to sulfate aerosols
within days in the Earth’s current oxidizing atmosphere (often creating a global cooling
effect following sulfur-rich volcanic eruptions, as in the 1991 eruption of Mount
Pinatubo). A study of sulfur photochemistry in the current Martian regime reveals a 600-
day lifetime for SO, [Wong et al., 2004, 2005]. However, this lifetime will change
significantly under the weakly reducing atmospheric conditions that likely characterized
early Mars. We have begun photochemical modeling using an adaptation for Mars of a
one-dimensional photochemical model developed for sulfur chemistry simulations in the
Earth’s Archean atmosphere [Paviov and Kasting, 2002]. Our results suggest that the
warming associated with these pulses is on the order of at least hundreds of years

[Johnson et al., 2007a,b].

Inputs of sulfur volatiles to the early Martian atmosphere are consistent with the
evolution of early Mars proposed by Bibring et al. [2005, 2007], in which the planet
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experienced an early wet period of phyllosilicate formation followed by an arid, acidic
period under which evaporitic sulfate deposits formed; this model invokes a surge in
Tharsis outgassing near the end of the late Noachian to explain the transition from
phyllosilicate to sulfate formation. However, evidence suggests that Tharsis was largely
emplaced prior to the end of the late Noachian [Phillips et al., 2001], and we show
calculations that support the notion that sulfur volatiles in the atmosphere may prove
necessary to create early warm, wet surface conditions. Andrews-Hanna et al. [2007b,c]
argue that surface runoff and shallow subsurface hydrology dominated aqueous
geochemistry during this early period, with the combination of mildly acidic precipitation
(a result of dissolved atmospheric sulfur volatiles) and weathering of surface basalts
producing the observed early Noachian phyllosilicates (see also [Halevy et al.,
2007]). This model suggests that sulfate evaporite deposition during the late Noachian or
early Hesperian resulted not from a late-stage injection of volcanic gases into the
atmosphere but rather from a change in global hydrology in response to either a decrease
in the total water inventory or an increase in the storage capacity of the crustal aquifers.
The water table would have then dropped deep below the surface, and evaporation and
precipitation rates would have become dictated by deep global-scale groundwater flow
rates. As a result, mildly oxidizing fluids in deep basaltic aquifers would have reacted
with pyrrhotite, creating significant acidity and liberating dissolved ferrous sulfate, and
evaporite deposition would have become limited to isolated regions of groundwater

upwelling, such as Meridiani Planum. A lessening of volcanic activity at the close of the
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late Noachian, and subsequent arid, low-temperature surface conditions in the absence of

sulfur-related greenhouse warming, would have been part of this process.

Large, sulfur-rich volcanic eruptions likely continued to occur through the Hesperian and
into the Amazonian, though at a much lower rate than in the Noachian. Presumably, the
thinner atmosphere resulted in cooler temperatures despite the added volcanic greenhouse
effect (as in our 50 mb simulations); nevertheless, later in Martian history there is
evidence for the occurrence of transient warm climatic conditions, with valley network
formation in the Hesperian and possibly Amazonian in some places [Carr and Chuang,

1997].

2.7 Conclusion

There is substantial evidence for stable liquid water on the past surface of Mars, but the
requisite environmental conditions are incompatible with the present climate. We
hypothesize that large, episodic releases of sulfur volatiles early in the history of the
planet could have generated up to 25 K of additional greenhouse warming, alone, over a
large enough portion of the surface to drive, in tandem with water vapor feedbacks,
dramatic climate fluctuations on early Mars. Degassing events of this magnitude could
plausibly have occurred hundreds of times within the late Noachian. This scenario
accords well with recent Mars mission findings, accounting for widespread geologic

evidence for past stability of liquid water on early Mars, generation of surface acidity,
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preclusion of carbonate deposition, and high sulfur abundances as detected from orbit and

at landing sites.
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2.9 Tables
Adirondack  Humphrey  Mazatzal

Oxides (wt %)

SiO, 45.30 45.85 45.55
TiO, 0.49 0.58 0.57
Al O, 10.42 10.40 10.72
Fe,O, 3.63 3.36 2.11
Cr,0, 0.62 0.67 0.59
FeO 15.71 15.67 16.83
MnO 0.42 0.42 0.43
MgO 11.90 10.67 10.34
CaO 7.76 8.15 8.23
Na,O 2.09 2.35 2.62
K,O 0.03 0.09 0.11
P,O; 0.54 0.59 0.63
FeS 0.83 0.83 0.83
Total 99.81 99.79 99.63

Table 2.1 Extrapolated rock end-member chemical compositions for the Gusev basalts.
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S0mb 500mb

Mixing Ratios
SO, 6.14 x10° / 2.45 x10” 6.14 x10°/2.45 x10™
H,S 3.26 x10°/1.30 x107 3.26 x10°/1.30 x10™

Partial Pressures (in bars)
SO, 2.11x10°/8.40 x10° 2.11 x10°/ 8.40 x107
H,S 2.11 x10°/ 8.40 x10° 2.11 x10°/ 8.40 x10°

Table 2.2 Prescribed mixing ratios and partial pressures. Format of each entry is

Andrews-Hanna (lower bound) / Wilson (upper bound).
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Avg T Max >260K  Max >273K Max AT *

(K) (%) (%) (K)
50mb without water
SO, Upper Bound 214 35 29 27
SO, Lower Bound 204 21 12 18
H,S Upper Bound 198 17 9 9
H,S Lower Bound 196 16 9 5
Control (“Dry”) 195 16 9 --
50mb with water
SO, Upper Bound 225 48 38 43
SO, Lower Bound 208 25 14 21
H,S Upper Bound 199 18 10 7
H,S Lower Bound 198 17 10 5
Control (“Wet”) 197 16 9 --
500mb without water
SO, Upper Bound 237 53 32 27
SO, Lower Bound 226 30 12 17
H,S Upper Bound 232 36 18 29
H,S Lower Bound 219 17 9 10
Control (“Dry”) 215 16 8 --
500mb with water
SO, Upper Bound 315 100 100 70
SO, Lower Bound 283 100 100 31
H,S Upper Bound 264 100 99 9
H,S Lower Bound 259 100 89 1
Control (“Wet”) 258 100 87 --

# versus control run for matching pressure/water vapor configuration

Table 2.3 Sensitivity analysis for warming results. Average temperatures are global,
annual average surface temperatures. Max > 260 K shows the fraction of the year for

which the warmest surface location has a surface temperature > 260 K (a reasonable brine
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freezing point). Max > 273 K is the same, but for the pure water freezing point. Max AT
shows the maximum temperature deviation of the warmest surface location from the

same point in the control run.
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2.10 Figures
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Figure 2.1 Comparison of MarsWRF output to model output from the GFDL Mars GCM

and the LMD/AOPP Mars GCM. (top panel) Zonal mean temperature for L=90°,
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(second panel) Zonal mean zonal wind for L.=90°, (third panel) Same as top panel but at
L=270°, (bottom panel) Same as second panel but at L=270°. All models have 7=0.2

column dust opacity. Abscissa units are millibars.
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Figure 2.2 Comparison of a portion of the CO, spectrum both unsorted (left) and sorted
by strength as a k-distribution (right). The sorted spectrum is substantially smoother than
the unsorted spectrum, and the curve can be well approximated by few points. The elbow
in the sorted curve marks the beginning of the contribution of the strong line cores in the

distribution versus the relatively weaker line wings.
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a) Annual Average Temperature, 50 mb CO, b) Annual Average Temperature, 500 mb CO,
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Figure 2.3 Annual average surface temperatures (in Kelvin) for control simulations: a)
50 mb atmosphere, CO, only, b) 500 mb atmosphere, CO, only, c) 50 mb atmosphere

with CO,+H,0, and d) 500 mb atmosphere with CO,+H,0.
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Temperature Difference [Kelvin], No atmospheric H,0

a) Lower bound SO, vs.Control, 50 mb b) Lower bound SO, vs.Control, 500 mb
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Figure 2.4 Difference (in Kelvin) in annual average surface temperature between the
“dry” control simulations and SO, pulse simulations, without the effects of water vapor
included, illustrating the magnitude of warming from SO, alone. a) Lower bound SO,
abundance in 50 mb atmosphere, b) Lower bound SO, abundance in 500 mb atmosphere,
c¢) Upper bound SO, abundance in 50 mb atmosphere, and d) Upper bound SO,
abundance in 500 mb atmosphere. ‘Control’ simulation for left column is that in Figure

2.3a, and for right column, Figure 2.3b.
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Temperature Difference [Kelvin], With atmospheric H,0
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Figure 2.5 Difference (in Kelvin) in annual average surface temperature between the
“wet” control simulations and SO, pulse simulations, with the effects of water vapor,
depicting the combined warming from SO, and water vapor feedbacks. a) Lower bound
SO, abundance in 50 mb atmosphere, b) Lower bound SO, abundance in 500 mb
atmosphere, ¢) Upper bound SO, abundance in 50 mb atmosphere, and d) Upper bound
SO, abundance in 500 mb atmosphere. ‘Control’ simulation for left column is that in

Figure 2.3c, and for right column, Figure 2.3d.
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Fraction of year >273 K [%], With atmospheric H,O
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Figure 2.6 For the same configurations as Figure 2.5, fraction of the year (in percentage)
that surface temperatures are >273 K at each model gridpoint. a) Lower bound SO,
abundance in 50 mb atmosphere, b) Lower bound SO, abundance in 500 mb atmosphere,
c¢) Upper bound SO, abundance in 50 mb atmosphere, and d) Upper bound SO,

abundance in 500 mb atmosphere.
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Temperature Difference [Kelvin], With atmospheric H,0
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Figure 2.7 Difference (in Kelvin) in annual average surface temperature between the
“dry” control simulations (CO, only) and SO, pulse simulations, with the effects of water
vapor, depicting the total warming from H,O and CO,. a) Lower bound SO, abundance in
50 mb atmosphere, b) Lower bound SO, abundance in 500 mb atmosphere, c) Upper
bound SO, abundance in 50 mb atmosphere, and d) Upper bound SO, abundance in 500
mb atmosphere. This should be seen as an upper extreme in the absence of negative

feedback mechanisms such as cloud cover.
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Chapter 3

Longevity of SO, in the ancient Martian atmosphere:
implications for transient greenhouse warming'

3.0 Abstract

There is increasing evidence that sulfur played an important role on early Mars. Sulfur is
distributed ubiquitously on the Martian surface, and sulfur in Martian meteorites carries
the signature of atmospheric interactions. Recent work suggests that the radiative
properties of sulfur volatiles that were degassed into the Martian atmosphere may have
caused a greenhouse effect early in the planet’s history. It remains unclear, however,
over what timescales these warming pulses would have persisted, and consequently how
significant these pulses may have been. While photochemistry research to date has
concentrated on current Martian conditions, the ancient Martian atmosphere was thicker,
warmer, and more reducing than the current regime. Here we investigate sulfur
photochemistry in a 500-mb ancient Martian atmosphere. After adapting a model used to
study sulfur photochemistry on Earth during the Archaean, we find a short lifetime for
SO, in the current Martian atmosphere, similar to results of other photochemical studies.

Our simulations then suggest that moderate mixing ratios of SO, (10® < ASO,) < 10°)

" This chapter has been submitted to Geophysical Research Letters.

Johnson, S.S., A.A. Pavlov, and M.A. Mischna, “Longevity of SO, in the ancient Martian
atmosphere: implications for transient greenhouse warming,” Geophys. Res. Lett.
submitted.
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could have persisted in the ancient atmosphere for at least hundreds of years, generating

short but potent warming episodes following an episode of volcanic activity.

3.1 Introduction

The element sulfur may be key to unlocking many of the questions associated with early
geologic and climate history of Mars. Because degassed SO, can act as a powerful
greenhouse gas, it has been suggested as an important atmospheric component during
periods of enhanced volcanic activity on Mars [Postawko and Kuhn, 1986; Settle, 1979].
Isotopic analyses in Martian meteorites further support this view, reflecting deposition of
sulfur species created by atmospheric chemical reactions [Farquhar et al., 2000]. A
recent investigation has indicated high sulfur solubility in Martian magmas, which, after a
volcanic event, can generate a greenhouse warming effect of up to 25 K from SO, alone,
and an even more potent effect if water vapor feedbacks are considered [Johnson et al.,
2007a, Johnson et al., 2007b]. Therefore, despite Mars’ greater distance from the sun
than the Earth, and the likelihood of a less luminous sun early in solar system history
[Gough, 1981], a greenhouse “boost” from SO, appears to have been capable of

generating significant warming in the ancient Martian environment.

To estimate how long these warming pulses may have lasted, it is important to
understand the fate of sulfur volatiles under these atmospheric conditions. Two

investigations of sulfur photochemistry under current Martian conditions predict a
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relatively brief photochemical lifetime to SO,: Settle [1979] and Wong et al. [2003, 2004,
2005], the latter specifying a lifetime up to 600 days at high mixing ratios (SO,)=10").
Bullock and Moore [2007] do address the ancient atmosphere with a set of calculations,
but assume copious amounts of odd-hydrogen. Sulfur photochemistry studies have yet to
sufficiently consider the differences between the current Martian atmosphere and a
significantly denser, warmer atmospheric regime on ancient Mars. Here we explore a
weakly reducing atmospheric regime, as has been suggested for early Earth and is further
supported by the reduced state of the Martian mantle in comparison to Earth (near the
iron-wustite buffer as opposed to the quartz-fayalite-magnetite buffer), and present
results fully integrating sulfur photochemistry in the ancient Martian atmosphere. First,
we present a validation of our model under the present-day Martian regime, and find
results consistent with Nair et al., [1994] and Yung et al. [1998]. Second, we proceed to
our investigation of sulfur in the ancient Martian atmosphere and demonstrate sulfur
volatile lifetimes could have been at least hundreds of years, representing a significantly
longer lifetime than currently theorized for Mars. Our results suggest that under these
conditions, SO, warming may have lasted long enough to allow liquid water to begin

generating fluvial geologic features.

3.2 Photochemical model

To investigate sulfur chemistry, we use a horizontally averaged one-dimensional model

adapted from a previous study of sulfur in the terrestrial Archean atmosphere [Paviov and

81



CHAPTER 3 SULFUR PHOTOCHEMISTRY

Kasting, 2002]. The same base code has been used robustly in numerous studies, among
them, investigations of NO, photochemistry [Kasting and Ackerman, 1985] and chlorine-
hydrocarbon photochemistry [Singh and Kasting, 1987] in the present-day Earth
atmosphere, as well as NH; photochemistry [Kasting, 1982; Pavlov, et al., 2001], CH,
photochemistry [Kasting, et al., 1983; Pavlov, et al., 2000], and O, photochemistry
[Pavlov, et al., 2001] in the early Earth atmosphere. The one-dimensional model we use
adapts this base code, carefully considering sulfur chemistry and incorporating the
formation and diffusion of sulfate and elemental sulfur aerosols. In total, the model
contains 359 chemical reactions involving 72 chemical species, including 16 sulfur
species involved in 74 chemical reactions (see Figure 3.1 and Table 3.1). The model
includes complexity, but this complexity is often necessary to resolve the chemistry of
the system, as in the case of SO, recycling, and where it is not, as in the case of higher
hydrocarbons, our results are not sensitive to the complexity of the model. Reactions and
rate constants are adopted from Pavlov et al. [2001] and Paviov and Kasting [2002] (see
Table 3.1). For current Martian simulations, the model atmosphere is divided into 100
layers, each 1 km in height. At each layer, the continuity equation is solved for long-
lived species, including transport by eddy and molecular diffusion. The combined
equations are cast in centered, finite difference form. Boundary conditions are applied at
the top and bottom of the atmosphere for each chemical species as in Pavlov et al. [2002].
At the upper boundary, zero flux is assumed for most species, and escape of H and H, is

simulated by assuming a diffusion-limited upward flux [Walker, 1977; Kasting and
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Brown, 1998]. As in Nair et al. [1994] and Wong et al. [2003], a fixed flux of atomic

oxygen of 10°cm™ s™ is assumed for the upper boundary to balance hydrogen loss.

Two adjustments have been made to the model to enhance numerical stability. First, ten
higher hydrocarbons have been eliminated from some of the simulations, all of which are
organic molecules higher than C,. Given the CO, rich atmosphere, we do not expect any
hydrocarbon haze to form [Pavlov et al., 2001; Trainer et al., 2006]. In all output files,
C,H, mixing ratios are extremely small (<10™), thereby confirming that higher
hydrocarbons would be even less significant. Second, N,H; and N,H, are removed from

some simulations, as the mixing ratios for both species in previous output files are <107,

The resulting set of coupled ordinary differential equations is integrated to steady state
using the reverse Euler method. Once steady state is reached, sources and sinks for all
chemical species are in balance and all major atmospheric species have converged. The
model reaches this point after 10* model years (~500-2000 time steps). To explore
dissipation of sulfur volatiles after an influx from a volcanic event, we take several

snapshots of the atmosphere after a specified number of model years (e.g. 1, 10, 100,

1000, etc.).
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3.3 Present-day Mars

We have performed an important set of simulations to validate our photochemistry model
with previous studies of Martian photochemistry. A small number of adaptations are
necessary to simulate the current Martian atmosphere. We assign the gravity for Mars at
373 cm s?, the albedo at 0.215, and the altitude of the tropopause at 15km. Due to the
increased distance from the Sun, we assign the solar flux scaling for Mars as 0.43 of that
incident upon Earth. We fix the CO, level at 6mb, and assign a fixed N, mixing ratio of
0.027 at the lower boundary of the model. Rainout rates in the model (determined using
the method of Giorgi and Chameides [1986]) are adjusted to zero for current Martian
conditions. For these simulations, we adopt a temperature profile and an eddy profile
matching that of Nair et al. [1994]. Within the lower 20km of the atmosphere, water
abundance is specified at a mixing ratio of 1.5x10™, as in Wong et al., [2003, 2004,
2005], and is allowed to evolve photochemically at higher altitudes. A small amount of
volcanic SO, production (10° molecules cm™ s, approximately 1/1000™ of the current

terrestrial SO, flux [Holland, 2002]) is also incorporated into the simulations.

Without imposing any additional constraints or boundary conditions, our results are
exceptionally consistent with those of Nair et al. [1994]/Yung and Demore [1999]. The
vertical profiles of major atmospheric constituents (O, H,, CO and O,) and radicals (HO,,
OH, H,0, and H) are shown in Figures 3.2 and 3.3. For reference, the vertical profile of

SO, is also included in Figure 3.3.
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Even at moderate atmospheric loading levels, the lifetime of SO, under current Martian
conditions is very short, consistent with prior studies. As a test case, we assign a
moderate fixed mixing ratio of SO, ((S0,)=10") in the lowermost level of the
atmosphere in accordance with Model A of Wong et al. [2003, 2004, 2005]. We find
broadly consistent chemistry (similar mixing ratios and column abundances at 10km
altitude) as Wong et al. [2003, 2004, 2005]. We find the lifetime of SO, against

photolysis for this scenario to be 18.23 days.

We note that our model incorporates more sophisticated sulfur photochemistry than
previous models, including the formation of Sy aerosols and a more nuanced scheme of
H,SO, condensation that allows for sulfur atoms incorporated into H,SO, to be recycled
back to SO,. Thus, instead of considering a rate-determined lifetime against only SO,
destruction via photolysis, we opt to consider e-folding times for SO, residence in the

atmosphere in our work on ancient Mars.

3.4 Ancient Mars

For our simulations of the ancient Martian atmosphere, we extend our model atmosphere
to 200 km to account for the higher-pressure regime. We set the atmospheric pressure of
CO, and N, to 500 mb and 100 mb, respectively. For CO, we employ a fixed deposition

velocity of 10® cm s, in accordance the abiotic rate determined by Kasting and Catling
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[2003]. We scale the solar UV flux up by a factor of five to account for higher Lyman-a

UV fluxes in the Late Noachian [Ribas et al., 2005]. We specify water vapor at the
saturation vapor pressure (although it should be noted that sulfur lifetime is relatively
insensitive to changes in water vapor in the troposphere in this temperature range;
simulations at 77% relative humidity, Earth’s global average, extend SO, persistence by
less than 2%). Our vertical temperature profile, spanning from 258 K at the surface to
168 K in the upper atmosphere, is taken from radiative transfer steady state simulation
results for a “wet” 500 mb CO, ancient Martian atmosphere [Johnson et al., 2007b]. Our
precipitation scheme is designed to mimic the hyperarid core of the Atacama Desert, as
recent studies suggest that the geomorphology of Late Noachian basins on Mars are
dominated by equal or greater aridity [Stepinski and Stepinski, 2005]. For our
simulations, precipitation (as calculated by the terrestrial parameterization of Giorgi and
Chameides [1986]) is reduced by a factor of 500. To take into account higher
atmospheric pressure, we employ a terrestrial eddy diffusion profile scaled by the square

root of density for the Martian atmosphere.

To study photochemical behavior, we begin from a steady-state atmosphere containing
very little SO, (f{SO),)<10"%). At the beginning of each simulation, we assign a starting
SO, mixing ratio between 10® and 10°. Higher mixing ratios impose too large a
disequilibrium on the system to generate model convergence under our 500 mb regime.

The initial SO, mixing ratios are only assigned to the lower 20 km of the atmosphere,
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simulating a Plinian eruption [see Glaze and Baloga, 2002]. We then take snapshots of
the atmosphere after several different time steps as the atmosphere returns slowly to
steady state. As oxidant rates change minimally from time step to time step, numerical
noise is small, thereby enabling our use of the reverse Euler method for time-marching

solutions.

In our model, no additional CO, is injected in association with the eruption because of its
negligible mass compared to the background atmosphere. We predict that excess water
vapor released with the eruption will condense quickly in the lower atmosphere, well
before significant amounts of SO, (with a relatively low Henry constant) could be
converted to H,SO, (with a much higher Henry constant) and entrained. To test this, we
simulated three days of rainout following the eruption at rates characteristic of the
terrestrial tropics (an extreme overestimate, in part because much of the initial water
vapor would have formed ice crystals). Even so, our initial (SO,) of 10° only fell by

16%.

Figure 3.4 demonstrates the decline of SO, mixing ratios with time, as recorded in the

lowermost layer of the atmosphere.
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3.5 Sensitivity studies

We have completed a number of sensitivity studies on our simulations involving an initial
SO, mixing ratio of 10°. First, we consider a higher-temperature regime, consistent with
a 25 K greenhouse warming effect from a pulse of SO, in the atmosphere. This vertical
temperature profile, spanning from 283 K at the surface to 180 K in the upper
atmosphere, is taken from radiative transfer steady state simulation results for a “wet”
500 mb CO, ancient Martian atmosphere within three years of a 1.2x10" kg SO, pulse

(giving rise to a SO, mixing ratio of 6.14x10°) [Johnson et al., 2007b].

Second and third, we explore the effects of a different hydrologic scheme. One set of
simulations with a higher rate of precipitation is designed to mimic the rainout regime
under conditions an order of magnitude more moist by reducing the Giorgi and
Chameides parameterization by a factor of 50 (consistent with a few centimeters of
precipitation per year). Another set considers even more arid conditions, reducing the
Giorgi and Chameides parameterization by a factor of 1000. Finally, a last set of
simulations studies the role of atmospheric mixing by scaling the eddy diffusion
coefficient (K) profile scaled by a factor of five. The results of these sensitivity studies

are shown in Figure 3.5 and Table 3.2.

88



SARAH STEWART JOHNSON PH.D. THESIS

3.6 Discussion

Our study shows that SO, is likely to persist much longer than has previously been
assumed under ancient Martian conditions. Sulfur can leave the atmosphere in three
primary ways: as S aerosols, as SO, aerosols, and as SO, rainout (See Figure 3.1). The
efficiency of these processes ultimately determines the lifetime of SO, in the atmosphere.
As shown in Figure 3.6, the SO, photolysis rate decreases linearly with decreasing
altitude in the current Martian atmosphere. In the ancient Martian regime, however, the
SO, photolysis rate drops off dramatically in the lower atmosphere at moderate mixing
ratios of SO,. Furthermore, SO, photolysis alone cannot be considered as a loss of sulfur

from the atmosphere, as recycling reactions may convert sulfur atoms back to SO,.

The deposition of reduced sulfur is impeded by inefficient photolysis, which limits
effective conversion of SO, to elemental S and on to S; aerosols (See Figure 3.7).
Simultaneously, near-surface SO, becomes a significant sink for oxidants and, although
mixing ratios of H,O reach 10~ near the bottom of the atmosphere in many simulations, a
lack of oxidants precludes effective conversion of SO, to sulfate aerosols (Figure 3.8).
Figure 3.9 shows that oxidants, particularly odd hydrogen, are highly depleted below the
tropopause at a moderate SO, mixing ratio. In our simulations, there are simply too few
oxidants per second to counter the increasing levels of SO,. Thus, the abundance of
aerosols, which tend to cool the atmosphere by reflecting incoming sunlight back to

space, remain limited in the model atmosphere.
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The major remaining loss process for sulfur is SO, rainout, and when rainout is small,
SO, remains in the atmosphere. Over time, however, SO, rainout is the dominant
mechanism for the destruction of sulfur in the ancient Martian atmosphere, as most of the

initial influx of sulfur is lost as dissolved SO,.

The reduced efficiency on ancient Mars of the processes that destroy atmospheric SO,
results in a longer lifetime for SO, than previously assumed. Our findings suggest that
SO, lifetime is highly dependent on oxidant availability, which cannot be properly
modeled if the fates of non-sulfur atmospheric species are neglected. Our investigation
indicates that the e-folding time for initial influxes of SO, is on the order of hundreds of
years for moderate atmospheric loadings (10 < f(SO,) < 10°). A lifetime of hundreds of
years has important implications for understanding the ancient Martian atmosphere given
recent studies assessing the potential for sulfur-induced greenhouse warming. Johnson et
al. [2007b] report significant greenhouse warming at higher SO, mixing ratios, in the
range of 10° to 10, Although simulations at higher SO, mixing ratios impose too large
an initial discontinuity in the system for model convergence, e-folding times for SO, only
increase as additional sulfur is loaded into the atmosphere, as shown in Table 3.2 and
Figure 3.4. Our results therefore suggest that transient greenhouse warming, arising from
the degassing of SO, volatiles, likely persisted for at least hundreds of years, allowing for
the stability of liquid water in the form of near-surface groundwater, lakes and streams
capable of mediating debris flow and generating water-lain sedimentary deposits.
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Not only would sulfur in the form of SO, have had strong atmospheric effects, the
deposition of SO, (eventually oxidized to sulfate at the surface-atmosphere interface)
would have generated potent acidity on the ancient Martian terrain. Indeed, extremely
low pH levels are recorded in the mineral jarosite, recently discovered in Martian outcrop
that dates to the Late Noachian [Squyres et al., 2004]. Sulfuric acid can drastically
depress the freezing point of water; for instance, a eutectic aqueous solution of 39%
H,SO, does not freeze until 200 K [Clark, 1999]. It is thus likely that sulfur played a
dual role in the early history of the Mars: primarily as a potent greenhouse gas, and
secondarily as an agent allowing sulfate-charged waters to remain in liquid form even

after surface temperatures dropped below 273 K.

3.7 Conclusion

The element sulfur may have played an important role in the evolution of early Mars. In
this study, we investigate the photochemical longevity of SO, in the ancient Martian
atmosphere. Unlike simple models that render SO, photolysis as a final loss from the
atmosphere, we consider nuanced recycling reactions, multiple sulfur species and
associated reactions, as well as reduced sulfur chemistry and S; aerosols. We validate
our model by fully replicating the present-day atmospheric results of Nair, et al.
[1994]/Yung [1999], which no other model of sulfur photochemistry on Mars has done.

We then load a model ancient atmosphere at moderate mixing ratios (10°® < f(SO,) < 10°)
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to simulate volcanic degassing, and find e-folding times on the order of hundreds of
years. Our results provide new insights to previous analyses [Johnson et al., 2006;
Halevy, et al. 2007; Postawko and Kuhn, 1986; Bullock and Moore, 2007] that suggest
atmospheric SO, helped generated periods of transient warm, wet conditions, conditions

that may have been conducive to the survival of simple life forms.
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3.9 Tables
No. Reaction Rate Constant (cm3/s'1) Reference/Notes
R1 H,0 + O('D) > 2 OH 22x107" DeMore et al. [1992]
R2 H,+O('D) > OH+H 1.0x 10" DeMore et al. [1992]
R3 H,+0>O0H+H 3.0 x 10T exp(-4480/T) ﬁ‘;’;“f;’]s"” and Garvin
R4 H,+OH > H, 0+ H 5.5 x 1072 exp(~2000/T) DeMore et al. [1992]
RS H+0; > OH+ 0, 1.4 x 107" exp(—470/T) DeMore et al. [1992]
R6 H+0,+M>HO,+M  ky=5.7x107*(300/7)" ® DeMore et al. [1992]
ko=75x10"
R7 H+HO, > H, + 0, 8.1x 10" x (0.08) DeMore et al. [1992]
RS H+HO, > H,0+0 8.1x 10" x (0.02) DeMore et al. [1992]
R9 H+HO, > OH + OH 8.1x 10" x (0.90) DeMore et al. [1992]
R10 OH+O0>H+O0, 2.2x 10" exp(120/7) DeMore et al. [1992]
RI11 OH+HO, > H,0+0,  4.8x 10" exp(250/T) DeMore et al. [1992]
RI12 OH + 03 > HO, + 0, 1.6 x 102 exp(—940/T) DeMore et al. [1992]
R13 HO, + 0 = OH + 0, 3.0 x 107" exp(200/T) DeMore et al. [1992]
R14 HO, + O3 > OH + 20, 1.1x 10 exp(—500/T) DeMore et al. [1992]
R15 HO, + HO, > H,0,+ 0, 2.3 x 107" exp(600/T) [M]  DeMore et al. [1992]
+ 1.7 x 10 exp(1000/7)
[M]
R16 gzgz + OH > HO, + 2.9 x 10" exp(~160/T) DeMore et al. [1992]
2
RI7  O+0+M>0,+M 276 x 10™ exp(710/T) [M] [Cl‘%’]be” and Thrush
R18 0+0,+M>0;+M ko= 6.0 x 10°* (300/7)*° DeMore et al. [1992]
ke=1x10"
R19 0+0;->20, 8 x 1072 exp(—2060/7) DeMore et al. [1992]
R20 OH+OH > H,0+0 4.2 x 1072 exp(—240/T) DeMore et al. [1992]
R21 o(D)+M>0+M 1.8 x 10" exp(110/7) DeMore et al. [1992]
R22 o('D)+0,>0+0, 3.2 x 107" exp(70/7) DeMore et al. [1992]
R23 0,+hv > 0+0('D) 251x10°%s" Thompson et al. [1963]
8 - Allen and Frederick
R24  O,+hv>0+0 481x10%s [1982]
R25 H,O + hv > H+ OH 7.83x 10°s" Thompson et al. [1963]
R26  Os+hv> 0,+0('D) 581x107s" WMO [1985]
R27 O;+hv>0,+0 1.48x 107 s WMO [1985]
R28 H,0, + hv > 20H 8.41x 107" DeMore et al. [1985]
R29 CO2+hv>CO+0@3P) 135x1075s" Shemansky [1972]
R30 CO+OH > CO,+H 1.5x 10 (1 + 0.6 Pyy) DeMore et al. [1992]
6.5 x 107 exp(-2180/T) Hampson and Garvin
R31 CO+0+M~>CO,+M [M] [1977]
Rz B TCOTMPHCOT s 03107 exp(-850/T) (M) Bauich et al. [1976]
R33 H+HCO - H, + CO 1.2x10" Hochanadel et al. [1980]
R34 ggo FHCO 2 H,CO+ ) 5 o™ Hochanadel et al. [1980]
R35 OH+HCO> H,0+CO 5.0x10™" Baulch et al. [1976]
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No. Reaction Rate Constant (cm3/s'1) Reference/Notes
R36 O +HCO - H+CO, 1.0x 100 ﬁ";%son and Garvin
R37 O+HCO->OH+CO  1.0x10" ﬁ‘;’%’f"" and Garvin
R38 H,CO + hv > H, + CO 485x 107 s DeMore et al. [1985]
R39 H,CO+hv>HCO+H 585x107°s" DeMore et al. [1985]
R40 HCO + hv > H + CO 1x10%s" Pinto et al. [1980]
R41 H,CO+H > H, +HCO  2.8x 107" exp(—1540/7) DeMore et al. [1985]
R42 CO,+hv>CO+0('D) 1.48x1075s" Thompson et al. [1963]
R43 H+H+M>H+M 1.5x 10213 [Tlsggg]“”d Hampson
R44  HCO+0,>HO,+CO 55x10" ¢ [Vlegygﬁ and Lesclaux
Ras ~ TLCO+OH > HO+ 1x10™ DeMore et al. [1992]
HCO
R46  H+OH+M->H,0+M 6.1x10% 72 [M] j[vlfgggv]an and Phillips
Ray  OHFOHTMZEO 69107 G00/n*  Debore et al. [1992]
ke=15x10"
R48 H,CO+0 > HCO+OH 3.4x 10" exp(—1600/7) DeMore et al. [1992]
R49 H,0, + 0 2> OH + HO, 1.4 x 102 exp(—2000/7) DeMore et al. [1992]
R50 HO, +hv > OH+ O 546x 10*s” DeMore et al. [1985]
-6 1 . .
R51  CHy+hv > 'CH, +H, 3){13123 110 SHLy 024 daunt et al. [1993]
R52*  CHg+hv>2°CH,+H, 0
6.35x 107 s, Ly o: 0.25;
* + + 1 > Y > i
R53 C,Hg¢ + hv > CH, + CH, other: 0.02 Yung et al. [1984]
R54 HNO, +hv>NO+OH 1.7x107°5s" Cox [1974]
R55 HNO; +hv > NO,+OH  1.15x 10" DeMore et al. [1985]
R56 NO+hv>N+0 1.84x10°s™ Cieslik and Nicolet [1973]
R57 NO,+hv>NO+O0O 581 x 107 s DeMore et al. [1985]
R58 CH;+OH > CH; + H,0 2.9 x 107 exp(—1820/7) DeMore et al. [1992]
1
R59 gg“ +O(D) > CH; + 1.4x10™" DeMore et al. [1992]
1
R60 EIH“ TO(D) > HCO+ ) 4y jot DeMore et al. [1992]
2
R61 'CH, + CH4 > 2 CH; 6.0x 10" Bohland et al. [1985]
R62 'CH,+0, > HCO+OH 3.0x10™" Ashfold et al. [1981]
R63 'CH,+M > CH, +M 8.8x 107" Ashfold et al. [1981]
R64 CH, +H, > CH; +H 0
R65 *CH, + CH,; > 2 CH,4 0
R66  CH,+02->HCO+OH 15x10" ﬁ”ggg]d and Huntress
Re7 (b TOTM PO 45x 107 G001 DeMore et al. [1992]
ko=1.8x 10" (300/7)"7
R68 CH; +OH > H,CO+H, 93x10™" Sworski et al. [1980]
R69 CH;+0 > H,CO+H 1.1x10™ DeMore et al. [1992]
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No. Reaction Rate Constant (cm3/s'1) Reference/Notes
R70 EII({; 05 > HCO+ 5.4 x 10™2 exp(—220/T) DeMore et al. [1992]

2
CH; + CH; +M - C,H; Wagner and Wardlaw
* = —
R71 M Fe=0.381 exp(-7/73.2) [1988]
+0.619 exp(~7/1180)
ko=8.76 x 107 7%
exp(—1390/7) [M]
ke=150x10" "8
exp(—329/T)
R72 CH;+hv > 'CH, +H 1.87x10%s™ Parkes et al. [1973] and
Allen et al. [1980]
RT3 &H3 THEM S CHt o 0002 - (1.03x 10°T)  Brouard et al. [1989]
ko=4.0x 107 [M]
ko=4.7x10"
R74 (%{3 THCOS CHat g 10 Hochanadel et al. [1980]
R75 1(31133 THNO S CHyt 5410 Zahnle [1986]
R76 fllég HaCOD CHat ) 10" exp(C1540/T)  Zahnle [1986]
R77 H+NO+M > HNO + 2.1 x 107 exp(_300/T)[M] Hampson and Garvin
M [1977]
R78 N+N+M->N,+M 0
R79 N+0,>NO+O 1.5x 10" exp(—3600/7) DeMore et al. [1992]
R80 N+0;>NO+O0, 0
R81 N+OH > NO+H 53x 10" Baulch et al. [1973]
R82 N+NO>N,+0 3.4x10™" DeMore et al. [1992]
R83 NO + 03 > NO, + 0, 2.0 x 1072 exp(—1400/7) DeMore et al. [1992]
R84 NO+O+M->NO,+M Kk =9.0x 10°%(300/7)"° DeMore et al. [1992]
ko=3.0x 10"
R85 NO +HO, > NO,+OH  3.7x 1072 exp(250/7) DeMore et al. [1992]
R86 f?{ OH+M>HNO, ' 5 0% 107 300/72 ¢ DeMore et al. [1992]
ko= 1.5x10"'(300/7)*°
R87 NO, + 0 > NO + 0, 6.5x 107" exp(120/T) DeMore et al. [1992]
R8S fg/f TOH+MSHNOs ) 6% 10%300/7)2  DeMore et al. [1992]
ko=2.4x10"(300/T)"?
R89  NO,+H > NO+OH 4.0 x 10 exp(—340/T) DeMore et al. [1992]
Roo  HNOs#+OH SO+ 5o 1075 exp(785/T)  DeMore et al. [1992]
NO, + 0
ky=4.1x 107 (1440/T)
k=19x107"
exp(725/T)[M]
HCO +NO - HNO + 10 -0 4 Veyret and Lesclaux
R91 P 12x10"° T [1981]
R92 HNO + v > NO + H (: JHNOZ) See (R54)
R93 H+HNO > H, + NO 5x 107°7°° exp(—1200/7)  Baulch et al. [1973]
R94 O + HNO > OH +NO (: k258)
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No. Reaction Rate Constant (cm3/s'1) Reference/Notes
R95 OH+HNO > H,0+NO 6x 10" Baulch et al. [1973]
R96 EI;OZ FTOHSHO0F g 10™ exp(-390/) DeMore et al. [1992]
2
R97  CH,+O - CH; + OH 5.8 x 107" exp(-4450/T) ﬁ‘g;‘ji”” and Combourie
RO8 'CH,+H, > CH;+H 9.24x 10" Allen et al. [1992],
Langford et al. [1983],
Ashfold et al. [1981], and
Braun et al. [1970]
1
R99 CCS{Z FCO 2 HLOF g Zahnle [1986]
RI00 ‘CH,+O->HCO+H  1x10™ ﬁ‘é;%’;” and Giguere
3
RI101 C%{Z TCO P HCO+ 5o g Laufer [1981]
R102* %gﬁ +OH > Gl + 8.7x 10"% exp(-1070/T)  DeMore et al. [1992]
2
RI03* CHs+0 > CHs+OH  4.1x 10" exp(~3200/7) ﬁ‘;’%’f"" and Garvin
C,H¢ + O('D) > C,Hs +
R104* oi{ ¢+ 0(D) 2 (=ki11)
R105* C,Hs+H-> CH;+CH;  7.95x 107" exp(~127/T) Pratt and Wood [1984]
R106* SZI{—IIS +0 = CH; + HCO (kog)
C,Hs + OH > CH; +
% =
RIOT* 3 H, (=kog)
R108* ggls THCO 2 GHet 5 g
R109* I(E%IS THNO > CoHe+ 5 g1
R110* EIZCHS ! 82H+ M CHs 1 5x 1023001 DeMore et al. [1992]
ko=8.0x10"
R111  SO+hv>S+0 0
RI112  SO,+hv>SO+0 1.34x 10" Warneck et al. [1964]
and Okabe [1971]
RI13  H,S+hv>HS+H 220x10% s fl“;lég’" and Holland
R114 SO+0,>> 0+8S0, 2.6 x 107 exp(—2400/7) DeMore et al. [1992]
R115 SO+HO,>SO,+OH 28x10™" DeMore et al. [1992]
R116 SO+0+M=>S0,+M  6.0x 107" [M] Kasting [1990]
R117 SO+OH-> SO, +H 8.6x 10 DeMore et al. [1992]
RI18 EONZ[* OH+M>HSOs 3 0x10% 300> DeMore et al. [1992]
ke=15x10"
R119 SO, +0+M > SO;+M 34x107% Turco et al. [1982]
exp(—1130/T)[M] ‘
R120  SO;+ H,0 > H,SO, 6.0x 107" DeMore et al. [1992]
R121  HSO;+0, > HO,+S0; 1.3 x 1072 exp(-330/7) DeMore et al. [1992]
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R122 28?3 TOH > H0+ 1x 10" Kasting [1990]

R123  HSO;+H = H, +SO; 1x10™" Kasting [1990]

R124 HSO;+0 > OH+ SO; 1x10™" Kasting [1990]

R125 H,S+OH->H,0+HS  6x 10" exp(-75/T) DeMore et al. [1992]
R126 H,S+H > H,+HS 1.3x 10" exp(—860/T) Baulch et al. [1976]
R127 H,S+0O > OH+HS 9.2 x 10% exp(~1800/T) DeMore et al. [1992]
RI128 HS+O->H+SO 1.6x 10" DeMore et al. [1992]
RI129 HS+0,> OH+SO 40x 10" DeMore et al. [1992]
R130 HS+HO, > H,S+0, 3x 10" McElroy et al. [1980]
R131 HS+HS > H,S+S 12x10™" Baulch et al. [1976]
R132 HS+HCO->H,S+CO 5x10™" Kasting [1990]

RI33 HS+H->H,+S 1.ox 10" ff’g’%’”d and Oldershaw
R134 HS+S->OH+S, 2.2 x 10" exp(120/7) Kasting (1990)

RI135 S+0,>SO+0 23x 10" DeMore et al. [1992]
R136 S+OH->SO+H 6.6x 10" DeMore et al. [1992]
R137 S+HCO = HS+CO 5x 10" Kasting [1990]

R138 S+HO,>HS+0, 1.5x 10" Kasting [1990]

R139 S+HO, > SO+ OH 1.5x10™M Kasting [1990]

R140 S+S->5S, 2.76 x 107* exp(710/T)

R141 S, +OH->HSO+S 0

RI142 S, +0->S+SO L.1x10™ Hills et al. [1987]
R4z (O SHCOTIS Ty 7101 axp(800/7)  Debore et al. [1992)
RI44 SO+ hv> SO, 159 10° 5" Dt gy Lo and
RI45 S0+ hv > 'S0, 8.69x 1075 Dt gy Lo and
RI46 S, +hv>S+S 9.74x 10 ™ ﬁegélg’]w’d” and Singh
R147 S, +hv > Sy* 0

R148 ?5%04 Thv >80, + 874 x 107 s Turco et al. [1979]
R149  SO;+hv>S0,+0 0

R150 'SO,+M >°S0,+M 1x 10" Turco et al. [1982]
R151 'SO,+M > S0O,+M 1x10™" Turco et al. [1982]
R152 'S0, > ?S0O, + hy 1.5x10°s™ Turco et al. [1982]
R153 'S0, > SO, + Ay 22x10%s! Turco et al. [1982]
R154 'SO,+0,>S0;+0 1x 107" Turco et al. [1982]
R155 'SO,+S0,>S0;+SO 4x10" Turco et al. [1982]
R156 °SO,+M > SO0,+M 1.5x 107" Turco et al. [1982]
R157  °SO, > SO, + hy 1.13x10°s™ Turco et al. [1982]
R158 7S0O,+S0,>S0O;+SO 7x10™" Turco et al. [1982]
R159 SO+NO,>S0,+NO  14x10™" DeMore et al. [1992]
R160 SO+ 0;-> SO, +0, 3.6 x 1072 exp(~1100/T) DeMore et al. [1992]
R161 SO,+HO, > SO;+0OH 0

R162 HS+0;->HSO+O0, 9.0 x 102 exp(-280/7) DeMore et al. [1992]
R163 HS+NO,>HSO+NO  29x 10" exp(240/T) DeMore et al. [1992]
R164 S+0;->SO+0, 12x10™" DeMore et al. [1992]
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R165 SO+SO->S0,+S 83x 107" Herron & Huie [1980]
R166 SO;+SO > S0,+S0, 2x10" Yung & DeMore [1982]
R167 S+CO, > SO+ CO 1x10% Yung & DeMore [1982] 1
R168 SO+HO,>HSO+0, 0
R169 SO+HCO->HSO+CO 55x10" 1% Kasting [1990] 1
R170 H+SO+M->HSO+M K,=5.7x107*(300/7)"®  Kasting [1990] 1
K.=7.5x10"
R171 HSO +hv > HS+ 0O 5.46 x 107! (=Juo2) DeMore et al. [1985] 1
R172 glgo *NO > HNO+ 3.7 x 1072 exp(250/T) Kasting [1990] 1
R173 HSO+OH > H,0+SO  4.8x 107" exp(250/T) Kasting [1990] 1
R174 HSO+H - HS+OH 8.1x 10" x (0.90) Kasting [1990] 1
R175 HSO+H > H,+SO0 8.1x 10" x (0.08) Kasting [1990] 1
R176 HSO+HS>H,S+SO  1x10™" Kasting [1990] 1
R177 HSO+0 - OH+ SO 3.0 x 107" exp(200/T) Kasting [1990] 1
R178 HSO+S = HS + SO 1x10™" Kasting [1990] 1
R179 S+S$+M>>S;+M 2.8x 107 [M] Kasting [1990] 1
RIB0 S, +S,+M>S,+M 2.8x 107" [M] Baulch et al. [1976] 7
RI181 S+S;+M=>S,+M (= ke1) Kasting [1990] 1
R182 E“l\j[r Sat M3 Sy(AER) s Kasting [1990] 1
RI83  S4+hv>S,+S, (=Js2) See (R146) 1
R184 S3 +hv > Sz +S (:Jsz) See (R146) 1
RISS  NHs+hv> NH, +H 829 x 107 s fjjf;’;g[{;zii] and
R186  NH;+ 011 > NH, +H,0 1.7x 10" exp(-710/T) DeMore et al. [1992]
RIT N OCD) 2 NHa+ 5 5 1o DeMore et al. [1992]
230 _
R188 IIJIH”H’LM%NH” 2(?[’;\41]()) MDA +3 X107 G don et al. [1971]
RI89 NH,+NO>N,+H,0  3.8x 10" exp(450/T) DeMore et al. [1992] 8
Rigor 2T TM PNHe g Gordon et al. [1971]
R191 NH,+O > NH+OH 5x 10" Albers et al. [1969]
R192 NH,+0O > HNO+H 5x 10" Albers et al. [1969]
R193 NH+NO->N,+O+H 49x10" DeMore et al. [1992] 8
R194 NH+O=>N-+O0OH 1x10™" Kasting [1982] 1
R195* N,H4+hv > N,H; + H 1.52x10%s™ Kasting [1982]
R196* N,H,+H > N,H; +H, 9.9 x 102 exp(~1200/T) Stief and Payne [1976]
R197* N,H;+H - 2NH, 27x 10" Gehring et al. [1969]
Rigge  NeHs P NoHy 2 NoHet 0 g Kuhn and Atreya [1979]
N2 + H2
R199 NH+H+MDONH,+M (=ky3) Kasting [1982] 1
R200 NH+Av>N+H (:JNH3) see (R185) 1
R201 NH2 +hv > NH+H (:JNH3) S€C (R185) 1
R202  NH, + hv > NH* 3.8x107 s Kasting [1982] 1
R203  NH,* > NH, + hv 1.2x 107" Lenzi et al. [1972]
R204 NH,*+M > NH,+M 3x 10" Kasting [1982] 1
R205 NH,*+H, > NH;+H 3x10™" Kasting [1982] 1
R206 NH,+HCO>NH;+CO 1x10™" 9
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R207 NH+HCO->NH,+CO 1x10™" 9
R208 'CH,+0,>H,CO+0O 0
R209 °‘CH,+0,>H,CO+0O 0
2.86x10°%s! Ly o: 0.3; Nakayama and Watanabe
* + + ) B 1
R210 C2H2 hV 9 CzH H other: 006 [1964] 0
-6 -1 . .
R21T*  GH, + /v > C,+ H, L1I0X 1077, Ly 0: 0.10: 5 pe 11981, 1983a] 10
other: 0.10
R212%  CoH, + /v > G, +Hy,  (0.51)x337x 107" [Zf;’skg{f and Watanabe
R213* 3CH,+CH; > GH,+H  7.0x 107! [Tlsggg]“”d Hampson
CoHs+ CH; +M > C3Hg ko =2.519x 107/ (7)>**
R214%* _ 10 7,7 0.5
+M k,=8.12x 104D
R215* ffg* TOH2 GHt ) 10™ exp(-700/T) DeMore et al. [1992]
2
R216* CsHg+0 > CsHy; +OH 1.6 x 107" exp(—2900/7) ﬁ‘;’%’f"" and Garvin
+2.2x 107" exp(-2250/T)
1
Ra7r G TOPIT G 1
R218* C3H7 +H 9 CH3 + C2H5 (:k151) 1
3 3
Rojox CH2+’CHy > GHp+H
+H
12 Hampson and Garvin
R220* C,H,+OH-> CO+CH; 2x 10" exp(-250/T) [1977]
R221* &HZ FHAEM S Gy 6y 10 Romani et al. [1993] 2
k.=3.8x10"
exp(—1374/T)
R222* C,H;+H-> C,H, + H, 2x 10 Warnatz [1984]
R223* C,H;+H, > CHy +H 2.6 x 107 exp(-2646/T) Allen et al. [1992]
Roqx  CoHls + CHy > Coly + 2.4 x 1077 Tsang and Hampson
CH; exp(—2754/T) [1986]
Ra2st 0O G 0108 exp(s170m)  Kasting et al.[1983)
2115
C,H, + OH - H,CO + 12 Hampson and Garvin
%
R226 CH, 2.2 x 10" exp(385/T) [1977]
R227*  CoHy+0 > HCO+CHs 5.5 x 1072 exp(—565/T) ﬁ‘;’%’f"" and Garvin
Ropge CoHa THHM > CoHs+  ky=2.15x 10% Lightfoot and Pilling
M exp(~349/T) [1987]
k.=4.95x 10"
exp(—1051/T)
R229* C,H+0,>CO+HCO 2x10™" Brown and Laufer [1981]
R230* C,H+H, > CH,+H 5.58 x 107" exp(~1443/T)  Stephens et al. [1987] and
Allen et al. [1992]
Rozpx  CH T CHe > GHy+ 6.94 x 10" exp(-250/T)  Lander et al. [1990] and

CH;
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R232% gzg TOHe > G+ 5 o Lander et al. [1990]
2115
R233* CH+H+M > CH, + ko=126x 10" 173! Tsang and Hampson )
M exp(—721/T) [1986]
k.=3.0x10"°
-6 -1 . .
R234* CsHg+ hv > C3Hg + H, ijlir’f Olg A sLLy o033y g eral [1984] 10
107 . 000
R235* %E*‘ *hv > CHe* Z;irx 01((’) 5Ly 0009 ctvert and Pitts [1966]
2 MRVA
6 1 . 030
R2I6*  Culle v > Cally + CH, 321X 10757, Ly 0:0.39;
other: 0.0
1.75x 10°s™, Ly o 0.20;
* +hv > CoHs + CH ; ;
R237 CoHg + v > GHs + CH, other: 0.06
-7 -1 . .
R238%* SZI—II—IZG +hy > C2H2 + H2 Ztﬁ(e)rxolg7 S, Ly o 025, Yung et al. [1984] 10
-7 -1 . .
R239% SIZHG +hv > CHy+H+ iﬁzlzr)-iol% s”, Ly o 0.30; Yung et al. [1984]
7 . 013
R240%  CoHg + hv > CoH, + H, gﬁzlzr’f 012 O Ly s 013y g er al [1984]
7 .0 08
R241*  CyHe + hv - 2CH; iﬁir’f 01((’) e Ly o: 008y 1o er al [1984]
R242* %H“ T2 GHFHE ) 49)x337x 107 Back and Griffiths [1967]
R243* 531_}116 Thy 2> GHHCHy 344 337x 107 s assumed to equal Jeams }b
6 1 . 095
RM4  CHy+hy > CHyeon  LRX 00SLLY O3 rupiane or i 1995]
6 1 051
R245  CH, + v > CH. + H 229x10°s™, Ly o: 0.51;
other: 0
R246 CH+hv>C+H 3.37x 107 ¢! assumed to equal Jeopg }’1
3
R247 ggzco T2 CH ) sk 10 s Okabe [1978]
R248* glég:HO v CHs 6 50y x 129 x 107 57 Demerjian et al. [1974]
R249% gg3CHO v CHat 6 50)x 129 x 10 57 Calvert and Pitts [1966]
R250* SZI{—II&%HO +hv > CoHs 1.29x10* ¢! assumed to equal Jepseno 1
R251* CsHs;+hv > CH, +H 3.37x 107 ¢! assumed to equal Jeopg 1
R252% CH;C,H + hv > C3H; + (0.40) x 2.44 x 105 5! Nakayama and Watanabe 10
H [1964]
R253* EIH3C2H TGt s k244 x 107§ Yung et al. [1984]
2
R254* gH};CzH v CH 00y x 244 % 107 7
2
Rassx CHCCH #hv > GHs+ ) 50 534 x 107 s Rabalais et al. [1971] 10

H
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Rasgr CHRCCHL T2 GILT (6 15) ¢ 53410717 Yung et al. [1984]
2
R257* %ECCHZ T2 Gt 66 x534x 10M s
2
R258* %H"J Thy 2> CHLCCH + ) 50 337 % 107 s
2
R259* %ﬁ"’ iy > Gty + (0.02)x 337 x 107 5!
2
R260* 531_}116 Thv > GHECH 051 %337 x 107 ™
R26] C+OH- CO+H 4x 1071 Giguere and Huebner
N [1978] ,
3 ko =8.75x 107 ,
R262 C+H,+M>>°CH,+M exp(524/T) Zahnle [1986] >
k.=83x10"
R263 C+0,>CO+0 33x 10 ﬁ‘;’;‘(’)m” and Hussain
R264 CH+H->C+H, 1.4x10™" Becker et al. [1989]
R265 CH+0->CO+H 9.5x 10" Messing et al. [1981]
R266 CH+H,->’CH,+H 2.38x 107" exp(~1760/T)  Zabarnick et al. [1986]
CH+H,+M > CH; + ko=8.75x 107" .
R267 M exp(524/T) Romani et al. [1993] 2
k.=83x10"
R268 CH+02-> CO+OH 59x 10" Butler et al. [1981]
R269 CH+CO,> HCO+CO 59x 10" exp(-350/7) Berman et al. [1982]
% min{2.5 x 10" .
R270 CH+CH, » CH,+H exp(200/7); Romani et al. [1993]
1.7x 107
" min{1.75 x 10™"° .
R271 CH+C,H, » C;H, +H exp(61/7); Romani et al. [1993]
S 53x 10" )
CH+C,Hs > CH;C,H+  min{5.5x 10° .
%
R272 H exp(173/T); Romani et al. [1993]
3.55x10"%
R273* SII{; GHs > CHCCHy Romani et al. [1993]
R274 CH,+O>CH+OH  8x10™ ﬁ‘é;%’;” and Giguere
R275 CH,+O>CO+H+H 83x107! ﬁ‘;’gff and Schweinfurth
3
R276 I\EHZ FHEMS CHs 3 X 10% exp(d57/T)  Gladstone [1983] 2
k.=15x10"
R277 °CH,+H-> CH+H, 4.7 x 10" exp(-370/T) Zabarnick et al. [1986]
3
CH2 + CO + M 9 28
% =
R278 CH,CO + M ko=1.0x10 Yung et al. [1984] 2
k.=1.0x10"
RI7O* 3CH, +°CH, ©> CH, + 53100 Banyard et al. [1980] and

H;
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3
CH, +C,H, +M > 25 Laufer et al. [1983] and
* =
R280* e + M ko=3.8x10 Laufer [1981]
k.=22x10"
3
CH, + C,H; > CH; + 11 Tsang and Hampson
R281* 3.0x 10
C.H, [1986]
RO8D* ’CH, + C,Hs > CH; + 30x 10" Tsang and Hampson
C.H, ' [1986]
R283 ggzco TH>CH; + 19x 10" exp(-1725/T)  Michael et al. [1979]
R284 ggzco TOPHLO+ g q jon Miller et al. [1982]
" and Lee [1980]
CH,CCH, +H+M >  ko=8.0x 10
R285* CH, + CH, + M exp(~1225/T) Yung et al. [1984]
k.=9.7x10"
exp(~1550/T)
CH,CCH, +H+M > ko=8.0x 107
R286* C3é5 M eip (_12;5 n Yung et al. [1984]
k.=14x10"
exp(~1000/T)
CH; + 0, + M > CH;0,
R287 O3 0
R288 g? gOCJ?DJ;[ M= 1.4 x 102 exp(3000/T)[M]  Watkins and Word [1974]
3
CH; + H,CO > CH, +
R289 00 0
R290 SIH3 TOHSCOFH+ g jpn Fenimore [1969]
2
201 I(_?IH3 FOM3 S CIHS+ L,
R292 CH;0,+H->CH,+0, 14x10™"
R293 EIHégz THS>H0+ 1x 10"
2
R294 5113302 TOPHLOT o
2
R295 gg3co TH > CH, + 1x 107 Zahnle [1986]
R296 Ellégjo TOPHLO+ g o Zahnle [1986]
R297* gg3co TCH; > GHet 5y o Adachi et al. [1981]
R298 ggﬁg TCH; > CHyt g 6k 10 Adachi et al. [1981]
2
R299* SII{fCHO THSCHCO ) g 10" exp(C1540/T)  Zahnle [1986]
2
R300* SléﬁHO FOPCHCO 5o qom Washida [1981]
R3o1x CH:CHO+OH 1.6x 10" Niki et al. [1978]

CH;CO + H,O
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R302* ggﬁg‘i EEIH3 K 28x 10" exp(-1540/T)  Zahnle [1986]

3 4
_ 24
R303* SléﬁfihH M > CH l;ip_(ig;;% Whytock et al. [1976] and
k.=9.7x 10" Von Wagner and Zellner
exp(—1550/T) [1972]
R304* gHﬁCiHl\; H+M > (= kres) Yung et al. [1984]
3115
B Prasad and Huntress
* 11
R305* C,+0->C+CO 5x10 [1980]
R306* C,+0,=> CO +CO 1.5 x 10" exp(-550/T) ﬁ“;;%‘f“m and Oldenburg
R307* C,+H,> CH+H 1.77 x 10" exp(—1469/T)  Pitts et al. [1982]
R308* C,+CH;> C,H+CH;  5.05x 10" exp(-297/T) Pitts et al. [1982]
R309* C,H+0O > CO+CH 1 x 107 exp(=250/T) Zahnle [1986]
R3pox  CHFTGHs > Gty g
C;H,
R311* CH,+O>°CH,+CO  2.9x 10" exp(~1600/T) Zahnle [1986]
R312* C,H,+OH > CH,OH  ky=5.5x10"
k.. =8.3x 107" exp(300/7)*
R313* CH,+OH+M > ko=58x107" Perry and Williamson
CH,CO+H+M exp(—1258/T) [1982]
k.= 1.4x 10" exp(388/T)
R314% gzgon FH2HO+ 564 o Miller et al. [1982]
2112
R315* gi{HEOOH THSH,+ 33x 10" exp(-2000/T)  Miller et al. [1982]
2
R316* gi{HEOOH TOPOHY 5 10" exp(-2000/7)  Miller et al. [1982]
2
R317* gi{HéOOH TOHSHO0F o 10" exp(1000/7)  Miller et al. [1982]
2
R318* C,H;+O0 > CH,CO+H 55x10™" Hoyermann et al. [1981]
C,H; + OH > G,H, + 12 Benson and Haugen
%
R319* 8.3x 10 [1967]
R320* gi{m TCH 2GRt 5 1o Fahr et al. [1991]
4
CoH; +CH; +M > C3Hg  ko=1.3x 107
%
R32I% "M k.=12x 10"
R322* 2233 TOH; > GHa ) 410 Fahr et al. [1991]
2112
R323* gzgs TOHs > GHat 5 o2 Laufer et al. [1983]
24
R324* gzg3 + CoHls > CH; + see reference Romani et al.i [1993]
3115
CH,+OH+M > ko=1.0x 102
R325% CLHLOH + M exp(300/7)°" DeMore et al. [1992]
k.=88x10"
R3ger CHOHFTHSHO+ oo Miller et al. [1982]

C,H,
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R327* ggléoH%+ H > H, + 3.3 x 10" exp(2000/7) Zahnle [1986]
3
R328* ggléoH%+ O2O0HF 53 10™ exp(2000/7) Zahnle [1986]
3
R329* Sﬁlg‘}{%* OH 2 H0+ ) o 10" exp(C1000/)  Zahnle [1986]
3
R330* C,Hs + OH > CH;CHO 1.0 x 10_10
+ H,
R331% %Hs TOCHCHO+ ) 10
R332* gi{Hs TCH D GHat o5 01 70 Romani et al. [1993] 13
4
R333* gzgs TOH; 2> GHet (510 Laufer et al. [1983]
2117
CyHs + CoHs > CyHg + -12 Tsang and Hampson
*
R334 23x 10 Toge]
_ -23 2 _
R335* &Hs THHM > GHg + 11‘00;05'15) x 10777 exp( Gladstone [1983] 2
k.=1.5x10" exp(-
440/T)
R336* CHs+H> CH,+H,  3.0x10™7 [Tlsggg]“”d Hampson
R337* S/EHZ FHEMS GH 751020 Yung et al. [1984] 2
k.=15x10"
R338* gi?gHH:l\i/I K ko=1.7x10% Yung et al. [1984] 2
3L2
k.=15x10"°
R339% gi{Hgég Tfi ko=1.7x10% Yung et al. [1984] 2
2 2
k.=15x10"°
Raqor TN P CLGH® 5y o Yung et al [1984]
2
R341* &H5+H+M 2CHet 1 0x 102 Yung et al. [1984] 2
k.=1.0x10"
R342* CiHs+H-> CH,+CH, 1.5x10™" Yung et al. [1984]
R343* Sfé* CH; > CH,GH 5y 1o Yung et al. [1984]
4
R344* Sf; CH; > CH,CCHy -y 5y 12 Yung et al. [1984]
4
C;Hg + OH - CH;CHO 12 Hampson and Garvin
* _
R34t 4.1 x 10" exp(~540/T) o7
C;Hg + O > CH; + CH;, 12 Hampson and Garvin
* .
R346* 00 4.1x 10" exp(-38/T) (o7 9
pagge CHoPHEMS CHit o |

M
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R348* gi{m * CHs > G + 2.5 x 1072 exp(—200/T) Yung et al. [1984]
4
R3agr  Cstl7 + OH > CHsCHO (= koe) 1
+ H,
R350* EI3H7 TO2 GHCHO* 1
H + CH,CCH, > 1
% —
R3SI* oy CH+H 1.0 x 10" exp(—1000/7)
R352 O+H,CO->OH+HCO 3.4x 10" exp(-1600/T) DeMore et al. [1992]
3
CH, +CH, +M > 25 Laufer et al. [1983] and
% =
R3S3* cmccH, + M ko=3.8x10 Laufer [1981] 2
k.=3.7x10"
CzH + C2H2 9 -10
%
R354 C.H,(AER) + H 1.5x 10 Stephens et al. [1987]
R355 'CH,+H,>°CH,+H, 126x10" Romani et al. [1993]
R356* %Hs THS CHCCH 5o Yung et al. [1984]
2
R357 ggo FHCO > CHO+ 5 ¢ 1o Wen et al. [1989]
R358 21330 FCODCH T (10" exp(LS940/T)  Wen et al. [1989]
2
C,H + CH,CCH, > 10
R359 C-HA(AER) + H 1.5x 10 2

Notes: 1, estimated; 2, rate constant given by k(M, T) = [ky(T)k.. (T)[M])/[ko(T)[M] + k.. (T)], unless
a value of F is given, in which case, use log (k) = log {k/[1 + (ko/k.)]} + {log (Fo)/[1 + log
(ko/k.)*1}; 3, three-body rate constant given by k(M, T) = [k(T)[M1/(1 + (ky(T)[M])/k.(T))] 0.6 exp
{1 + [log (ko(T)[Ml/k,, (T))]*}"; 4, products uncertain; rate constant given by k(M, T) = k(T) +
{ks(D[M]/[1 + (ks(D[M])/ky(T)]}; 5, assumed equal to rate for reaction of SO with ClO; 6, assumed
equal to Jyc; 7, no recommendation given; value based on measurement by Langford and
Oldershaw [1972], 8, products uncertain; 9, by analogy to R35 and R37; 10, branching ratios from
Yung et al. [1984]; 11, photolysis rates are calculated from solar fluxes [WMO, 1985] and cross
sections, and rates shown are diurnally averaged values at the top of the atmosphere in the standard
model; 12, assumed same as R267; 13, rate is 0.04 of k., for C,Hs + CH;+ M > C;Hg+ M [Romani

et al., 1993, and references therein].

Table 3.1 Model reactions and rate constants.

An asterisk in Column 1 denotes the

reactions removed from ancient Martian simulations to promote numerical stability.
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Initial e-folding time
f(S0O,) (in Earth years)
Base code calculations
10°® 333
107 381
10° 793
Sensitivity studies
10°° (higher temperature) 751
10°° (higher precipitation) 81
10 (lower precipitation) 1550
10 (higher K) 783

Table 3.2 e-folding times in Earth years for f{(SO,) in the early Martian atmosphere,

including sensitivity factors.
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3.10 Figures

aqueous

Y

SO2 SO4(AER)
(RAINOUT) (RAINOUT)

Y

S8(AER)
(DRY
DEPOSITION)

Figure 3.1 A schematic of the primary reactions involving sulfur species in the
photochemical model, with oxidation state shown by the upper axis. All reactions in the

gas phase with the exception of SO, to SO, aerosols, which occurs in the aqueous phase.
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Figure 3.2 Profiles of major constituents (O, H,, CO and O,) in the current Martian

atmosphere.
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Figure 3.3 Profiles of radicals (HO,, OH, H,0, and H) in the current Martian

atmosphere. For reference, a profile of SO, is also shown.
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Figure 3.4 SO, longevity: f{SO,) versus time for three initial SO, mixing ratios. e-

folding times for each simulation, marked by a circle, increase as initial SO, mixing ratios

increase.
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Figure 3.5 Sensitivity factors for SO, longevity: f{SO,) versus time for an initial SO,

mixing ratio of 10°. e-folding times for the simulations are marked by a circle.
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Figure 3.6 SO, photolysis rates decrease dramatically near the surface under ancient
Martian conditions. The current Martian regime is shown in steady state at {SO,)~10"2.
The ancient Martian regime (initial {SO,)=10°) is shown at the e-folding time of 793

years ((SO,)=3.67x107).
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g -t hv . SO -tk hv . S0z
HOz, HSO, COgz e O, HOz, SO, O3

OH, O3, Oz 503, NOz, OH
via Sz, Sa, 54
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Figure 3.7 SO, is converted to elemental S, an important intermediate for S; aerosols, via

photolysis. When photolysis is limited, the formation of elemental S is inhibited.
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Figure 3.8 SO, is converted to sulfate aerosols via pathways involving radicals. When

radicals are in short supply, the intermediates HSO, and SO, rarely form.
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Figure 3.9 Profiles of radicals in ancient Martian regime (initial {SO,)=10°) at the e-

folding time of 793 years (f(S0,)=3.67x10"). For reference, a profile of SO, is also

shown. Under these conditions, oxidants become scavenged near the surface.
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Chapter 4

Biomarker preservation in ephemeral acid salt lakes:
implications for Mars'

4.0 Abstract

The Mars Exploration Rover mission discovery of ancient aqueous biosedimentary
systems that are characterized by high acidity and high salinity has recently shifted the
focus of analog studies to similar environments here on Earth, and the possibility of
biomarker preservation in these environments has strong implications for the search for
life on Mars. To this end, lipid biomarker compositions of sediments from six highly
acidic salt lakes on the Yilgarn Craton of Western Australia have been identified and
quantified. Based on genetic community surveys using universal bacterial and archaeal
primers, a predominance of short chain length n-alkanes, alcohols and acids, as well as
monoether, diether and hopanoid lipids associated with organisms such as Thermoplasma
and Halobacteria were expected. The GC-MS results of the lipid assay, however,
revealed a strong signature of terrigenous plant debris. Two independent analytical
methods were used to extract and quantify lipid residues, and both showed traces of the
indigenous microbial population, including small quantities of bacterial glycerol
monoethers and C,5; and C,,; iso- and anteiso- branched fatty acids, as well as the

overprinting of biomarkers from vascular plants. Given that microbial and plant lipids

" Parts of this chapter have been adapted from work the author completed in MIT

laboratories while a student at Oxford.
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have similar chemistries, it is unlikely that this result reflects a preservational bias.
Moreover, all traces of higher plants in the biosedimentary system are residues (i.e.
unable to be seen material that is no longer living and was at some stage once washed
into the catchment basin). Our findings demonstrating that lipids, in general, are
surprisingly stable in the oxidizing and acidic saline sediments represented by these

lakes.

4.1 Introduction

Biological signatures or biomarkers are organic compounds derived from living
organisms found in rocks and sediments. While abiotic synthesis of some organic
compounds may occur in hydrothermal settings [Sumner, 2004; Simoneit, 2004], the vast
majority of sedimentary organic matter reflects highly characteristic biological processes.
Biomarkers are particularly important in reconstructing Earth’s biological history prior to
the Cambrian radiation emergence of body fossils. Lipids are among the most resistant
biological compounds to degradation [Sumner, 2004]. They have been found associated
with some of the earliest life forms here on Earth and have been used to characterize both
physical environments and primitive biological systems [Brocks, et al., 1999]. As a
result, much debate has taken place in the literature over the possibility of detecting
similar biosignatures in the late Noachian/early Hesperian geological record on the
surface of Mars. Aboard NASA’s Mars Science Laboratory rover mission, scheduled for

launch in 2009, is the Sample Analysis at Mars (SAM) instrument; the instrument
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contains a Gas Chromatograph-Mass Spectrometer (GC-MS) capable of probing for lipid

biomarkers [Cabane, et al., 2004].

NASA’s Mars Exploration Rover mission has recently revealed evidence for two key
factors motivating this study: first, surface sediments at Meridiani Planum, the landing
site of the Opportunity Rover, show strong signatures of aqueous cementation and
diagenesis, suggesting the presence of at least episodic liquid water in physical settings
analogous to inter-dune playa lakes on terrestrial continents [Knoll, et al., 2005;
McLennan, et al., 2005]. The data further suggests that water may have either originated
from groundwater flow or regional catchments and may have persisted for thousands and
possibly millions of years [Knoll et al, 2005]. Second, compositional and mineralogical
data from the Alpha-Particle X-ray Spectrometer and Moessbauer Spectrometer now
point to the likelihood that strongly acidic conditions may have been present on parts of
the surface of early Mars. For the first time, spacecraft have had the in situ capacity to
detect characteristic minerals such as jarosite, (KFe,(SO,),(OH);), that only form at very
low pH [Klingelhofer, et al., 2004]. Based on geological, mineralogical and geochemical
orbital data from Mars Express, Mars Odyssey and Mars Reconnaissance Orbiter, there is
reason to believe that these conditions were not localized to the Opportunity landing site

[Arvidson, 2005; Gendrin, et al., 2005; Roach, 2007].

This evidence for highly acidic, saline surface conditions has reignited the debate about
biosignatures being found in Martian evaporite sediments. Sumner [2004] suggests that
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any organic compounds, even if present when the Meridiani sedimentary rocks were
deposited, are unlikely to be preserved. Organic molecules are thermodynamically
unstable in hot, oxidizing planetary surface environments but stable under cool to cold
reducing conditions. Decay of organic matter should rapidly proceed as long as oxidants
remain present, and Meridiani data points to an apparent abundance of Fe(Ill) minerals
and apparent paucity of Fe(II) minerals. This suggests that the regional hematite-bearing
sedimentary formation at Meridiani is composed of oxidized minerals and/or has had

oxidized fluid flow through it [Sumner, 2004].

In the absence of fermentative or respiring organisms, reactions between sulfates and
organic carbon may be unlikely to lead to significant abiotic decay over geologic time
because of the necessary transfer of multiple electrons, stability relations of intermediate
species and rate controls exerted by low temperature [Sumner, 2004; Ohmoto, et al.,
1992]. The reduction of Fe(IIl) to Fe(Il), however, is strongly coupled to the oxidation of
organic carbon because of the generation of free radicals and H,O, on the surface of iron-
bearing minerals. The calculations of Stumm and Morgan suggest that Fe(III)-bearing
minerals are not stable at the low electron potentials necessary for organic carbon

stability [Stumm and Morgan, 1996; Sumner, 2004].

Mineral stability fields, however, depend critically on ion pairing in solution. This in
turn depends on brine compositions. Although significant progress has been made
[Tosca and McLennan, 2005; Tosca, et al., 2006)], these compositions are not fully
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constrained for the early Martian surface. In addition, investigations on Earth of late
Archaean and early Paleoproterozoic banded iron formations as well as the Gunflint Iron
Formation (1.878 +/- 0.001 Ga) have shown at least some evidence of co-preservation of
organics in the presence of iron oxides [Fralick, et al., 2002]. In addition, lipid
biomolecules adapted to protect cells living in harsh environments typically are

particularly recalcitrant.

To this end, our study was undertaken to investigate the types of biomarkers and range of
biomarker recovery in a modern biosedimentary terrestrial analog. Naturally acidic
saline depositional environments are rare on Earth. However, much like Meridiani, the
acidic salt lakes in the vicinity of Norseman, Western Australia, are characterized by: (1)
ephemeral saline continental playas hosted by red siliciclastic sediments and oxidizing
conditions, (2) abundant sulfate and iron oxide minerals, (3) Al-Fe-Si-rich waters with
extremely low pH values, and (4) an absence of carbonates [Benison and LaClair, 2003;
Benison and Brown, 2006]. The acid system is based within the Yilgarn Craton, which is
composed of highly weathered Archaean rocks with little or no sedimentary cover, and
owes its low pH to sulfide and sulfate weathering [Anand and Paine, 2002; Benison, et
al., 2007]. The lakes are supplied by a regional acid saline groundwater body throughout
the Yilgarn and precipitate calcium and magnesium sulfates, chloride, hematite, a
siliciclastic component, and, notably, the mineral jarosite [Benison and Brown, 2006]. In
addition, their sedimentary characteristics and alteration features are strikingly similar to
those of the Burns Formation at Meridiani Planum, including fine-medium sand-sized
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and mud-sized grains, planar bedding, cross bedding, ripple marks, mudcracks, displacive

crystal molds and concretions [Benison and Brown, 2006].

DNA community surveys were completed on the lake samples, and a lipid assay was
done using gas chromatography-mass spectrometry (GC-MS). GC-MS data illuminates
the chemical structure of biomolecules from characteristic fragment ions in their mass
spectra. Lipids vary greatly in their structural detail although all are based on a stable,
apolar hydrocarbon skeleton linked to a polar and less stable head group. The membrane
phospholipids of bacteria and eukaryotes are fatty acid esters linked to an sn-glycerol-3-
phosphate. In contrast, membrane phospholipids of archaea comprise distinctive
isoprenoid ethers built on sn-glycerol-1-phosphate. Sterols comprise an essential
component in the membranes of all eukaryotic organisms, regulating membrane fluidity
and permeability [Volkman, 2002]. In bacteria, hopanoids are hypothesized to serve a
similar purpose as eukaryotic sterols, and extremely few cases of sterol synthesis outside
of the domain Eukarya can be identified (exceptions include the production of lanosterol

and 4-methylsterols in some bacteria) [Brocks and Summons, 2004].

Though certain compounds like n-alkanes and n-alcohols are found ubiquitously in the
biosphere, certain distinctions can be made in regard to carbon number size and the
predominance of odd over even or even over odd carbon numbers. For instance, long n-
alkanes with more than 27 carbon atoms and an odd over even carbon number majority
are frequently derived from terrigenous plant waxes [Brocks and Summons, 2004].
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Many lipids are highly specific for particular organisms below the domain level. Among
these, 2-methylhopanes indicate cyanobacteria and/or strains of the anoxygenic
phototroph Rhodopseudomonas palustris [Rashby, et al., 2007], 24-npropylcholestanes
indicate pelagophyte algae, 24-isopropylcholestane indicates particular sponges, and the
compound botryococcanes indicates a single taxon, the alga Botryococcus braunii. Other
lipids are specific for particular environmental conditions. For example, high
gammacerane and C,, to C,; regular isoprenoids enriched in "*C are thought to correspond
to hypersaline environments. 28,30-Dinorhopane and 25,28,30-trinorhopane suggest
strongly anoxic conditions while 24-n-propylcholestane indicates marine depositional

environments [Brocks and Summons, 2004].

4.2 Methods

4.2.1 Sample acquisition

In total, 99 sediment samples were taken using sterile procedures from twelve acid saline
lakes in the vicinity of Norseman, Western Australia; of those, six samples were chosen
for the lipid assay (see Figure 4.1, Table 4.1). The collection took place during in
January 2005, during the austral summer when ambient temperatures and desiccation
levels were high. Most lakes in the region are ephemeral; of those still containing surface
water, lake diameters were typically less than a few hundred meters and never more than

30 cm deep. The pH levels ranged between 1.5 and 3.5 as measured in the field with pH
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indicator strips. Samples from six of the lakes were chosen for genetic and lipid analyses
to characterize the biology in the system. Samples were directly frozen on dry ice and

were kept frozen until DNA extraction, lyophilization, and lipid extraction.

4.2.2 DNA analyses

Two DNA extractions were attempted on ten samples. The first attempt utilized a MoBio
Soil Extraction kit and was unsuccessful (likely due to iron-related inhibition); the initial
difficulty was overcome using a modification of the longer, three-day Bulat chemical
extraction method [Bulat, et al., 2000)]. Of the ten samples, DNA was successfully

extracted and amplified from six.

Universal archaeal primers ARC344F-GC: 5> ACGGGGYGCAGCAGGCGCGA 3’ and
[Raskin, 1994] and ARCI915R: 5° GTGCTCCCCCGCCAATTCCT 3’ [Stahl and Amann,
1991], and universal bacterial primers 907F: 5’AAACTYAAAKGAATTGACGG-3’
[Muzyer, 1995] and rP1: 5’ACGGTTACCTTGTTACGACTT-3" [Weisberg, et al., 1991]
were used to amplify 16S RNA (the 907F primer will pick up most known organisms;
although Rpl is largely oriented to bacteria, the combination of primers resulted in some
archaeal matches). Standard cloning, sequencing, and BLAST matching gave

identifications as presented in the phylogenic tree in Figure 4.2.

4.2.3 Lipid extraction

Sediment samples of 25-100g wet weight were freeze dried for 36 hours in precombusted
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glass jars (550°C, 8 hours). Samples were then crushed to a fine powder using a solvent-
washed (6x methanol alternating with dichloromethane) mortar and pestle. Lipids were
extracted using a modification of the method of Bligh and Dyer [Bligh and Dyer, 1959].
Extractions took place in pre-washed 50 ml Teflon tubes that were ultra-cleaned through
two sequential 30-minute sonications in methanol and dichloromethane. 19 ml of a
10:5:4 mixture of methanol: chloroform: dichloromethane-washed H,O were added to

each dry sample powder (of approximate weight 10 g) within the Teflon tubes.

The sample tubes were then vortexed for 5 minutes and sonicated for 20 minutes before
centrifugation at 5000 rpm for 5 minutes. The liquid phase was transferred to a 60 ml
precombusted glass vial and the process repeated four times with the remaining sediment.
On the final extraction, 19 ml of a 10:5:4 mixture of methanol: chloroform:
dichloromethane-washed H,O with 1% TCA were used. 5 ml of chloroform were added
to each of the four extraction vials per sample and gently shaken using a precombusted
foil-lined cap. 5 ml of dichloromethane-washed H,O were then added to aid in phase
separation. The heavy phases containing the lipid extract from each of the four vials per
sample were then combined in new 60 ml precombusted glass vial and blown down under
N, gas. The total lipid extracts (TLE) were finally transferred to pre-weighed 4 ml

precombusted glass vials and blown to dryness so a final TLE weight could be obtained.

4.2.4 Silica gel column separation

Acid-activated copper pellets were used to desulfurize samples dissolved in
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dichloromethane before column separation. Approximately 2mg of total lipid extract was
then applied to a 10-cm silica gel pipet column for each sample. Columns were
sequentially eluted with 1.4 column-volumes of hexane and 2 column volumes of 8:2
hexane-dichloromethane to obtain the nonpolar fractions F1 and F2; this was followed by
2 column volumes of dichloromethane for fraction F3, 2 column volumes of 8:2
dichloromethane-ethyl acetate for fraction F4, and 3 column volumes of 7:3

dichloromethane-methanol for fraction F5.

4.2.5 Ether cleavage

4 ml autoclaved glass vials and an autoclaved glass syringe were kept at 130°C overnight
to insure dryness for the ether cleavage procedure. 0.5 ml of CH,Cl, was added to
dissolve 5mg of the total lipid extract of each of the polar fractions. Vials were blown
down briefly with argon gas. 40 pl of 1.0M BBr;/CH,Cl, solution were then added with
a gas tight microliter syringe (Teflon plunger) and 5-inch SS, 18G needle through an
Oxford valve under argon gas. Vials were sealed with Teflon caps and heated at 60°C for
two hours. 0.5 ml of 1.0 M Super-Hydride (lithium triethylborohydride) in
tetrahydrofuran was then added under argon gas once vials had cooled. Vials were sealed
and heated at 70°C for two hours. The reaction was quenched by slowly adding 1ml of

water. Cleaved lipids were extracted with hexane.
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4.2.6 Base saponification

Smg of total lipid extract were added to a 12ml autoclaved glass vial and blown to

dryness using N,. 1 ml of 0.5N KOH in methanol was then added. The vials were sealed
with Teflon caps and heated for 2 hours at 60°C. The saponified solution was then

transferred to a new 12ml vial and checked with pH paper to ensure a strongly basic

solution.

4.2.7 Base extraction

Sml of HCl-cleaned water and 2.5 ml of a 4:1 hexane:ether mix were then added and the
vials gently shaken. The hexane:ether layer was transferred into a new vial and another
2.5 ml of hexane mix were added to the water fraction and the process repeated. A last
Iml of HCl-cleaned water were added to wash the hexane mix and returned to the
aqueous fraction. Sodium sulfate was used to absorb traces of water in the hexane mix

before the hexane layer was decanted off to attain the neutral fraction.

4.2.8 Acid extraction

4M HCI were added drop-wise to the aqueous fraction remaining after base extraction to
attain a pH between 2 and 3. The extraction procedure was repeated as above with water
and hexane:ether. The organics decanted off in the last step contained the free fatty acid
fraction. An aliquot of this fraction was then derivatized with BF; methanol to create

fatty acid methyl esters (FAME?s).

139



CHAPTER 4 L1PID BIOMARKER ASSAY

4.2.9 Derivatization for GC-MS

Approximately 20ug of the samples were used for GC-MS analysis. If less than 0.5mg of
sample weight was returned after column separation, 20% of the total sample was used.
Nonpolar fractions were transferred in 20ul of hexane to GC-MS vials and 50ng of the
internal standard So-andostane were added. Trimethylsilyl (TMS) reagents were used to
derivatize (reducing the polarity of) functional groups in polar fractions F3, F4 and F5
prior to GC-MS analysis. Polar fraction samples were transferred in 20ul of
dicholoromethane and left to evaporate. Then 10pn1 of
bis(trimethylsilyl)trifluoroacetamide (BSTFA) in 10ul of pyridine were used to prepare
trimethylsilyl derivatives of alcohols, acids and amines; once added, samples were heated
at 70 °C for 30 minutes. Prior to derivatization, 100ng of the internal standard

epiandosterone were added to polar fractions. All polar fractions were run on the GC-

MS within thirty-six hours of derivatization.

4.2.10 GC-MS conditions

An injection volume of lul from each fraction was analyzed on a gas chromatograph
(GC) and GC-mass spectrometer (MS). The HP6890 Series II GC is equipped with a
programmed-temperature vaporization (PTV) inlet, a 60 m Varian Chrompac CP-Sil 5
capillary column with 0.32 mm i.d. and 0.25 m film thickness and using helium as carrier

gas, and a flame ionization detector (FID). The GC-MS has the same equipment except a
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mass selective detector is used to replace the FID. The oven temperature column

programs were different for various fractions. The programs are described below:

Inlet program: ini. 60 °C, 0.85 min hold, 720 °C/min to 320 °C, 2.35 min hold, 720
°C/min to 450 °C, 5 min hold, -100 °C/min to 50 °C, O min hold. Inlet Purge:
50ml/min at 2 minutes (splitless injection).

Column program A (for nonpolar fractions): ini. 60 °C, 2 min hold, 8 °C/min to 320 °C,
50 min hold.

Column program B (for polar fractions): ini. 60 °C, 2 min hold, 10 °C/min to 100 °C, 0
min hold. Ramp 4 °C/min to 320 °C, 30 min hold.

Column program C (for FAME:s): ini. 60 °C, 1 min hold, 10 °C/min to 150 °C, 0 min

hold. 4 °C/min to 320 °C, 25 min hold.

4.2.11 Peak identifications

Chromatograms and the mass spectra for different compounds were viewed using
Enhanced ChemStation G1701CA Version C, Agilent Technologies. Identifications
were based on spectral reduction by AMDIS software followed by NIST Spectral Library
software matches when available. Otherwise, spectra were identified based on
derivations and similarities to a laboratory-acquired spectral library. Quantifications
were based on integration under peaks and scaled to the known amount of internal

standard added.
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4.3 Results

4.3.1 DNA community survey

The results of the DNA community surveys for five of the six lakes are shown in the
phylogenic tree in Figure 4.2. A total of 78 sequences were obtained, and non-
overlapping sequences over 400bp are included in the phylogenic analysis. Based on the
DNA survey, lipids associated with halophilic or acidophilic bacteria and archaea,

especially Thermaplasma and Halobacteria, were expected.

4.3.2 Column-separated total lipid extract, fractions 1 — 5

Typical GC-MS chromatograms from the Bligh and Dyer extracted nonpolar fractions
(F1 and F2) are presented in Figure 4.3 and polar (F3, F4, and F5) fractions are presented
in Figures 4.4, 4.5, and 4.7. Identifications are noted in the associated tables in Appendix

4.10. Amounts are quantified in terms of internal standards: 50 ng of 5-o- andostane for

the nonpolar fractions and 100 ng of epiandostane for the polar fractions.

4.4 Discussion

4.4.1 Terrigenous plant biomarkers

4.4.1.1 Long chain n-alkanes
n-Alkanes were identified in fractions F1 and F2 following Bligh-Dyer extractions and

column separation. The n-alkanes range in carbon number from 21 to 33 while the most

dominant homologues are the C,, - C,;n-alkanes (subscripts for carbon #s). No evidence
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of cyanobacteria in short chain n-alkanes was seen. There is a strong odd over even
carbon number predominance (See Figure 4.3). This indicates a terrigenous origin of the
long-chain n-alkanes, probably in the primary form of cuticular waxes [Eglinton and
Hamilton, 1967]. These have also been shown to be carried in eolian dust [Gagosian, et
al., 1981; Gagosian, et al., 1987; Simoneit, et al. 1977].

4.4.1.2 Fatty acids and n-alcohols
Fatty acids in lake extracts range in carbon number from 16 to 31 and n-alcohols from 21
to 31. Like long-chain n-alkanes, even numbered carbon compounds dominate the
distributions of fatty acids; the odd numbered compounds dominated the n-alcohols, both
compounds again suggesting a strong terrigenous plant origin (See Figure 4.5). An algal
origin of the long-chain fatty acids does, however, remain a possibility [Volkmann, et al.,
1998].

4.4.1.3 Sterols and higher plant leaf waxes
C,, sterols comprised approximately 90% of the total lipid residue for the lakes. The
predominance of C,, sterols over C,, and C,; sterols again suggests a land plant source
[Brocks and Summons, 2004]. Oleanic acid derivatives and betulin were also found in
high levels in the polar fractions, indicative of higher plant leaf waxes (See Figures 4.5
and 4.7). The overall assemblage of saturated alkanes, alcohols fatty acids and sterols

points strongly to the overprinting of plant debris.
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4.4.2 Archael and bacterial lipids

4.4.2.1 Column separation method
Column-separated polar fractions F3, F4 and F5 from the Bligh-Dyer extractions for the
six saline lakes revealed no correlating m/z peaks of 205 (diagnostic for glycerol
monoethers), 130, 131 or 133 (diagnostic for glycerol diethers) or 191 (diagnostic for
hopanoids). Specific microbial lipids were also probed for, including archaeol and
hydroxyarchaeol (diagnostic m/z peaks at 143, 341), as well as the regular acyclic

isoprenoids i,, to iy, thought to be a biomarker for halophilic archaea; none were found.

The BBr,/Superhydride Ether Cleavage procedure was used on these fractions to probe
for previously intact ether and tetraether lipids that might have been escaped GC-MS
volatilization. Tetraethers, with two polar head groups and the glycerol moieties linked
by two C,, isopreniod alykl components, have strikingly unique architecture among lipids
and are very resistant to chemical attack. These molecular structures enable archaea to
tolerate extremes of temperature as well as salinity and pH, and special procedures are
required to break their ether bonds to enable analysis of the alkyl groups [Christie, 2003].
The procedure resulted in no detectable isoprenoid chains or isoprenoid chains with
ringed carbon structures. If present, not only tetraether products but also the alkyl groups
from any archaeal ether lipids should have been seen (see Figure 4.5). Evidence
confirming the BBr; procedure worked can be seen in three respects: 1) the previous
predominance of odd over even high carbon number alcohols was hydrolyzed to

predominantly even over odd n-alkanes, 2) Br-derivatives are present in the spectra, and
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3) multiple isoprenoid residues from a separate archaea-containing sample from Ojo

Caliente, Yellowstone National Park were retrieved during the procedure.

4.4.2.2 Saponification method
The saponifcation method comprised a separate, independent analytical technique to
extract and separate lipid residues at high resolution. Traces of non-isoprenoid glycerol
monoethers (GMEs) were found in the neutral polar fractions from sediment samples
8_32 and 11_81 (see Figure 4.9 and 4.10). 1-O-alkylglycerols are formed by a very small
subset of bacteria including Aquifex, Ammonifex, Thermodesulfobacteria and certain

extremophilic d-proteobacteria [Pancost, et al., 2005; Huber, et al., 1992; Langworthy,

et al., 1982]. Thermodesulfobacteria were identified in Sample 11-81 in the DNA

community survey.

4.4.3 C,; and C,, branched fatty acids

Branched fatty acids are often found in heterotrophic bacteria, and the branched fatty
acids iso0-15:0, anteiso-15:0, and iso-17:0 are considered diagnostic for sulfate reducing
bacteria; iso- and anteiso-C15:0 acids are also thought to be abundant in sulfur-oxidizing
bacteria (Taylor and Parkes, 1983; Taylor and Parkes, 1985). These fatty acids were
detected in the FAME residues at low levels (see Figure 4.11). In the DNA community
surveys, microbes such as the sulfur-reducing bacterium Thermodesulfobacteria and

Gammaproteobacterium Sulfur-oxidizing bacteria OBII5 were detected.
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Again, the combined polar fraction from the second procedure of saponfication followed
by acid/base extractions revealed no m/z peaks of 130,131 or 133 (diagnostic for glycerol
diethers) or 191 (diagnostic for hopanoids). No archaeol or hydroxyarchaeol was
detected (diagnostic m/z peaks at 143, 341), and no C,, - C;, isoprenoids were seen.
Multiple diether and isoprenoid lipids were found in a positive control containing the

archaeon Ignicoccus Kin4l.

4.5 Conclusion

A hypothesis was formed on the basis of DNA community surveys that a lipid assay of
sediments from the Norseman Acid Salt Lakes would show short carbon number chain
length n-alkanes, alcohols and acids, in addition to multiple monoether, diether and
hopanoid lipids; however, the biomarker profiles were dominated by terrigenous plant
debris from the sparse eucalyptus, wattle and saltbrush forests that exist on the Yilgarn
Craton. Yet low abundance C,5 and C; iso and anteiso-branched fatty acids in addition
to glycerol monoethers suggest an indigenous microbial population. Peaks comprising as
little as 1/3000™ of the overall GC-MS-detected lipid biomass per lake could be identified
in the data. If a single isoprenoid ether lipid or hopanoid had been present at the level of
at least 150 nanograms per gram wet weight (or ~200 mg dry weight) of sample, it is
likely that it would be in the detectable range. It is probable that the indigenous
microbial populations in the sediments of the ephemeral acidic salt lakes are limited,

while the signature of terrigenous plant debris, in contrast, is sizeable due to the vast
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quantity of plant biomass in the lakes’ drainage basins. The particular plant biochemicals
identified are recalcitrant, but importantly, there is no chemical reason for bacterial and
archaeal lipids to be less stable than plant lipids. The results presented suggest surprising
stability of lipid biomarkers in the modern biosedimentary system of the Norseman Acid
Salt Lakes. They also motivate further studies of acid lakebeds preserved in the geologic
record, particularly the ancient acid saline pans of the Permian Opeche Shale, Williston
Basin, North Dakota. Here the oxidation of sulfide minerals along with other
acidification processes, which may have been mediated by microbes, gave rise to
extremely acidic waters (pH<1) in tectonically stable, closed-drainage basins [Benison, et
al., 1998; Benison and Goldstein, 2002]. These ancient sites precipitated evaporitic
minerals in an arid climate characterized by abundant, carbonate-poor red siliciclastics,
much like lithified strata that have been observed at Meridiani Planum; the discovery of
lipid biomarkers in the Opeche Shale would further bolster the search for remnant

organic matter on Mars.
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4.7 Tables

# Lake Coordinates pH Lake Comments Sample Comments
Lake In the vicinity of Norseman, visible Near surface layer
26 Cowen, S 32 11.390, 18 microbial growth/streamers, most of the from a small
- shoreline E 121 46.111"' : lake dry, some small puddles near the puddle along
puddle shoreline shoreline
Top sepia layer underlain by a black layer
6 22 Lake S 3236.566', g (1mm), brown-orange mud (hematite- Brown-orange mud
- Gilmore E 121 33.534' o coated gypsum, 25 cm), and sandy yellow layer
dirt; cm-scale bright red patches at depth
Unnamed Sulfur smell, yellow veneer on rocks, a
lake on S 3302.315', thin layer of halite crystals underlain by .
2 1. Thick 1
832 | abandoned |  E 12140308 5 thick mud with layers of crystals (with ick mud layer
farm appearance like pyrite) about 2cm down
Unnamed Halite crust (1mm) underlain by tan top
9 49 lake near S 3313.130', 23 layer (3mm), underlain by dark brown Pinkish brown
- Grass E 121 45.251" ) sediment (hard and dry, 3cm), underlain layer
Patch to at least 12cm by a pinkish brown layer
Unnamed Hard halite crust (3cm), underlain by
11 81 lake near S 3303.366', 26 brown siliciclastics (Smm), underlain by Deep hematite
- Salmon E 121 40.554' : hematite mud (to 50 cm) w/ patches of layer
Gums white sediment (uncoated gypsum)
12 93 Unnamed Dry surface crust underlain by a thin
- lake near S 3302.923, gooey golden layer (3mm), underlain by
1 2&9 9 Salmon E 121 43.532' 20 red clastic sandy mud to at least 15 cm in Golden top layer
- Gums (2) depth, trees noted nearby

Table 4.1 Sample Information.
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4.8 Figures

Figure 4.1 Sample sites.
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Thermoplasma volcanium

2 6N
6 32‘\
1293J
11 81J
949A  Bacteria; Firmicutes
1299G  Bacteria; Proteobacteria; Deltaproteobacteria
2 6M Bacteria; Bacteriodetes
2 6] Eukaryota; Metazoa; Arthropoda; Hexapoda; Insecta

— 1293L Dunaliella salina | Eukaryota; Viridiplantae; Chlorophyta

26L  Uncultured actinobacterium | Bacteria; Actinobacteria

11 811 Uncultured Thermodesulfobacterium sp. | Bacteria; Thermodesulfobacteria

Archaea; Euryarchaeota; Thermoplasmata

Bacteria; Proteobacteria;
Gammaproteobacteria

12 93P
622E

{ 11 81G Halobacterium sp. 2-24-7
11 81B  Haloarchaeon str. T3.1

11 81C  Halobacterium sp. SMm6

11 81H Natronobacterium sp. 2-24-8

— 0.1

Thermoplasma acidophilum

Archaea; Euryarchaeota; Thermoplasmata

949G Uncultured Thermoplasmataceae archaeon | Archaea; Euryarchaeota; Thermoplasmata

Archaea; Euryarchaeota; Halobacteria

Figure 4.2 Prokaryotic diversity is shown in a phylogenic tree. Closest matches from

BLAST are identified. The scale bar represents the number of nucleotide substitutions.
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Figure 4.3 Sample 2_6 chromatogram, Fraction 2.
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Figure 4.4 Sample 2_6 GC-MS spectrum, Fraction 3.
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Figure 4.5 Sample 2_6 GC-MS chromatogram, Fraction 4.
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Figure 4.6 Sample 2_6 ether cleavage from column separation Fraction 4, BBr;,

1000 2000 3000

derivatives and alkanes from hydrolyzed alcohols shown.
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Figure 4.7 Sample 2_6 GC-MS chromatogram, Fraction 5.
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Figure 4.8 Sample 2_6 FAME:s.
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Figure 4.9 Glycerol monoethers (GMEs) identified in 8_32 neutral polar fraction

chromotogram.
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Figure 4.10 Mass spectrum of a 1-O-C16 GME from Sample 8_32.

162



SARAH STEWART JOHNSON PH.D. THESIS

74
7000

6000
5000

87

n
n

4000
3000

Abundance

2000
1000

213 227

60 100 140 180 220 260
m/z

Figure 4.11 Mass spectrum for a C17 iso-branched fatty acid, indicative of sulfate-

reducing bacteria.
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4.9 Appendix

Sample2 6 F1
Peak # R.T. min Corrected Area % of total Nanograms Identification
1 32.41 2709693 2.75 50.00 Standard
2 34.41 1604153 1.63 29.60 C21 alkane
3 38.54 3247538 3.30 59.91 C23 alkane
4 40.53 1561859 1.59 28.82 C24 alkane
5 42.38 7321484 7.43 135.09 C25 alkane
6 44.22 2194105 2.23 40.47 C26 alkane
7 45.95 13242805 13.44 244.33 C27 alkane
8 47.66 2277536 2.31 42.02 C28 alkane
9 49.28 21057677 21.37 388.53 C29 alkane
10 50.88 1269068 1.29 23.42 C30 alkane
11 52.40 24698528 25.06 455.69 C31 alkane
12 55.30 17360776 17.62 320.31 C33 alkane
Even Alkanes Odd Alkanes
Totals (ng): 134.72 1633.46

Appendix Table 4.1 Sample 2_6 Quantifications and Identifications, Fraction 1.
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Sample2 6F2

Peak # R.T. min Corrected Area % of total Nanograms Identification
1 32.41 2957069 4.52 50.00 Standard
2 38.58 1102043 1.69 18.64 C23 alkane
3 42.39 3283366 5.02 55.52 C25 alkane
4 44.23 1286120 1.97 21.75 C26 alkane
5 45.95 7260189 11.10 122.77 C27 alkane
6 47.66 1760062 2.69 29.77 C28 alkane
7 49.28 13624698 20.83 230.39 C29 alkane
8 50.87 1541142 2.36 26.06 C30 alkane
9 52.39 18324945 28.01 309.88 C31 alkane
10 55.30 14277364 21.83 241.43 C33 alkane

Even Alkanes Odd Alkanes
Totals (ng): 347.03 4245.53

Appendix Table 4.2 Sample 2_6 Quantifications and Identifications, Fraction 2.
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Sample2 6 F3

Peak # R.T. min Corrected Area % of total Nanograms Identification
1 29.792 10346895 17.571 100.00 Standard
2 33.673 4850695 8.238 46.88 Benzoic acid
3 36.221 16251577 27.599 157.07 Taraxerone (triterpene)
4 37.403 8990108 15.267 86.89 unknown
5 39.046 7305416 12.406 70.60 unknown

Appendix Table 4.3 Sample 2_6 Quantifications and Identifications, Fraction 3.
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Sample2 6 F4

Peak # R.T. min Corrected Area % of total Nanograms Identification
1 20.135 4197012 0.40 51.93 Weak Signal
2 23.53 5982551 0.58 74.04 C16 Fatty Acid
3 26.254 2978109 0.29 36.89 Weak Signal
4 26.942 8046263 0.77 99.49 Pimaric Acid
5 27.051 20520658 1.97 253.73 Isopimaric Acid
6 27.923 4556053 0.44 56.30 C20 Fatty Acid
7 28.484 5063840 0.49 62.60
8 28.912 3557600 0.34 43.96 C21 Fatty Acid
9 29.063 13144590 1.27 162.60 C21 Alcohol
10 29.792 8084210 0.78 100.00 Standard
11 29.867 35939708 3.46 444 .47 C22 Fatty Acid
12 30.781 9234454 0.89 114.27 C23 Fatty Acid
13 30.907 17407192 1.68 215.30 C23 Alcohol
14 31.678 71491957 6.88 884.19 C24 Fatty Acid
15 31.787 3949496 0.38 48.84 C24 Alcohol
16 32.524 10240572 0.99 126.61 C25 Fatty Acid
17 32.633 43832595 4.22 542.16 C25 Alcohol
18 33.363 95389455 9.18 1179.69 C26 Fatty Acid
19 33.446 6305675 0.61 78.02 C26 Alcohol
20 34.151 10340903 1.00 127.89 C27 Fatty Acid
21 34.251 65389850 6.29 808.74 C27 Alcohol
22 34.746 4326557 0.42 53.47 C27:1 Sterol
23 34.947 99947941 9.62 1236.12 C28 Fatty Acid
24 35.014 4539012 0.44 56.17 C28 Alcohol
25 35.76 8717303 0.84 107.84 C29 Fatty Acid
26 35.844 34362793 3.31 424.94 C29 Alcohol
27 35.911 14522524 1.40 179.56 C29:2 Sterol
28 36.464 31015600 2.98 383.55 C29:1 Sterol
29 36.514 28101135 2.70 347.56 Unknown
30 36.648 62516803 6.02 773.14 C30 Fatty Acid
31 36.858 10310066 0.99 127.51 Compounded Signal
32 37.143 13045459 1.26 161.31 Compounded Signal
33 37.612 4192947 0.40 51.80 C31 Fatty Acid
34 37.696 11868522 1.14 146.79 C31 Alcohol
35 38.551 28808655 2.77 356.30 Oleanic Acid Derivative?
36 38.677 21788807 2.10 269.54 Oleanic Acid Derivative?
37 39.021 24588963 11.99 1540.87 Betulin Derivative?
38 40.664 5545965 0.53 68.64 Unknown
39 42.457 10714079 1.03 132.52 Unknown

Even Alcohols 0Odd Alcohols Even Fatty Acids Odd Fatty Acids C29 Sterols Other Sterols
Totals (ng): 183.03 2300.51 4775.84 444 .47 563.11 53.47

Appendix Table 4.4 Sample 2_6 Quantifications and Identifications, Fraction 4.
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Sample2 6F5
Peak # R.T. min Corrected Area % of total Nanograms Identification
1 20.144 866370 0.91 8.57 Unknown
2 23.53 4628994 4.84 45.80 C16 Fatty Acid
3 25.827 1006322 1.05 9.96 C18 Fatty Acid
4 27.931 573648 0.60 5.67 C20 Fatty Acid
5 29.792 10107606 10.56 100.00 Standard
6 29.867 1530440 1.60 15.14 C22 Fatty Acid
7 31.678 674341 0.71 6.67 C24 Fatty Acid
8 38.534 898716 0.94 8.89 Compounded Signal
9 38.811 5915004 6.18 58.52 Oleanic Acid Derivative?
10 38.97 16431591 1717 162.56 Unknown
11 39.389 15423381 16.12 152.58 Unknown
12 40.362 3370582 3.52 33.35 Unknown

Appendix Table 4.5 Sample 2_6 Quantifications and Identifications, Fraction 5.
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Chapter 5

Ancient bacteria show evidence of DNA repair’

5.0 Abstract

Recent claims of cultivable ancient bacteria within sealed environments highlight our
limited understanding of the mechanisms behind long-term cell survival. It remains
unclear how dormancy, a favored explanation for extended cellular persistence, can cope
with spontaneous genomic decay over geological timescales. There has been no direct
evidence in ancient microbes for the most likely mechanism, active DNA repair, or for
the metabolic activity necessary to sustain it. In this paper we couple Polymerase Chain
Reaction and enzymatic treatment of DNA with direct respiration measurements to
investigate long-term survival of bacteria sealed in frozen conditions for up to one
million years. Our results show evidence of bacterial survival in samples up to half a
million years in age, making this the oldest independently authenticated DNA to date

obtained from viable cells. Additionally, we find strong evidence that this long-term

" This chapter was originally published in the Proceedings of the National Academy of
Sciences. It appeared in the print edition on September 4, 2007 (volume 104, issue
number 36, pages 14401-14405), and its DOI reference is 10.1073/pnas.0706787104.

Johnson, S.S., M.B. Hebsgaard, T.R. Christensen, M. Mastepanov, R. Nielsen, K.
Munch, T. Brand, M.T.P. Gilbert, M.T. Zuber, M. Bunce, R. Renn, D. Gilichinsky, D.
Froese, and E. Willerslev (2007), Ancient bacteria show evidence of DNA repair, Proc.
Nat. Acad. Sci., 104, 14401-14405.
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survival is closely tied to cellular metabolic activity and DNA repair that over time

proves to be superior to dormancy as a mechanism in sustaining bacteria viability.

5.1 Introduction

In recent years, a number of studies have claimed that ancient bacterial cells and their
DNA can survive for many millions of years within sediments, amber, and halite (e.g.
[Cano and Borucki, 1995; Vorobyova et al., 1997; Vreeland et al., 2000; Fish et al.,
2002]). The most common explanation for these findings is that the microbes have
remained in a stage of dormancy, known to be associated with high stress tolerance and
resistance to adverse conditions. Although dormancy can be followed by special
adaptations that reduce the rate of DNA damage, truly dormant cells, like the endospores
of Bacillus and Clostridium, remain metabolically inactive and therefore have no active
DNA repair [Nicholson et al., 2000]. As a result, their genomes will degrade with time
due to spontaneous chemical reactions like hydrolysis and oxidation [Lindahl, 1993] that
finally become fatal, preventing the cell from germinating. Models suggest that
unrepaired genomic DNA will be fragmented into small pieces less than 100 base-pairs
(bp) in size or will become severely crosslinked within at most 100 thousand to 1 million
years (100Kyr-1Ma) under optimal frozen conditions and much faster in warmer settings
[Lindahl, 1993; Poinar et al., 1996; Osborne and Phillips, 2000; Smith et al., 2001,
Hansen et al., 2006]. Thus, the controversy of viable ancient bacteria is heightened by an

absence of convincing evidence for mechanisms by which a cell can withstand damage to
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DNA and other unstable molecules such as ATP over geological time scales [ Willerslev
et al., 2004a; Willerslev et al., 2004b; Hebsgaard et al., 2005; Willerslev and Cooper,
2005]. Even though there have been speculations and some indirect evidence of
respiration in ancient microbes (e.g. [Rivkina et al., 2000; Bakermans et al., 2003; Price
and Sowers, 2004; Rivkina et al., 2004; Tung et al., 2005; Vishnivetskaya et al., 2006;
Gilichinsky et al., 2007]), so far there has been no direct evidence of active DNA repair.
In this study, we used a combination of molecular biology techniques and direct
measurement of CO, production from permanently frozen samples to show that
dormancy is inferior to low-level metabolic activity with DNA repair as a long-term

survival mechanism in ancient bacteria.

5.2 Results and discussion

We investigated samples from permafrost as these constant subzero temperature
environments are considered among the best for long-term microbial and DNA survival
[Willerslev et al., 2004b] (Table 5.1). Samples were drilled under strict conditions in
northeastern Siberia, northwestern Canada, and Antarctica, and they were kept frozen
until they were processed for DNA extraction in the laboratory. The cores were spiked on
the surface with a recognizable contaminant during drilling as in [Willerslev et al., 2003;
Willerslev et al., 2004a; Willerslev et al., 2004b], allowing us to test for penetration of

contamination during collection, transport, and handling.
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To ensure that DNA from dead cells was not included in the study, we attempted to
amplify only 4 kilo-base (kb) bacterial ribosomal DNA fragments from our samples using
universal bacterial primers. Previous studies have shown that fossil remains of dead
organisms rarely produce endogenous amplification products longer than 100-500 bp in
size [Hoss et al., 1996], and no report has reproducibly generated amplicons >1042 bp
from a dead specimen on ancient timescales [Lambert et al., 2002]. The 4 kb amplicon
length is both a factor of four beyond the longest fragment ever retrieved from the ancient
DNA of dead cells and about twenty times longer than ancient DNA fragments recovered
from plants and mammals in the same samples (88-230 bp, chemically similar to the
DNA of microbes and certainly obtained from dead biomass) [Willerslev et al., 2003].
Although the successful culturing of microbes from ancient specimens could serve as
direct evidence for life, this traditional tactic has been deliberately avoided as it suffers
from two serious constraints. First, less than 1% of all cells are believed to be culturable
using standard methods [Torsvik et al., 1996], severally restricting the applicability of the
approach. Second, the long-term incubation times necessary for the detection of low-

temperature growth greatly increase the risk of contamination [Willerslev et al., 2004b].

Six samples dating up to 400-600Kyr yielded 4 kb amplicons of bacterial DNA while no
amplification products were obtained from samples dated to be 740Kyr and ca. 1Ma,
respectively (Table 5.1). Attempts to amplify 1 kb and 4 kb of rDNA from higher plant
material in the samples failed. In order to exclude the possibility of false positive results

due to intra-laboratory contamination, permafrost sub-samples were sent to Murdoch
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University (Australia), where 4 kb amplifications of bacterial DNA were independently

obtained (Table 5.1).

The successful and reproducible amplification of 4 kb bacterial DNA but not plant DNA
suggests that viable bacterial cells are likely to be present in the permafrost core samples.
Importantly, decreasing sequence diversity with age of the recovered bacterial DNA
further supports the results’ authenticity: this pattern has previously been seen in studies
of ancient permafrost samples [Willerslev et al., 2004a] and is unlikely to result from
contamination (Figure 5.1, See Table 5.1 footnote and Materials and Methods). Together
with near-constant levels of preserved cellular structures with sample age, the result is
consistent with the view that ancient permafrost does not sustain a reproductive bacterial

community [Willerslev et al., 2004b].

Ancient viable bacteria may in principle exist in two different states: i) a dormant state,
such as an endospore, which involves no metabolic activity and therefore no active DNA
repair, or ii) a metabolically active state that may allow for some degree of DNA repair.
One way to discriminate between these two states is through assessment of relative levels
of DNA damage. The DNA molecule is susceptible to many forms of chemical
modification [Pddbo, 1989; Lindahl, 1993]. One form commonly observed is the
hydrolytic deamination of cytosine, generating uracil or its analogs. The subsequent
pairing of uracil with adenine during polymerase amplification leads to the observation of

characteristic C—>T/G—A transitions [Hansen et al., 2001; Binladen et al., 2006]. In
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order to identify metabolically active cells, we determined the relative levels of genetic
damage by treating aliquots of the DNA extracts with uracil-N-glycosylase (UNG) prior
to amplification of 4 kb rDNA bacterial fragments. UNG breaks the base-ribose bond in
uracil (the product of cytosine deamination) and only allows undamaged DNA to be
amplified (Figure 5.2; See Materials and Methods). Active in vivo systems can repair this
damage; in dead or dormant cells (i.e. cells with no measurable metabolic activity),

however, uracil residues will be expected to accumulate over time.

Our analyses of UNG-treated sequences revealed varying levels of DNA damage. In the
5-30Kyr age range, low-GC Gram positive bacteria with the capacity to form dormant
endospores accumulated hydrolytic damage at the 99% confidence level (Fisher Exact
Test, n=95, p=0.00008). No bacteria with a known capacity for dormancy were detected
in the 400-600Kyr amplifications. Instead, members of high-GC Gram positive
Actinobacteria largely related to the non-sporeforming Arthrobacter dominated the oldest

intact DNA recovered (Figure 5.3).

Seeking evidence of the metabolic activity necessary for DNA repair, we directly tested
the same frozen samples for respiration in the form of CO, production under close to
ambient conditions. Using a highly sensitive technique (See Materials and Methods), we
found mean rates of 0.142-0.794pg CO,-C/g dw/day in samples less than 600Kyr but no

CO, production above background in the 740Kyr sample or control blanks, which fits
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with our inability to amplify long DNA amplification products from these samples

(Figure 5.4).

Our respiration results together with the lack of DNA damage in high-GC Gram positive
bacteria demonstrate evidence for long-term viability, metabolic activity, and DNA repair
in ancient microbial cells. Many studies have suggested that dormancy is the most
effective survival strategy for bacteria over long time periods (e.g. [Kennedy et al., 1994;
Cano and Borucki, 1995; Vorobyova et al., 1997; Vreeland et al., 2000]); our data
indicate that despite short-term robustness, however, dormant bacteria are unlikely to be
the most persistent cells over thousand-year timescales in the cold and desiccated
conditions represented by our samples. Instead, bacteria with an active DNA repair

mechanism are most likely to persevere.

The long-term survival of bacteria within frozen environments provides a range of
intriguing possibilities for DNA maintenance and recovery from subsurface
environments. This study demonstrates that permafrost may harbor a subset of viable
bacteria adapted to past paleoenvironments, some of which might have yet to be
described. The long-term DNA survival observed in Actinobacteria warrants further
research as components of these repair pathways could be enlisted for applications
requiring maintenance of DNA integrity for extended periods of time. Finally, to the
extent that extant life in permafrost and ice on Mars and Jupiter’s moon Europa is

thought to be similar to that on Earth, this study calls for further consideration of
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metabolically active microbes at subzero temperatures in designing life detection

strategies.

5.3 Materials and methods

All pre-PCR work was carried out in dedicated, isolated ancient DNA facilities (with
separate ventilation systems, nightly UV-irradiation of surfaces and positive air pressure),
and the research team adhered to strict protocols (with full bodysuits, facemasks, and
gamma-sterilized gloves) [Hebsgaard et al., 2005; Willerslev and Cooper, 2005]. Blank
extraction and PCR-amplification controls were incorporated at ratios of 1:5 and 1:1,
respectively. Primary analyses were performed in the Ancient DNA Laboratory at Centre
for Ancient Genetics, University of Copenhagen, Denmark, and replication of the 4 kb
PCR analyses were completed in the Ancient DNA Research Laboratory, Murdoch
University, Australia (Table 5.1). The results from the independent laboratories showed

an overlap of 83% between sequence groups (i.e. sequences that were 296% similar,

accounting for intra-species heterogeneity in the 16S rDNA).

5.3.1 Sample acquisition

Samples were drilled in northwestern Canada, northeastern Siberia, and Antarctica from
sections that have remained frozen since deposition [Willerslev et al., 2003; Willerslev et
al., 2004a]. The drilling apparatus was spiked with recognizable bacterial cells or vector

DNA for detection of contamination during sampling and handling as described in
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Willerslev et al. [2003]; Willerslev et al. [2004a], and Hansen et al. [2006]. 2-4 cm of the
contaminated surfaces were removed with a sterilized microtome knife as in [Willerslev
et al., 1999], and samples were dated using fission-track dating, tephrochronology,
radiocarbon and argon dating [Hansen et al., 2001; Willerslev et al., 2003; Willerslev et
al., 2004a; Froese et al., 2005]. A previous study of the same permafrost cores suggests
that no leaching of free DNA or cells has taken place between the strata [Hansen et al.,

2006].

5.3.2 DNA extraction and amplification

DNA was extracted and purified (from 2 grams wet weight of sediment) using
established protocols [Willerslev et al., 2003; Willerslev et al., 2004a]. The primer pairs
used for the 4 kb bacterial DNA amplifications were: 341F: 5°-
CTCCTACGGGAGGCAGCAGTGGGGAATATTGC -3’, located on the 16S rDNA and
2167R: 5’- GGTCGGAACTTACCCGACAAGGAATTTCGCTACCT -3, located on the
23S rDNA. The primer pairs used for 1 kb and 4 kb amplifications of plant DNA were:
PL4000F: 5°- GTGGCAGAGTGGCCTTGCTGCCACGATCCACTGAG -3, located
ETS region and PL4000R: 5°- CGTTTCTCAGGCTCCCTCTCCGGAATCGAACCCTA
-3°  located on the 18S rDNA as well as PLIOOOF: 5°-
TGGTTGATCCTGCCAGTAGTCATATGC -3’ located on the 26S rDNA and
PL1000R: 5’- CCAAGAATTTCACCTCTGACTATGAAATAC -3’ located on the 18S

rDNA.
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PCR amplifications were performed in 25ul reaction volumes: 9ul GATC mix
(20mM/0.25ul dNTPs + ddH,0), 2.5ul primer 341F, 2.5ul primer 2167R, 2.5ul MgSOs,
0.2ul High Fidelity (HiFi) enzyme (Invitrogen) with 2.5ul HiFi buffer, in addition to 4ul
BSA and 1.75u1 DMSO (to aid the denaturing of GC-rich strands). PCR conditions for
the non-UNG treated DNA extracts were: 2 min at 92°C initial; 10 cycles (2 min at 94°C,
1 min at 50°C, 3 min 40 sec at 72°C); 40 cycles (2 min at 94°C, 1 min at 50°C, 3 min 40
sec + 20 additional sec/cycle at 72°C); 10 min 72°C final. For UNG-treated extracts,
0.25ul of UNG (Nordic BioSite) and 2.5ul of UNG 10x buffer were added initially and
allowed to incubate at 37°C for 30 min. An initial, one-time UNG activation step of 5
min at 50°C was added to the above PCR program. The initial denaturation step at 92°C

was also lengthened from 2 to 5 min to completely deactivate the enzyme and prompt
strand breaks in damaged templates. The efficacy of UNG for this purpose is supported
by [Pddbo, 1989; Hofreiter et al., 2001; Gilbert et al., 2003]. It should be noted that
UNG preferentially targets C-rich sequences, therefore there is less detection of damage
in low-GC Gram positive bacteria than in high-GC Gram positive bacteria. The rate of
damage in endospore-forming low-GC Gram positive bacteria may be even higher than

reported, which adds further support to our conclusions.
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5.3.3 Cloning and sequencing

From the 4 kb products amplified, 600 bp fragments were cut to enable cloning and
sequencing using the following PCR primer pairs: 907F: 5°-
AAACTYAAAKGAATTGACGG -3’ and rP1: 5°’- ACGGTTACCTTGTTACGACTT -
3’ [Willerslev et al., 2004a]. One to three amplifications per sample were pooled, cloned,
purified and sequenced on both strands. The resulting sequences were aligned and
investigated for possible recombination as in [Willerslev et al., 1999]. The sequences are

deposited in GenBank under accession numbers EU083531-EU083798.

5.3.4 Sequence identification

Sequences were assigned to taxonomic groups using a Bayesian assignment criterion. For
each sequence, a BLAST search was performed identifying the 50 sequences with the
highest E-score. Sequences without a taxonomic identification in Genbank were not
included. The sequences were first aligned using ClustalW [Thompson et al., 1994] and
then analyzed using MrBayes [Huelsenbeck and Ronquist, 2001]. For each alignment,
1,000,000 iterations were performed in MrBayes under the default settings. The first
100,000 cycles were discarded as burn-in, and posterior probabilities of monophyly were
inferred from the remaining 900,000 cycles. A sequence was then assigned to a particular
taxonomic group if the probability that it was monophyletic with that group exceeded
90%. A sequence identification chart, including hyperlinks to GenBank and sequence
distances, can be found online at:

http://www.binf.ku.dk/~kasper/taxonophy/bact_respiration/.
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5.3.5 Metabolic activity

Past studies attempting to demonstrate viability and metabolic activity in ancient sealed
environments have been prone to contamination, relying heavily on culturing,
pulverization or thawing of samples [Rivkina et al., 2000; Bakermans et al., 2003;
Rivkina et al., 2004; Gilichinsky et al., 2007]. For this reason, we employed a sensitive,
low-temperature technique to conduct tests for microbial respiration on undisturbed

permafrost cores.

Permafrost sub-samples from cores 25K, 500K and 740K (Table 5.1) were transferred

into a cold incubation apparatus and incubated for nine months at —10°C in a CO,-free

atmosphere. Produced CO, was removed during incubation. The incubations were
performed using a modified version of an experimental technique [Panikov et al., 2006]
that reduces the slight possibility of CO; release from material of plastic (organic) origin.
Hence, the incubation chambers and all connecting tubes were made of stainless steel.
The CO; release was measured in a similar way to that described in [Panikov et al.,
2006]; after an initial discharge of entrapped CO, for three months, the samples showed a
constant level of daily CO, release during six months of incubation. Two control samples
(without soil) were processed together with the permafrost samples. Respiration levels for
controls as well as for Sample 740K were not distinct from zero, while Samples 25K and

500K showed significant relative CO; release.
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The incubations were performed in anaerobic conditions, characteristic of subsurface
permafrost environments from Siberia and Canada [Willerslev et al., 2004b]. While
metabolic activity through chemoautotrophic pathways cannot be excluded in the older
samples, our genetic findings (no viable bacteria in samples older than 600Kyr) parallel
our respiration results (only CO, production in samples younger than 600 Kyr).
Furthermore, it has been demonstrated that Arthrobacter, the most common genus we
detected among the high-GC Gram positive bacteria, is capable of anaerobic metabolism

[Eschbach et al., 2003].
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5.5 Tables
Permafrost samples analyzed for 4kb amplification products
4kb
Sample ID Site Age range Prod- More Details
ucts?
Kolyma Lowland,
Plak}ilin Jar Seasonally
Sample 0K (ca. 160° 50’E, 68° frozen v o
40°N) modern ‘
Depth: up to 0.5m tundra soil
Laptev Sea Coast [Willerslev et al.,
o Sample 7K Cape Bykovskii Holocene 5- N 2?0?; ;/I(/)z(l)lé‘erjvlev
P (129° 30°E, 71° 40°N)  9Kyr é ac., 2004,
Depth: 4.8m Hansen et al.,
o 2006]
[Willerslev et al.,
R Kol)ima Lowlapd, Holocene 2003; Willerslev
Sample Kon’kovaya River N '
10K (158° 28°E, 69° 23°N) 10.425 + et al., 2004a;
Depth: 4 Or’n 0.045Kyr Hansen et al.,
pH- 2. 2006]
Ledovyi Obryv
Exposure, Main River  Late
Ice Bluff, Southern Pleistocene
Sample 21K o otka 09005011 ¥
(171° 11’E, 64° 06’N) 0 Kyr
Depth: 6.0m
‘o Kolyma Low}and, Late [Willerslev et al.,
Sample Chukochia River . J -
25K (156° 59°E, 69° 20°N) Pleistocene 2003; Willerslev
Depth: 14 8’ m 20-30Kyr et al., 2004a]

) [Willerslev et al.,
fo % Samole Eﬁfgfus Yuryakh Middle 2003; Willerslev
500K p (153° 40°E, 70° 05°N) Pleistocene v et al.,2004a;

Depth: 41 6’m 400-600Kyr Hansen et al.,
pH- =2 2006]
continued...
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4kb
Sample ID Site Age range Prod- More Details
ucts?
. Dominion Creek, Middle
*Sample Yukon Pleistocene [Froese et al.,
740K (138°36’E, 63° 41°’N) 740 + 60Kyr 2005]
Depth: 10m B
[Sugden et al.,
1995; Nicholson
et al., 2000;
Beacon Valley, Schiifer et al.,
o Antarctica 2000; Stone et al.,
sample M 600 36°'E, 77° 50'5)  ZIM&* 2000; Oberholzer
Depth: 14.5m et al., 2000;
Marchant et al.,
2002; Ng et al.,
2005]

* Metabolic Activity experiments were conducted on these samples.

° Both DNA concentration and the frequency of interstrand crosslinks were assayed
on these samples in [Willerslev et al., 2004a; Hansen et al., 2006]. Consistent with
the DNA degradation undergone in dead cells, DNA concentration decreases with
increasing age while the number of interstrand crosslinks increases. Additionally,
cell counts from these samples changed little with increasing age. Observed cell
counts for three other samples between 1.5 and 2Ma in age (all with no amplifiable
DNA) were similar to these younger samples, thus suggesting that bacterial
remnants are well preserved over these timescales [Willerslev et al., 2004a]. This is
expected as the DNA molecule is relatively unstable compared to other cellular
components and consistent with the idea that few or no new cells arise.

* 4 kb amplification results were replicated on a duplicate sample of permafrost
500K in the Ancient DNA Research Laboratory, Murdoch University, Australia.

* Sample 1M was taken from beneath an 8.1Ma volcanic ash layer that has been
interpreted as a direct air-fall deposit [Sugden et al., 1995]. The antiquity of Sample
IM is supported by a number of studies [Oberholzer et al., 2000; Schdfer et al.,
2000; Marchant et al., 2002]. It should be noted, however, that a recent
investigation has questioned age relations [Ng et al., 2005] and analyses are
ongoing. Nevertheless, researchers at the University of Washington contend that
our sample is at least 1Ma in age [Stone et al., 2000]. Thus, for our study we have
assigned it an age that we think is cautious and accords with the available data,
>1Ma.

Table 5.1
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5.6 Figures
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Figure 5.1 Sequence diversity (average percentage of non-matching nucleotides for

sequence pairs within samples) as a function of permafrost age.
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Figure 5.2 Uracil-N-glycosylase (UNG) treatment leads to strand breaks in damaged

DNA during the Polymerase Chain Reaction (PCR) denaturation step.
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Figure 5.3 Proportion of clones before and after UNG treatment (see Figure 5.2). Low-
GC Gram positive bacteria (yellow) such as the endospore-former Clostridia exhibited
DNA damage. Gram negative bacteria (white) and high-GC Gram positive bacteria

(green) such as Actinobacteria have no known capacity for dormancy.
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Figure 5.4 Respiration in pgCO,-C per gram dry soil per day as a function of permafrost

age; the range depicted represents the minimum detectable difference by this method.
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Chapter 6

Prokaryotic Diversity in Spain’s Red River: lessons
for life detection on the Red Planet

6.0 Abstract

Advances in genetics are paving the way for new methods to test the hypothesis that life
on Mars, if it exists, shares a common ancestor with life on Earth. By returning DNA and
RNA sequences, a new class of life detection instruments could virtually eliminate false
positive results: genetic data from likely contaminates would be identified immediately,
whereas any system of life isolated from Earth over geologic time would be evident from
phylogenetic analysis. This new approach utilizes microfluidic “PCR in a chip”
technology that enables hundreds of DNA fragments to be sequenced in wells only a few
microns in width. Because this technology is capable of in situ DNA analysis, it is well-
suited for deployment in Mars-like environments here on Earth, and perhaps, one day, on
Mars itself. With an eye to potential applications for “PCR in a chip” technology, here
we investigate prokaryotic diversity on sediment sampled from one such Mars-like
environment, the Rio Tinto Basin in Southwest Spain, which is highly acidic and rich in
iron and sulfur. We conclude that development and deployment of this new life detection
technique can be informed by a “training set” of phylotypes detected in the Mars-like
chemistry of the Rio Tinto, particularly by capitalizing on the benefits of deep

sequencing, incorporating multiple primer pairs as allowed by a chip interface, and

195



CHAPTER 6 R10 TINTO

sampling over a range of in situ micro-niches. Even if life is never found on Mars, the
remotely sensed, biological data made possible by these techniques will expand our
ability to observe and understand the vast microbial habitats on Earth that are not easy to

reach: deserts and glaciers, the deep ocean, and our planet’s subsurface.

6.1 Motivation

Following the dawn of the space age, satellite images and other remotely sensed data
were generated from projects originally developed for the exploration of space. We
reaped countless terrestrial benefits from these extraterrestrial efforts: among them, an
array of technologies and techniques that allowed us to acquire data from the most
inhospitable environments on Earth. At present, biology is poised for a similar
revolution. Thanks to recent innovations in genetic and biosignature analysis, we are
coming closer to unlocking the mysteries of some of the most inaccessible parts of the
biosphere on our planet. In a fitting counterpoint to our earlier exploration foci, some of
these terrestrial efforts focus on environments analogous to those on Mars, thereby

contributing to an even more alluring objective: finding life on the Red Planet.

The data from recent NASA missions indicate that Mars is an anaerobic, carbonate-poor,
sulfur-rich world, a place that was periodically warm and wet around the same time the
first organisms were evolving on Earth [Knoll, et al., 2005]. Many have theorized that
the physical similarity of Earth and Mars during this period, in particular the weakly

reducing atmosphere, protective magnetic field, and silicate mantle structure, are reasons
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to believe that Mars, too, may have hosted life, and that life may have developed in a

manner very similar to life on Earth.

Beyond this physical similarity, there is increasing evidence for the plausibility of
biological material being transferred between the two planets. In the late 1990's, a series
of theoretical studies demonstrated that Martian meteorites were transferred to the Earth
at shortened time scales and with higher fluxes than previously believed [Gladman and
Burns, 1996; Gladman, et al., 1996; Gladman, et al., 1997; Mileikowsky, et al., 2000]. In
fact, the final destination of 7.5% of all Martian meteorites is believed to be the Earth,
delivering over one billion tons of meteoric debris [Gladman and Burns, 1996; Gladman,
et al., 1996]. Within this collection, numerous meteorites would have been delivered
with interplanetary transit times on time scales of single to thousands of years. Several
dozen SNC meteorites of Martian origin have been discovered here on Earth, and
magnetic and thermochronological analyses indicate that ~20 wt% of Martian meteorites
have only experienced mild heating (<100°C, below sterilization temperatures) during
ejection and impact [Fritz, et al., 2005; Shuster and Weiss, 2005; Weiss, et al., 2000].
The concept of lithopanspermia life had evolved on one of the planets, the rate of
material transfer makes it plausible that the adjacent planet could “catch” life rather than
independently evolving it. Indeed, the probability of the former seems at least as high, if

not radically higher, than the probability of the latter.
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In addition, microbial life is continually being discovered in Earth environments in
exceedingly harsh conditions, demonstrating the surprising adaptability of microbes.
Surveys of extreme environments have expanded what we recognize as potential
habitable zones; for example, we now know that life can thrive in a range of temperatures
from below 0°C to over 110°C, and in such hostile environments as acidic hot springs
and highly radioactive nuclear reactor pools, including environments deep in the planet’s
crust [Gross, 1996]. It appears that life has colonized every habitat on Earth where
biochemistry can operate, using almost every thermodynamically-favorable energy

couple [Fairen, et al., 2005].

Ventures such as the Search for Extra-Terrestrial Genomes (SETG) Project have been
funded by NASA to develop life detection instrumentation for use on Mars based on the
shared ancestry hypothesis [Ruvkun, et al., 2002]. In searching for DNA and RNA
molecules in iron- and sulfur-rich sediments, the SETG instrument is designed to deploy
cutting-edge techniques for detecting and analyzing genetic material. These include
microfluidic technology that allows DNA to be amplified in the tiny wells of a chip,
single molecule sensitivity to detect life in low biomass samples, and serial dilution

methods with sequencing-by-synthesis to circumvent the need for traditional cloning.

The Iberian Pyritic Belt in Southwest Spain is home to an iron and sulfur-rich, seasonally
dry river, the Rio Tinto. The Rio Tinto has been the subject of multiple Martian analog
studies because of its unique mineralogy, sedimentology, and geobiological
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characteristics. As such, it provides an ideal context in which to consider the SETG
approach and other similar approaches. Here we investigate prokaryotic diversity to
gather insights for life detection from the “training set” of phylotypes we detect in the

Mars-like chemistry of the Rio Tinto Basin.

6.2 Background

The waters of the Rio Tinto precipitate a diverse suite of iron sulfates and oxides, several
of which resemble those found at the landing site of the Opportunity Rover on Mars. The
Rio Tinto is home to multiple hydrated ferrous/ferric sulfates, ferrous/ferric
hydroyxysulfates, and iron oxides [Buckby, 2003; Roach, et al., 2006]. Near its source,
ferric-iron enriched sediments are dominated by sulfate and oxihydride parageneses,
resulting in goethite and hematite [Fairen, et al., 2005]. Hematite was a major
component of the Merdiani Planum site, where the Opportunity rover investigated Late
Noachian/Early Hesperian formations. An aqueous hydrothermal origin is proposed for
this section, at least seven meters in depth at the Meridiani site and mapped as spreading

over the equatorial region of Mars.

Of particular note is the mineral jarosite, a ferric iron sulfate-hydroxide that only forms at
extremely low pH (often <2.5) [Bigham, et al., 1996]. The detection of jarosite by the
Mars Exploration Rover, along with the recognition of several eolian and evaporite

formations, have helped to characterize at least some portions of the early surface
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environment as part of a periodically-wet world, one that was iron and sulfur-rich, and

surprisingly, one that was subject to ancient acidic weathering.

Highly acidic conditions also dominate the Rio Tinto system; the average pH is only 2.3
[Amils, et al., 2007]. At its headwaters, acid mine drainage mixes with natural sources of
acidity. Although this area has been mined for ores for several thousands of years
[Davis, 2000], there is evidence (in the form of ancient iron oxide terraces, for which
isotopic evidence suggests an age of 2-6My [Amils, et al., 2007; Ferndndez-Remolar,
2003; Moreno, 2003], and paleosols that predate the Pliocene) that the Rio Tinto system

is also driven strongly by natural forces [Fernandez-Remolar, et al., 2005].

Interestingly, the low pH of the Rio Tinto is not a product of the physical environment
but rather a consequence of microbial metabolism [Gonzalez-Toril, et al., 2003b]. While
part of the acidity results from high evaporation rates, water chemistry is dominated by
the biooxidation of pyrite, the most abundant sulfidic mineral in the system, by sulfur-
and iron-oxidizing microorganisms via the following overall reaction [Amils, et al.,

2007]:

4FeS, + 14 H,0 + 150, = 4Fe(OH), + 850,” + 16H*
Meanwhile, the hydrolysis of ferric iron, which remains in solution due to acidic

conditions, serves to buffer the nearly constant pH [Fernandez-Remolar, et al., 2005]:

Fe** + 3H,0 > Fe(OH), + 3H*
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As [Fernandez-Remolar and Knoll, 2008] note, there remains an incompletely
characterized diversity of acidophilic prokaryotic organisms living within the Rio Tinto
system. In the past, the Rio Tinto has been noted for its unusual eukaryotic diversity
[Amaral Zettler, et al., 2002; Amaral Zettler, 2003; Amils, et al., 2007; Lopez-Archilla,
2001]. Despite the challenging environmental conditions, acidolphilic algae thrive in the
Rio Tinto, along with ciliates, cercomonads, vahlkampfiid amoebae, stramenopiles and
fungi [Amaral Zettler, et al., 2002]. Here we have chosen to focus on the river’s simplest
organisms, particularly archaea and bacteria that survive on energy from reduced mineral

compounds.

6.3 Materials and methods

6.3.1 Sample collection and DNA extraction

Our work focuses on the Northern stretch of the river, where the most acidic conditions
exist. Samples were collected in 50 ml Falcon tubes at the Salinas site (coordinates:

37°40°5” N, 6°32°54” W) at the confluence of multiple waterways in the Rio Tinto

system (See Figure 6.1). Sampling conditions and DNA extraction were done as

described in [Gonzalez-Toril, et al., 2006].

6.3.2 DNA amplification, cloning and sequencing
Universal primers 515F, 5°- GTGCCAGCMGCCGCGGTAA -3°, and 1391R, 5°-

GACGGGCGGTGWGTRCA -3°, were chosen to recover maximum prokaryotic
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diversity [Baker, et al., 2003]. PCR was performed in 20ul reactions. Additives
included: 10.75ul H,O, 2ul Taq buffer (to 1.5mM MgCl,), 2ul DNTPs (to 0.2mM), 2ul
forward primer (to 1uM) (Integrated DNA Technologies), 211l reverse primer (to 1M)

(Integrated DNA Technologies), 0.25ul Taq polymerase (1 U) (Sigma Aldrich).

Thermal cycling was completed under PCR conditions: 2 min initial denaturing at 95°,
followed by 30 cycles of 5 s denaturing at 94°, 40 s annealing at 56°, and 1 min extension
at 72°, followed by 10 min final extension at 72°. Products from four different PCR

amplifications were pooled and then gel purified using the QIAquick Gel Extraction Kit

(Qiagen).

The resulting 900bp PCR products were TOPO cloned (Invitrogen) for ABI sequencing

using the Broad Institute’s automated sequencing platform.

6.3.3 Phylogenic analysis

Sequences were aligned using ClustalX [Thompson, et al., 1997] and the alignments
adjusted by eye. Phylogenetic relationships were estimated using ClustalX, which uses
the neighbor-joining algorithm [Saitou and Nei, 1987] with the Kimura two-parameter
model, and confidence limits were estimated using bootstrap analyses. Phylogenetic

trees were visualized using TreeView [Page, 1996].
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6.4 Results

In sum, 480 clones were sequenced forward and backward, for a total of 960 sequences.
Phylotypes include several species of Acidobacteria, Alphaproteobacteria, Firmicutes,

Gammaproteobacteria (see Figure 6.2, Table 6.1 and Appendix Table 6.1).

6.5 Discussion

Another study of the Rio Tinto has found that the water column is dominated by three
bacterial genera: Leptosprillum spp. At. ferrooxidans and Acidophilium spp [Gonzalez-
Toril, et al., 2003b]. Quantified by fluorescent in situ hybridization (FISH), these three
genera alone are reported to represent up to 80% of the measured biomass [Gonzalez-
Toril, et al., 2003b]. In our study, we detect all the orders associated with all three genera
as well as chloroplast DNA from eukaryotic algae, particularly Euglena and Chlorella,
which survive via oxidative photosynthesis and contribute to primary production in the
Rio Tinto System, along with several Gammaproteobacteria, including the families

Xanthomondaceae and Moraxellaceae.

Several microhabitats appear to be present in the Northern regions of the river, primarily
divided along the lines of the oxic zone and the anoxic zone. Leptosprillum spp. and
Ferroplasma spp., for instance, can grow using ferrous iron as a sole source of energy
while Acidithiobacillus ferrooxidans obtains energy from both ferrous iron and reduced

sulfur compounds (it has been shown to attach preferentially to the less crystallized or
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amorphous zones of pyrite substrates, increasing the availability of sulfide ions for
bacterial oxidation) [Amils, et al., 2007; Sanhueza, et al., 1999]. Not surprisingly,
molecular ecology analysis has shown higher proportions of Leptospirillum ferrooxidans
(an iron-oxidizing bacterium) in the oxygenic part of the column, and higher proportions
of Acidithiobacillus ferrooxidans (an iron-oxidizing and iron-reducing bacteria) under
anaerobic and microaerobic conditions in the lower part of the column [Gonzalez-Toril,
et al., 2003b]. It appears that the combination of redox pathways in the Rio Tinto enable
a self-sustaining ecosystem. Of particular importance in this system is iron, acting as a
substrate for iron-oxidizing prokaryotes as well as an electron acceptor for anaerobic
respiration in anoxic micro-niches [Gonzalez-Toril, et al., 2003a]. In fact, the iron cycle
can be completed by the metabolism of only three species, Leptosprillum spp.,

Acidithiobacillus ferrooxidans, and Acidophilium spp. [Gonzalez-Toril, et al., 2003b].

6.6 Implications for life detection

6.6.1 Deep sequencing with multiple primer pairs

Several of the types of microbes detected in the community surveys only appeared once
or twice within the group of 480 sequences, suggesting they may have been missed if
fewer sequences had been returned. Among these were Legionellales (a
Gammaproteobacterium), the Firmicutes Ruminococcus and Alicyclobacillus
acidocaldarius, Bradyrhizobiales (an Alphaproteobacterium, which can be found in the

roots of endemic plants in the Rio Tinto), as well as the Bacteriodetes Candidatus

204



SARAH STEWART JOHNSON PH.D. THESIS

cardinium, and Acidocella (an Alphaproteobacterium). Unclassified Moraxellaceae (a
family of Gammaproteobacteria), were also detected at low levels. They have never
been detected in any other acid mine site and are found deep underground in drilling
samples from the Rio Tinto MARTE Project. The detection of Arcobacteracae (an
Epsilonproteobacterium) is also intriguing, as it has never before been detected in any

Rio Tinto sampling site.

Others groups were not detected at all. For instance, sulfate-reducing bacteria such as
Desulfosporosinus are thought to play a role in cycling SO,” to S°/S* in the Rio Tinto
system. Indeed, when three probes specific for sulfate-reducing bacteria were used on
Salinas samples from October 1999 and May 2000, positive hybridization signals were
detected [Gonzalez-Toril, et al., 2003b]. Nevertheless, sulfate-reducing bacteria were not
seen within our group of 480 sequences, suggesting that even deeper sequencing utilizing

a wider range of primer pairs in different microhabitats may be necessary.

6.6.2 “PCR in a chip” deep sequencing technology

The “PCR in a chip” technology being developed for SETG enables the type of deep
sequencing that may be necessary to fully characterize an environment like the Rio Tinto.
The small mass and volume requirements for NASA space instruments require that
SETG’s detection, classification, and sequencing modules rely on handling small
volumes of fluid. SETG is utilizing one of the most powerful microfluidic platforms,
involving Multilayer Soft Lithography (MSL) [Melin and Quake, 2007; Ng, et al., 2002;
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Thorsen, et al., 2002; Unger, et al., 2000; Xia and Whitesides, 1998], a technique in
which polydimethylsiloxane (PDMS) or glass chips are etched with a number of
interconnected microfluidic channels and fluid valves. Valves are then formed by the
collapse of one channel by another channel maintained at a higher pressure (Figure 6.3,
A-B). A chip capable of amplifying and sequencing DNA, designed by SETG team
member Steven Quake, is shown in Figure 6.3 C; a more complex version of this chip,
capable of handling hundreds of reactions, will be incorporated into the SETG flight
instrument. Chip structures involving thousands of valves have now been manufactured
[Thorsen, et al., 2002], and valve density had risen rapidly to exceed 10,000 valves per

square cm [Hong and Quake, 2003].

This chip density, allowing the analysis of samples from several micro-niches along with
deep sequencing, will enable SETG to fully characterize a site like the Rio Tinto. Large
amounts of sequence data will aid in analysis, particularly if some amount of
contamination cannot be avoided. One of SETG’s great advantages in comparison to
other life detection techniques, such as seeking informational polymers, structures of
biogenic origin, or chemical or isotopic signatures of enzymatic processes, is its
definitive nature. While there are abiotic routes to other signatures, sequence information
from a Mars system of life isolated from that on Earth over geologic time will be evident.
Although rooting the tree of life is complex [Poole and Willerslev, 2007], phylogenetic

analysis will reveal whether sequences found on Mars are similar to those on Earth and
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are likely to represent contamination, or are phylogenetically isolated and indicative of

extant Martian life that has been isolated from that on Earth for billions of years.

6.6.3 Future work

The SETG instrument also offers additional intriguing possibilities for investigating life
in extreme settings like the Rio Tinto. Given the possibility that, on Mars, the 16S RNA
gene may have evolved after the time of heavy meteorite exchange, or it might have
diverged so much that, even if life on Mars was DNA or RNA based and ancestrally
related to life on Earth, the SETG instrument is capable of finding life that would not be
detectable using rRNA primers. However, using a slightly different set of reagents,
SETG can also detect ancestrally related life that does not share these or other conserved
genes. One standard method for general DNA amplification is isothermal, utilizing the

phage $29 DNA polymerase and very short random primers (hexamers of all 4° possible

combinations). Our collaborators have already demonstrated microfluidic isothermal
amplification [Marcy, et al., 2007; Zhang, et al., 2006], and we plan to show that it can
be used to amplify and detect nucleic acids in environmental samples with Mars-like
chemistry, including sites like the Rio Tinto. In addition, SETG may be able to utilize
this capability as a preamplifier to 16S-based amplification, significantly increasing
sensitivity. Soon, comparing sequences to our exponentially expanding metagenomic
catalog of life will eliminate our current need to focus on highly conserved regions of the

genome.
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SETG is also being designed to survey for remnants of the RNA world on Mars as well
as in terrestrial environments. The existence of an RNA world that predated the current
DNA world was revealed by the discovery in 1989 of ribozymes, RNA-based
informational molecules that also possess enzymatic activity on RNA [Mojzsis, et al.,
1999; Pace, et al., 1999]. Although most of that RNA world has been displaced on
Earth, ribozymes are living fossils of the RNA world that continue to exist inside modern
DNA-based life. Nevertheless, if the RNA world dominated life on Earth 3.5-4 billion
years ago, a time that is commonly inferred to be the beginning of life on Earth, also
during which meteoritic bombardment of the inner solar system was much more intense
than now, it is plausible that life on Mars diverged from life on Earth during the RNA
world, rather than at the later point when DNA had evolved. To explore such a scenario,
the SETG team is developing RT-PCR-based protocols to probe in situ for RNA-based

life in extreme environments on Earth as well as Mars.

6.7 Conclusion

New life detection techniques involve adapting cutting-edge biological automation and
miniaturization approaches for a Mars-compatible instrument that can, starting from a
soil sample, isolate, amplify, detect, and classify DNA or RNA. Our analysis of genetic
diversity in the Rio Tinto suggests these strategies should capitalize on the benefits of

deep sequencing, incorporate multiple primer pairs as allowed by a chip interface, and

208



SARAH STEWART JOHNSON PH.D. THESIS

sample over a range of in situ micro-niches. Although instruments like SETG are being
designed to attempt to detect life on Mars, the remotely sensed, telemetered technology
they embrace can be utilized to ascertain biology’s adaptability to hostile conditions - as

well as the limits of life - in naturally-occurring extreme environments here on Earth.
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6.9 Tables

DIVISION CLASS ORDER FAMILY GENUS SPECIES
Archaea Euryarchacota  Thermoplasmata Thermoplasmatales Ferroplasmaceae Ferroplasma
Bacteria Acidobacteria Acidobacteria Acidobacteriales Acidobacteriaceae Acidobacterium
Unclassified
Bacterium Ellin337
Bacteroidetes Bacteroidetes Unclassified Bacteroidetes Unclassified Bacteroidetes Candidatus cardinium
Firmicutes Bacilli Bacillales Alicyclobacillaceae Alicyclobacillus acidocaldarius
Sulfobac thermosulfidooxidans
Mixotrophic Iron-
Oxidizing Bacterium
Clostridia Clostridia Clostridiaceae Clostridium quinii
Clostridiales Lachnospiraceae Ruminococcus
Peptostreptococcaceae Peptostreptococcus anaerobius
Unclassified
Nitrospirae Nitrospira Nitrospirales Nitrospiraceae Leptospirillum Unclassified
Planctomycetes
Proteobacteria  Alphaproteobacteria  Acetobacterales Acetobacteraceae Acidiphilium
Acidocella
Unclassified
Bradyrhizobiales Methylobacteriaceae
Betaproteobacteria Burkholderiales Comamonadaceae Variovorax
Unclassified
Deltaproteobacteria Envir. Samples: BA18
Epsilonproteobacteria Arcobacteraceae Unclassified
Gammaproteobacteria  Acidithiobacillales Acidithiobacillaceae Acidithiobacillus
Envir. Samples: B2M28
Envir. Samples: CCD24  Envir. Samples: Elli Envir. Samples: RCP1-57

Legionellales

Pseudomonadales
Unclassified
Xanthomonadales

Legionellaceae
Unclassified
Moraxe

aceac

Unclassified
Legionella

Table 6.1 Organisms detected at the Salinas site.
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6.10 Figures
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Figure 6.1 The Rio Tinto is located in the Iberian Pyrite Belt, a 250km long geologic
structure emplaced by Late Paleozoic hydrothermal activity [Fernandez-Remolar and

Knoll, 2008; Tornos, 2006], in Southwestern Spain.
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Chloroplasts; Eugkena
s.\\ Chlomoplasts; Chloralla

Archaea, Euryamchaeota
Tharmoplasmatales;

Ferraplasmaceae

Bacteria; Nitrospirae; Leptospiriflum

Bactera; Planctomyceatas
Bacteria; Acdobactena, Ackdobacteriales

Hacteria, Firmicutes

Bactena, Frmacutes, sulfobacillus

Bactara; Proteobactena; Alphaprotesbacteria;
Acetobacterales

Bactena; Proteobactena; CCDZ24; ENn3d 3
Bacteria; Proteobactena; Betaprotecbacteria; Burkholdeniales
HBactana, Protecbactena; Gammaproteobactena; Moraxelaceas

Bacteria; Protechacteris, Gammaproteobacteria;
EKanthomonadakes; Xanthomonadales

Bacters; Protecbactena; Gammaprotecbacteris; Acidithiobacilaceas; Aodithiobacillus

a1

Figure 6.2 Phylogenic Tree showing prokaryotic diversity in the Rio Tinto. The scale bar
denotes the number of nucleotide substitutions.
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Figure 6.3 A. When the pressure in the horizontal control line is low, fluid can flow

freely through the vertical sample line (Fludigm Corporation). B. Raising the control line

pressure causes a deformation into the vertical sample line, creating a closed valve. C.

New life detection techniques will employ microfluidic chips, such as the one shown

here, to amplify the genome of single bacterial cells for sequencing (the channels and

control lines on this chip are shown in blue and red, respectively [Bourzac, 2007]).
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6.10 Appendix

Sequence Hugenholtz Taxonomic String

D392P31FA10: Bacteria; Cyanobacteria; Chloroplasts; Euglena; Unclassified; otu 763

D392P31FA11: Bacteria; Firmicutes; Clostridia; Peptostreptococcaceae; Peptostreptococcus anaerobius; Clostridium bifermentans; AKIW475; otu 1214
D392P31FA12: Bacteria; Proteobacteria; Alphaproteobacteria; Bradyrhizobiales; Methylobacteriaceae; otu 1587

D392P31FA13:  Archaea; Thermoplasmata Eury; Thermoplasmatales; Thermoplasmatales; Ferroplasmaceae; Ferroplasma; otu 118
D392P31FA14:  Archaea; Thermoplasmata Eury; Thermoplasmatales; Thermoplasmatales; Ferroplasmaceae; Ferroplasma; otu 118
D392P31FA15: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31FA16: Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31FA17: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31FA18: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31FA19: Bacteria; Proteobacteria; Alphaproteobacteria; Acetobacterales; Acetobacteraceae; Acidiphilium; otu 1560

D392P31FA20:  Archaea; Thermoplasmata Eury; Thermoplasmatales; Thermoplasmatales; Ferroplasmaceae; Ferroplasma; otu 118
D392P31FA21: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31FA22: Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma proteobacterium WIJ2; otu 2136
D392P31FA23: Bacteria; Acidobacteria; Acidobacteriales; Unclassified; otu 179

D392P31FA24: Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma proteobacterium WJ2; otu 2136
D392P31FA2:  Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31FA3:  Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31FA4: Bacteria; Proteobacteria; Alphaproteobacteria; Acetobacterales; Acetobacteraceae; Unclassified; otu 1559

D392P31FAS: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31FA6: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31FA7:  Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31FAS: Bacteria; Firmicutes; Clostridia; Clostridiales; Unclassified; otu 1006

D392P31FA9:  Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31FB10:  Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31FB11: Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31FB12: Bacteria; Proteobacteria; Alphaproteobacteria; Acetobacterales; Acetobacteraceae; Acidiphilium; otu 1560

D392P31FB13: Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31FB14:  Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31FB15:  Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31FB17: Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31FB18:  Bacteria; Proteobacteria; Gammaproteobacteria; CCD24; Ellin339; RCP1-57; otu 1973

D392P31FB19: Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31FBI1: Bacteria; Firmicutes; Clostridia; Peptostreptococcaceae; Peptostreptococcus_anaerobius; Clostridium_bifermentans; Unclassified; otu 1213
D392P31FB20:  Archaea; Thermoplasmata Eury; Thermoplasmatales; Thermoplasmatales; Ferroplasmaceae; Ferroplasma; otu 118
D392P31FB21: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31FB22:  Bacteria; Firmicutes; Clostridia; Peptostreptococcaceae; Peptostreptococcus_anaerobius; Clostridium_bifermentans; Unclassified; otu 1213
D392P31FB24:  Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma proteobacterium WJ2; otu 2136
D392P31FB2: Bacteria; Firmicutes; Clostridia; Peptostreptococcaceae; Peptostreptococcus anaerobius; Clostridium bifermentans; Unclassified; otu 1213
D392P31FB4: Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31FB5: Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31FB9: Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma_proteobacterium WJ2; otu 2136
D392P31FC11: Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31FC12: Bacteria; Proteobacteria; Gammaproteobacteria; Betaproteobacteria; Burkholderiales; Unclassified; otu 1890

D392P31FC13: Bacteria; Cyanobacteria; Chloroplasts; Euglena; Unclassified; otu 763

D392P31FC15:  Bacteria; Proteobacteria; Gammaproteobacteria; CCD24; Ellin339; RCP1-57; otu 1973

D392P31FC16: Bacteria; Proteobacteria; Epsilonproteobacteria; Arcobacteraceae; Unclassified; otu 1823

D392P31FC17: Bacteria; Cyanobacteria; Chloroplasts; Euglena; Unclassified; otu 763

D392P31FC18: Bacteria; Firmicutes; Alicyclobacillaceae; Alicyclobacillus; mixotrophic_iron-oxidizing bacterium; otu 858

D392P31FC19:  Bacteria; Firmicutes; Clostridia; Peptostreptococcaceae; Peptostreptococcus anaerobius; Clostridium bifermentans; Unclassified; otu 1213
D392P31FCl1: Bacteria; Firmicutes; Clostridia; Clostridiaceae; Clostridium; Clostridium quinii; otu 990

D392P31FC20:  Bacteria; Proteobacteria; Gammaproteobacteria; Legionellales; Legionella; otu 2021

D392P31FC21: Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31FC22: Bacteria; Cyanobacteria; Chloroplasts; Euglena; Unclassified; otu 763

D392P31FC23: Bacteria; Cyanobacteria; Chloroplasts; Unclassified; otu 755

D392P31FC24: Bacteria; Planctomycetes; WPS-1; CL500-3; CL120-56; DE613; otu_1549

D392P31FC2: Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31FC3: Bacteria; Cyanobacteria; Chloroplasts; Euglena; Unclassified; otu 763

D392P31FC4: Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma proteobacterium WJ2; otu 2136
D392P31FC5: Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31FCé6: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31FC7: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31FC8: Bacteria; Proteobacteria; Alphaproteobacteria; Acetobacterales; Acetobacteraceae; Acidiphilium; otu 1560

D392P31FC9: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31FD10: Bacteria; Proteobacteria; Alphaproteobacteria; Acetobacterales; Acetobacteraceae; Acidiphilium; otu 1560

D392P31FD11: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31FD13: Bacteria; Cyanobacteria; Chloroplasts; Euglena; Unclassified; otu 763

D392P31FD14: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31FD15:  Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31FD16: Bacteria; Proteobacteria; Alphaproteobacteria; Acetobacterales; Acetobacteraceae; Acidiphilium; otu 1560

D392P31FD19:  Bacteria; Proteobacteria; Alphaproteobacteria; Acetobacterales; Acetobacteraceae; Acidiphilium; otu 1560

D392P31FDI: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857
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D392P31FD20:  Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31FD21: Bacteria; Cyanobacteria; Chloroplasts; Unclassified; otu 755

D392P31FD22: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31FD23: Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31FD2: Bacteria; Proteobacteria; Alphaproteobacteria; Acetobacterales; Acetobacteraceae; Acidocella; otu 1562

D392P31FD3: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31FD4: Bacteria; Cyanobacteria; Chloroplasts; Euglena; Unclassified; otu 763

D392P31FD5: Bacteria; Cyanobacteria; Chloroplasts; Unclassified; otu 755

D392P31FD6: Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31FDS: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31FD9:  Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31FE10:  Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma_proteobacterium WJ2; otu 2136
D392P31FE11l:  Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31FE12:  Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma proteobacterium W1J2; otu 2136
D392P31FE13:  Bacteria; Proteobacteria; Alphaproteobacteria; Acetobacterales; Acetobacteraceae; Acidiphilium; otu 1560

D392P31FE14: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31FE15:  Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31FE16: Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31FE17:  Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31FE18:  Bacteria; Firmicutes; Clostridia; Clostridiaceae; Clostridium; Clostridium_quinii; otu__990

D392P31FE19:  Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31FEl: Bacteria; Proteobacteria; Gammaproteobacteria; CCD24; Ellin339; RCP1-57; otu_1973

D392P31FE20:  Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31FE21:  Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31FE22:  Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31FE23:  Bacteria; Proteobacteria; Gammaproteobacteria; CCD24; Ellin339; RCP1-57; otu 1973

D392P31FE24:  Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma proteobacterium WJ2; otu 2136
D392P31FE2: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31FE3: Bacteria; Firmicutes; Clostridia; Peptostreptococcaceae; Peptostreptococcus anaerobius; Clostridium bifermentans; Unclassified; otu 1213
D392P31FE4: Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma proteobacterium WJ2; otu 2136
D392P31FES5: Bacteria; Firmicutes; Alicyclobacillaceae; Alicyclobacillus; mixotrophic_iron-oxidizing bacterium; otu 858

D392P31FE6: Bacteria; Proteobacteria; Alphaproteobacteria; Acetobacterales; Acetobacteraceae; Unclassified; otu 1559

D392P31FET7: Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31FES: Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31FF10:  Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31FF11: Bacteria; Cyanobacteria; Chloroplasts; Euglena; Unclassified; otu 763

D392P31FF12:  Bacteria; Cyanobacteria; Chloroplasts; Chlorella; otu 757

D392P31FF14:  Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma proteobacterium WJ2; otu 2136
D392P31FF15:  Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31FF16:  Bacteria; Proteobacteria; Gammaproteobacteria; B2M28; otu 1880

D392P31FF17:  Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma proteobacterium WJ2; otu 2136
D392P31FF18:  Bacteria; Proteobacteria; Gammaproteobacteria; CCD24; Ellin339; RCP1-57; otu 1973

D392P31FF19:  Bacteria; Firmicutes; Clostridia; Peptostreptococcaceae; Peptostreptococcus anaerobius; Clostridium bifermentans; Unclassified; otu 1213
D392P31FF1: Bacteria; Proteobacteria; Gammaproteobacteria; CCD24; Ellin339; RCP1-57; otu 1973

D392P31FF20:  Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31FF23:  Bacteria; Proteobacteria; Alphaproteobacteria; Acetobacterales; Acetobacteraceae; Unclassified; otu_1559

D392P31FF24:  Bacteria; Cyanobacteria; Chloroplasts; Euglena; Unclassified; otu 763

D392P31FF2: Bacteria; Planctomycetes; WPS-1; CL500-3; CL120-56; DE613; otu 1549

D392P31FF4: Bacteria; Cyanobacteria; Chloroplasts; Euglena; Unclassified; otu 763

D392P31FF5: Bacteria; Proteobacteria; Alphaproteobacteria; Acetobacterales; Acetobacteraceae; Acidiphilium; otu 1560

D392P31FF6: Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31FF7: Bacteria; Cyanobacteria; Chloroplasts; Unclassified; otu 755

D392P31FF8: Bacteria; Proteobacteria; Alphaproteobacteria; Acetobacterales; Acetobacteraceae; Unclassified; otu 1559

D392P31FF9: Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma proteobacterium WJ2; otu 2136
D392P31FG10:  Archaea; Thermoplasmata Eury; Thermoplasmatales; Thermoplasmatales; Ferroplasmaceae; Ferroplasma; otu 118

D392P31FG12: Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31FG13:  Bacteria; Firmicutes; Clostridia; Peptostreptococcaceae; Peptostreptococcus _anaerobius; Clostridium_bifermentans; Unclassified; otu 1213
D392P31FG14: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31FG15:  Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31FG16: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31FG17: Bacteria; Firmicutes; Clostridia; Peptostreptococcaceae; Peptostreptococcus anaerobius; Clostridium bifermentans; Unclassified; otu 1213
D392P31FG18: Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma proteobacterium WJ2; otu 2136
D392P31FG19:  Bacteria; Proteobacteria; Gammaproteobacteria; CCD24; Ellin339; RCP1-57; otu 1973

D392P31FGl: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31FG20:  Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma_proteobacterium WJ2; otu 2136
D392P31FG21: Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma proteobacterium WJ2; otu 2136
D392P31FG22: Bacteria; Proteobacteria; Alphaproteobacteria; Acetobacterales; Acetobacteraceae; Unclassified; otu 1559

D392P31FG23: Bacteria; Proteobacteria; Alphaproteobacteria; Acetobacterales; Acetobacteraceae; Unclassified; otu 1559

D392P31FG24: Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31FG2: Bacteria; Proteobacteria; Alphaproteobacteria; Acetobacterales; Acetobacteraceae; Unclassified; otu 1559

D392P31FG3: Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma proteobacterium WJ2; otu 2136
D392P31FG4: Bacteria; Firmicutes; Clostridia; Peptostreptococcaceae; Peptostreptococcus anaerobius; Clostridium bifermentans; Unclassified; otu 1213
D392P31FGS5: Bacteria; Firmicutes; Clostridia; Peptostreptococcaceae; Peptostreptococcus anaerobius; Clostridium bifermentans; Unclassified; otu 1213
D392P31FG6: Bacteria; Cyanobacteria; Chloroplasts; Unclassified; otu 755

D392P31FG7: Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31FGS: Bacteria; Proteobacteria; Gammaproteobacteria; CCD24; Ellin339; RCP1-57; otu 1973

D392P31FG9: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857
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D392P31FH10: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31FH13: Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma proteobacterium WJ2; otu 2136
D392P31FH14: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31FH15: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31FH16: Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma proteobacterium WIJ2; otu 2136
D392P31FH17: Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31FHI18: Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31FH19: Bacteria; Cyanobacteria; Chloroplasts; Euglena; Unclassified; otu 763

D392P31FH20: Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31FH23: Bacteria; Acidobacteria; Acidobacteriales; Acidobacterium; otu 180

D392P31FH24: Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma proteobacterium WJ2; otu 2136
D392P31FH2:  Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31FH3:  Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31FH4: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31FHS: Bacteria; Proteobacteria; Alphaproteobacteria; Acetobacterales; Acetobacteraceae; Acidiphilium; otu 1560

D392P31FH6: Bacteria; Cyanobacteria; Chloroplasts; Euglena; Unclassified; otu 763

D392P31FH7: Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma proteobacterium WJ2; otu 2136
D392P31FHS: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31RA10: Bacteria; Cyanobacteria; Chloroplasts; Unclassified; otu 755

D392P31RA11: Bacteria; Firmicutes; Clostridia; Peptostreptococcaceae; Peptostreptococcus_anaerobius; Clostridium_bifermentans; Unclassified; otu 1213
D392P31RA12: Bacteria; Proteobacteria; Alphaproteobacteria; Bradyrhizobiales; Methylobacteriaceae; otu 1587

D392P31RA13:  Archaea; Thermoplasmata Eury; Thermoplasmatales; Thermoplasmatales; Ferroplasmaceae; Ferroplasma; otu 118
D392P31RA14: Archaea; Thermoplasmata Eury; Thermoplasmatales; Thermoplasmatales; Ferroplasmaceae; Ferroplasma; otu 118
D392P31RA15: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31RA16: Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31RA17: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31RA18: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31RA19: Bacteria; Proteobacteria; Alphaproteobacteria; Acetobacterales; Acetobacteraceae; Acidiphilium; otu 1560

D392P31RA20: Archaea; Thermoplasmata Eury; Thermoplasmatales; Thermoplasmatales; Ferroplasmaceae; Ferroplasma; otu 118
D392P31RA21: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31RA22: Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma_proteobacterium WJ2; otu 2136
D392P31RA23: Bacteria; Acidobacteria; Acidobacteriales; Unclassified; otu 179

D392P31RA24: Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma_proteobacterium WJ2; otu 2136
D392P31RA2:  Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31RA3:  Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31RA4:  Bacteria; Proteobacteria; Alphaproteobacteria; Acetobacterales; Acetobacteraceae; Unclassified; otu 1559

D392P31RAS5:  Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31RA6:  Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31RA7:  Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31RAS8:  Bacteria; Firmicutes; Clostridia; Clostridiales; Unclassified; otu 1006

D392P31RA9:  Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31RBI10: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31RB11: Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31RBI12: Bacteria; Proteobacteria; Alphaproteobacteria; Acetobacterales; Acetobacteraceae; Acidiphilium; otu 1560

D392P31RB13:  Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31RB14: Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31RBI15: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31RB17: Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31RBI18: Bacteria; Proteobacteria; Gammaproteobacteria; CCD24; Ellin339; RCP1-57; otu 1973

D392P31RB19: Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31RBI1:  Bacteria; Firmicutes; Clostridia; Peptostreptococcaceae; Peptostreptococcus anaerobius; Clostridium bifermentans; Unclassified; otu 1213
D392P31RB20:  Archaea; Thermoplasmata Eury; Thermoplasmatales; Thermoplasmatales; Ferroplasmaceae; Ferroplasma; otu 118
D392P31RB21: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31RB22: Bacteria; Firmicutes; Clostridia; Peptostreptococcaceae; Peptostreptococcus anaerobius; Clostridium bifermentans; Unclassified; otu 1213
D392P31RB24: Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma_proteobacterium WJ2; otu 2136
D392P31RB2:  Bacteria; Firmicutes; Clostridia; Peptostreptococcaceae; Peptostreptococcus anaerobius; Clostridium bifermentans; Unclassified; otu 1213
D392P31RB4:  Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31RB5:  Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31RB9:  Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma proteobacterium WJ2; otu 2136
D392P31RC10: Bacteria; Cyanobacteria; Chloroplasts; Euglena; Unclassified; otu 763

D392P31RCI11: Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31RC12: Bacteria; Proteobacteria; Gammaproteobacteria; Betaproteobacteria; Burkholderiales; Unclassified; otu 1890

D392P31RC13: Bacteria; Cyanobacteria; Chloroplasts; Euglena; Unclassified; otu 763

D392P31RC15: Bacteria; Proteobacteria; Gammaproteobacteria; CCD24; Ellin339; RCP1-57; otu 1973

D392P31RC16: Bacteria; Proteobacteria; Epsilonproteobacteria; Arcobacteraceae; Unclassified; otu 1823

D392P31RC17: Bacteria; Cyanobacteria; Chloroplasts; Unclassified; otu 755

D392P31RCI18: Bacteria; Firmicutes; Alicyclobacillaceae; Alicyclobacillus; Alicyclobacillus_acidocaldarius; Unclassified; otu_854
D392P31RC19: Bacteria; Firmicutes; Clostridia; Peptostreptococcaceae; Peptostreptococcus anaerobius; Clostridium bifermentans; Unclassified; otu 1213
D392P31RCI1:  Bacteria; Firmicutes; Clostridia; Clostridiaceae; Clostridium; Clostridium_quinii; otu_990

D392P31RC20: Bacteria; Proteobacteria; Gammaproteobacteria; Legionellales; Unclassified; otu 2019

D392P31RC21: Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31RC22: Bacteria; Cyanobacteria; Chloroplasts; Unclassified; otu 755

D392P31RC23: Bacteria; Cyanobacteria; Chloroplasts; Euglena; Unclassified; otu 763

D392P31RC24: Bacteria; Planctomycetes; WPS-1; CL500-3; CL120-56; Unclassified; otu 1546

D392P31RC2:  Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31RC3:  Bacteria; Cyanobacteria; Chloroplasts; Unclassified; otu 755

D392P31RC4:  Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma proteobacterium WJ2; otu 2136
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D392P31RCS:  Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31RC6:  Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31RC7:  Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31RC8:  Bacteria; Proteobacteria; Alphaproteobacteria; Acetobacterales; Acetobacteraceae; Acidiphilium; otu 1560

D392P31RC9:  Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31RD10: Bacteria; Proteobacteria; Alphaproteobacteria; Acetobacterales; Acetobacteraceae; Acidiphilium; otu 1560

D392P31RDI11: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31RD13: Bacteria; Cyanobacteria; Chloroplasts; Unclassified; otu 755

D392P31RD14: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31RD15: Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31RD16: Bacteria; Proteobacteria; Alphaproteobacteria; Acetobacterales; Acetobacteraceae; Acidiphilium; otu 1560

D392P31RD19: Bacteria; Proteobacteria; Alphaproteobacteria; Acetobacterales; Acetobacteraceae; Acidiphilium; otu 1560

D392P31RD1:  Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31RD20: Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31RD21: Bacteria; Cyanobacteria; Chloroplasts; Euglena; Unclassified; otu 763

D392P31RD22: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31RD23: Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31RD2:  Bacteria; Proteobacteria; Alphaproteobacteria; Acetobacterales; Acetobacteraceae; Acidocella; otu 1562

D392P31RD3:  Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31RD4:  Bacteria; Cyanobacteria; Chloroplasts; Unclassified; otu 755

D392P31RD5:  Bacteria; Cyanobacteria; Chloroplasts; Euglena; Unclassified; otu 763

D392P31RD6:  Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31RD8:  Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31RD9:  Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31RE10: Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma proteobacterium WJ2; otu 2136
D392P31RE11: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31RE12: Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma proteobacterium WJ2; otu 2136
D392P31RE13: Bacteria; Proteobacteria; Alphaproteobacteria; Acetobacterales; Acetobacteraceae; Acidiphilium; otu 1560

D392P31RE14: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31RE15: Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31RE16: Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31RE17: Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31RE18: Bacteria; Firmicutes; Clostridia; Clostridiaceae; Clostridium; Clostridium_quinii; otu__990

D392P31RE19: Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31REI: Bacteria; Proteobacteria; Gammaproteobacteria; CCD24; Ellin339; RCP1-57; otu 1973

D392P31RE20: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31RE21: Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31RE22: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31RE23: Bacteria; Proteobacteria; Gammaproteobacteria; CCD24; Ellin339; RCP1-57; otu 1973

D392P31RE24: Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma proteobacterium WJ2; otu 2136
D392P31RE2: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31RE3:  Bacteria; Firmicutes; Clostridia; Peptostreptococcaceae; Peptostreptococcus_anaerobius; Clostridium_bifermentans; Unclassified; otu 1213
D392P31RE4: Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma proteobacterium WJ2; otu 2136
D392P31RE5:  Bacteria; Firmicutes; Alicyclobacillaceae; Alicyclobacillus; mixotrophic iron-oxidizing bacterium; otu 858

D392P31RE6:  Bacteria; Proteobacteria; Alphaproteobacteria; Acetobacterales; Acetobacteraceae; Unclassified; otu 1559

D392P31RE7:  Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31RE8:  Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31RF10: Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31RF11: Bacteria; Cyanobacteria; Chloroplasts; Unclassified; otu 755

D392P31RF12: Bacteria; Cyanobacteria; Chloroplasts; Chlorella; otu 757

D392P31RF14: Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma proteobacterium WJ2; otu 2136
D392P31RF15: Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31RF16: Bacteria; Proteobacteria; Gammaproteobacteria; B2M28; otu 1880

D392P31RF17: Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma proteobacterium WJ2; otu 2136
D392P31RF18: Bacteria; Proteobacteria; Gammaproteobacteria; CCD24; Ellin339; RCP1-57; otu 1973

D392P31RF19:  Bacteria; Firmicutes; Clostridia; Peptostreptococcaceae; Peptostreptococcus anaerobius; Clostridium bifermentans; Unclassified; otu 1213
D392P31RF1: Bacteria; Proteobacteria; Gammaproteobacteria; CCD24; Ellin339; RCP1-57; otu 1973

D392P31RF20: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31RF21: Bacteria; Acidobacteria; Acidobacteriales; bacterium Ellin337; otu 181

D392P31RF22: Bacteria; Acidobacteria; Acidobacteriales; bacterium Ellin337; otu 181

D392P31RF23: Bacteria; Proteobacteria; Alphaproteobacteria; Acetobacterales; Acetobacteraceae; Unclassified; otu 1559

D392P31RF24: Bacteria; Cyanobacteria; Chloroplasts; Unclassified; otu 755

D392P31RF2: Bacteria; Planctomycetes; WPS-1; CL500-3; CL120-56; DE613; otu 1549

D392P31RF4: Bacteria; Cyanobacteria; Chloroplasts; Euglena; Euglena stellata; otu 764

D392P31RF5: Bacteria; Proteobacteria; Alphaproteobacteria; Acetobacterales; Acetobacteraceae; Acidiphilium; otu 1560

D392P31RF6: Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31RF7: Bacteria; Cyanobacteria; Chloroplasts; Euglena; Unclassified; otu_763

D392P31RFS: Bacteria; Proteobacteria; Alphaproteobacteria; Acetobacterales; Acetobacteraceae; Unclassified; otu 1559

D392P31RF9: Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma_proteobacterium WJ2; otu 2136
D392P31RG10:  Archaea; Thermoplasmata Eury; Thermoplasmatales; Thermoplasmatales; Ferroplasmaceae; Ferroplasma; otu 118
D392P31RG11: Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31RG12: Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31RG13: Bacteria; Firmicutes; Clostridia; Peptostreptococcaceae; Peptostreptococcus anaerobius; Clostridium bifermentans; Unclassified; otu 1213
D392P31RG14: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31RG15: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31RG16: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31RG17: Bacteria; Firmicutes; Clostridia; Clostridiales; Ruminococcus; SJTU; RL245 aai81e03; RL176 aah44h04; otu 1149
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D392P31RG18: Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma proteobacterium WJ2; otu 2136
D392P31RG19: Bacteria; Proteobacteria; Gammaproteobacteria; CCD24; Ellin339; RCP1-57; otu 1973

D392P31RG1:  Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31RG20: Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma_proteobacterium_W1J2; otu 2136
D392P31RG21: Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma proteobacterium WIJ2; otu 2136
D392P31RG22: Bacteria; Proteobacteria; Alphaproteobacteria; Acetobacterales; Acetobacteraceae; Unclassified; otu 1559

D392P31RG23: Bacteria; Proteobacteria; Alphaproteobacteria; Acetobacterales; Acetobacteraceae; Unclassified; otu 1559

D392P31RG24: Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31RG2:  Bacteria; Proteobacteria; Alphaproteobacteria; Acetobacterales; Acetobacteraceae; Unclassified; otu 1559

D392P31RG3:  Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma proteobacterium WJ2; otu 2136
D392P31RG4:  Bacteria; Firmicutes; Clostridia; Peptostreptococcaceae; Peptostreptococcus anaerobius; Clostridium bifermentans; Unclassified; otu 1213
D392P31RG5:  Bacteria; Firmicutes; Clostridia; Peptostreptococcaceae; Peptostreptococcus anaerobius; Clostridium bifermentans; Unclassified; otu 1213
D392P31RG6: Bacteria; Cyanobacteria; Chloroplasts; Euglena; Unclassified; otu 763

D392P31RG7:  Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31RG8:  Bacteria; Proteobacteria; Gammaproteobacteria; CCD24; Ellin339; RCP1-57; otu 1973

D392P31RGY9:  Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31RH10: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31RH13: Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma proteobacterium WJ2; otu 2136
D392P31RH14: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31RH15: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31RH16: Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma proteobacterium WIJ2; otu 2136
D392P31RH17: Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31RH18: Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31RH19: Bacteria; Cyanobacteria; Chloroplasts; Unclassified; otu 755

D392P31RHI1:  Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma_proteobacterium_W1J2; otu 2136
D392P31RH20: Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31RH23: Bacteria; Acidobacteria; Acidobacteriales; Acidobacterium; otu 180

D392P31RH24: Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma proteobacterium WIJ2; otu 2136
D392P31RH2:  Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31RH3:  Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31RH4:  Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31RH5:  Bacteria; Proteobacteria; Alphaproteobacteria; Acetobacterales; Acetobacteraceae; Acidiphilium; otu 1560

D392P31RH6:  Bacteria; Cyanobacteria; Chloroplasts; Euglena; Euglena stellata; otu 764

D392P31RH7:  Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma proteobacterium WJ2; otu 2136
D392P31RH8:  Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31FI10:  Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31FI11:  Bacteria; Proteobacteria; Alphaproteobacteria; Acetobacterales; Acetobacteraceae; Acidiphilium; otu 1560

D392P31FI12:  Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31FI13: Bacteria; Sulfobacillus; Sulfobacillus thermosulfidooxidans; otu 2205

D392P31F114:  Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma_proteobacterium W1J2; otu 2136
D392P31FI15:  Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31FI16:  Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma_proteobacterium_W1J2; otu 2136
D392P31FI17:  Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31FI118:  Bacteria; Proteobacteria; Alphaproteobacteria; Acetobacterales; Acetobacteraceae; Acidocella; otu 1562

D392P31F119:  Bacteria; Cyanobacteria; Chloroplasts; Euglena; Unclassified; otu 763

D392P31FI120: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31FI21:  Bacteria; Proteobacteria; Gammaproteobacteria; CCD24; Ellin339; RCP1-57; otu_1973

D392P31F122:  Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31FI24:  Bacteria; Proteobacteria; Gammaproteobacteria; CCD24; Ellin339; RCP1-57; otu 1973

D392P31F12: Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31FI3: Bacteria; Proteobacteria; Gammaproteobacteria; CCD24; Ellin339; RCP1-57; otu 1973

D392P31F14: Bacteria; Firmicutes; Clostridia; Peptostreptococcaceae; Peptostreptococcus_anaerobius; Clostridium_bifermentans; Unclassified; otu_ 1213
D392P31FI5: Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31FI6: Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma proteobacterium WJ2; otu 2136
D392P31FI7: Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma proteobacterium WJ2; otu 2136
D392P31FI8: Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma proteobacterium WJ2; otu 2136

D392P31FI9: Bacteria; Cyanobacteria; Chloroplasts; Euglena; Unclassified; otu 763

D392P31FJ10:  Bacteria; Cyanobacteria; Chloroplasts; Euglena; Unclassified; otu 763

D392P31FJ11:  Bacteria; Proteobacteria; Gammaproteobacteria; CCD24; Ellin339; RCP1-57; otu 1973

D392P31FJ12:  Bacteria; Cyanobacteria; Chloroplasts; Euglena; Euglena stellata; otu 764

D392P31FJ13:  Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31FJ14:  Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31FJ15:  Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma proteobacterium WJ2; otu 2136
D392P31FJ16:  Bacteria; Planctomycetes; WPS-1; CL500-3; CL120-56; DE613; otu 1549

D392P31FJ17:  Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31FJ18:  Bacteria; Proteobacteria; Alphaproteobacteria; Acetobacterales; Acetobacteraceae; Acidiphilium; otu 1560

D392P31FJ19:  Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31FJ1: Bacteria; Cyanobacteria; Chloroplasts; Euglena; Unclassified; otu 763

D392P31FJ20:  Bacteria; Acidobacteria; Acidobacteriales; bacterium Ellin337; otu 181

D392P31FJ21:  Bacteria; Cyanobacteria; Chloroplasts; Euglena; Euglena stellata; otu 764

D392P31FJ22:  Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma_proteobacterium W1J2; otu 2136
D392P31FJ23:  Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31FJ24:  Bacteria; Planctomycetes; WPS-1; CL500-3; CL120-56; DE613; otu_1549

D392P31FJ2: Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma proteobacterium WJ2; otu 2136
D392P31FJ3: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31FJ4: Bacteria; Proteobacteria; Alphaproteobacteria; Acetobacterales; Acetobacteraceae; Acidiphilium; otu 1560

D392P31FJ5: Bacteria; Firmicutes; Alicyclobacillaceae; Alicyclobacillus; mixotrophic iron-oxidizing bacterium; otu 858
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D392P31FJ7: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31FJ8: Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31FK10: Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31FK11: Bacteria; Cyanobacteria; Chloroplasts; Euglena; Unclassified; otu_763

D392P31FK12: Bacteria; Acidobacteria; Acidobacteriales; bacterium Ellin337; otu 181

D392P31FK13: Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31FK14:  Archaea; Thermoplasmata Eury; Thermoplasmatales; Thermoplasmatales; Ferroplasmaceae; Ferroplasma; otu 118
D392P31FK15: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31FK16: Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma_proteobacterium W1J2; otu 2136
D392P31FK17: Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma proteobacterium WJ2; otu 2136
D392P31FK18: Bacteria; Proteobacteria; Alphaproteobacteria; Acetobacterales; Acetobacteraceae; Unclassified; otu 1559

D392P31FK1:  Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31FK20: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31FK21: Bacteria; Planctomycetes; WPS-1; CL500-3; CL120-56; DE613; otu 1549

D392P31FK22:  Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31FK23: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31FK24: Bacteria; Proteobacteria; Alphaproteobacteria; Acetobacterales; Acetobacteraceae; Acidiphilium; otu 1560

D392P31FK2: Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma proteobacterium WJ2; otu 2136
D392P31FK3: Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma proteobacterium WJ2; otu 2136
D392P31FK4: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31FKS5: Bacteria; Cyanobacteria; Chloroplasts; Euglena; Unclassified; otu 763

D392P31FK6: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31FK8:  Bacteria; Firmicutes; Clostridia; Peptostreptococcaceae; Peptostreptococcus anaerobius; Clostridium_bifermentans; Unclassified; otu 1213
D392P31FK9: Bacteria; Cyanobacteria; Chloroplasts; Euglena; Unclassified; otu 763

D392P31FL10:  Bacteria; Acidobacteria; Acidobacteriales; bacterium_Ellin337; otu 181

D392P31FL12:  Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31FL13: Bacteria; Proteobacteria; Alphaproteobacteria; Acetobacterales; Acetobacteraceae; Unclassified; otu 1559

D392P31FL14: Bacteria; Firmicutes; Clostridia; Clostridiales; Ruminococcus; SITU; Unclassified; otu 1146

D392P31FL15: Bacteria; Proteobacteria; Alphaproteobacteria; Acetobacterales; Acetobacteraceae; Acidiphilium; otu 1560

D392P31FL16:  Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31FL17:  Bacteria; Proteobacteria; Alphaproteobacteria; Acetobacterales; Acetobacteraceae; Unclassified; otu 1559

D392P31FL18: Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31FL19:  Bacteria; Cyanobacteria; Chloroplasts; Unclassified; otu 755

D392P31FL1: Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31FL20:  Bacteria; Cyanobacteria; Chloroplasts; Euglena; Unclassified; otu 763

D392P31FL21:  Bacteria; Cyanobacteria; Chloroplasts; Euglena; Unclassified; otu 763

D392P31FL22: Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31FL23:  Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma proteobacterium WIJ2; otu 2136
D392P31FL24: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31FL2: Bacteria; Firmicutes; Clostridia; Peptostreptococcaceae; Peptostreptococcus anaerobius; Clostridium_bifermentans; AKIW475; otu 1214
D392P31FL3: Bacteria; Cyanobacteria; Chloroplasts; Unclassified; otu 755

D392P31FL5: Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu_1427

D392P31FL6: Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31FL7: Bacteria; Proteobacteria; Gammaproteobacteria; CCD24; Ellin339; RCP1-57; otu 1973

D392P31FLS: Bacteria; Firmicutes; Clostridia; Peptostreptococcaceae; Peptostreptococcus anaerobius; Clostridium_bifermentans; Unclassified; otu 1213
D392P31FL9: Bacteria; Proteobacteria; Gammaproteobacteria; CCD24; Ellin339; RCP1-57; otu 1973

D392P31FM10: Bacteria; Firmicutes; Alicyclobacillaceae; Alicyclobacillus; Alicyclobacillus_acidocaldarius; Unclassified; otu 854
D392P31FM11: Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31FM12: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31FM13: Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31FM14: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31FM15: Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma_proteobacterium_W1J2; otu 2136
D392P31FM16: Bacteria; Planctomycetes; WPS-1; CL500-3; CL120-56; DE613; otu 1549

D392P31FM17: Bacteria; Cyanobacteria; Chloroplasts; Chlorella; otu 757

D392P31FM18: Bacteria; Cyanobacteria; Chloroplasts; Chlorella; otu 757

D392P31FM19: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31FM1:  Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31FM20: Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31FM23: Bacteria; Proteobacteria; Alphaproteobacteria; Acetobacterales; Acetobacteraceae; Unclassified; otu 1559

D392P31FM24: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31FM2:  Bacteria; Cyanobacteria; Chloroplasts; Euglena; Unclassified; otu 763

D392P31FM6:  Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma proteobacterium WJ2; otu 2136
D392P31FM7:  Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31FM8:  Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma proteobacterium WIJ2; otu 2136
D392P31FM9:  Bacteria; Proteobacteria; Gammaproteobacteria; Unclassified; otu 1854

D392P31FN10:  Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31FN11: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31FN12: Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31FN13:  Bacteria; Firmicutes; Clostridia; Clostridiaceae; Clostridium; Clostridium quinii; otu 990

D392P31FN14: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31FN15:  Bacteria; Acidobacteria; Acidobacteriales; bacterium Ellin337; otu 181

D392P31FN16: Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31FN17:  Bacteria; Firmicutes; Clostridia; Clostridiaceae; Clostridium; Clostridium_quinii; otu_990

D392P31FN18:  Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31FN19: Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31FNI1: Bacteria; Proteobacteria; Gammaproteobacteria; B2M28; otu 1880

D392P31FN20: Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma proteobacterium WJ2; otu 2136
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D392P31FN23:  Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31FN24: Bacteria; Firmicutes; Clostridia; Peptostreptococcaceae; Peptostreptococcus anaerobius; Clostridium bifermentans; Unclassified; otu 1213
D392P31FN2: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31FN3: Bacteria; Proteobacteria; Alphaproteobacteria; Acetobacterales; Acetobacteraceae; Acidocella; otu 1562

D392P31FN4: Bacteria; Cyanobacteria; Chloroplasts; Unclassified; otu 755

D392P31FNT7: Bacteria; Proteobacteria; Alphaproteobacteria; Acetobacterales; Acetobacteraceae; Acidiphilium; otu 1560

D392P31FNS: Bacteria; Cyanobacteria; Chloroplasts; Euglena; Unclassified; otu 763

D392P31FN9: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31FO10: Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31FO11: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31FO12: Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma proteobacterium WJ2; otu 2136
D392P31FO13:  Bacteria; Proteobacteria; Alphaproteobacteria; Acetobacterales; Acetobacteraceae; Unclassified; otu_1559

D392P31FO14: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31FO15: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31FO17: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31FO18: Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31FO19: Bacteria; Cyanobacteria; Chloroplasts; Euglena; Unclassified; otu 763

D392P31FO1: Bacteria; Proteobacteria; Gammaproteobacteria; Betaproteobacteria; Burkholderiales; Comamonadaceae; Unclassified; otu 1899
D392P31F020: Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31FO21: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31F022: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31F023:  Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31FO24: Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma proteobacterium WJ2; otu 2136
D392P31FO2: Bacteria; Proteobacteria; Gammaproteobacteria; CCD24; Ellin339; RCP1-57; otu 1973

D392P31F03: Bacteria; Proteobacteria; Alphaproteobacteria; Acetobacterales; Acetobacteraceae; Acidiphilium; otu 1560

D392P31F04: Bacteria; Firmicutes; Clostridia; Clostridiaceae; Clostridium; Clostridium quinii; otu 990

D392P31FO06: Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma proteobacterium WJ2; otu 2136
D392P31FO7: Bacteria; Proteobacteria; Gammaproteobacteria; CCD24; Ellin339; RCP1-57; otu 1973

D392P31FO8:  Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31F09: Bacteria; Proteobacteria; Gammaproteobacteria; CCD24; Ellin339; RCP1-57; otu 1973

D392P31FP10:  Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31FP11:  Archaea; Thermoplasmata Eury; Thermoplasmatales; Thermoplasmatales; Ferroplasmaceae; Ferroplasma; otu 118
D392P31FP12:  Bacteria; Acidobacteria; Acidobacteriales; bacterium_Ellin337; otu_181

D392P31FP13:  Bacteria; Cyanobacteria; Chloroplasts; Euglena; Euglena stellata; otu 764

D392P31FP14:  Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31FP15:  Bacteria; Proteobacteria; Gammaproteobacteria; B2M28; otu 1880

D392P31FP16:  Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31FP18:  Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31FP19:  Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma proteobacterium WJ2; otu 2136
D392P31FP20:  Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31FP21:  Bacteria; Proteobacteria; Alphaproteobacteria; Acetobacterales; Acetobacteraceae; Acidiphilium; otu 1560

D392P31FP22:  Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma_proteobacterium WJ2; otu 2136
D392P31FP23:  Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31FP24:  Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31FP3: Bacteria; Cyanobacteria; Chloroplasts; Unclassified; otu 755

D392P31FP5: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31FP6: Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma proteobacterium WJ2; otu 2136
D392P31FPS8: Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31FP9: Bacteria; Proteobacteria; Alphaproteobacteria; Acetobacterales; Acetobacteraceae; Acidocella; otu 1562

D392P31RI10:  Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31RI11:  Bacteria; Proteobacteria; Alphaproteobacteria; Acetobacterales; Acetobacteraceae; Acidiphilium; otu 1560

D392P31RI12:  Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31RI13:  Bacteria; Sulfobacillus; Sulfobacillus thermosulfidooxidans; otu 2205

D392P31RI14:  Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma proteobacterium WJ2; otu 2136
D392P31RI15:  Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31RI16:  Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma proteobacterium WJ2; otu 2136
D392P31RI17:  Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31RI18:  Bacteria; Proteobacteria; Alphaproteobacteria; Acetobacterales; Acetobacteraceae; Acidocella; otu 1562

D392P31RI19:  Bacteria; Cyanobacteria; Chloroplasts; Unclassified; otu 755

D392P31RI20:  Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31RI21:  Bacteria; Proteobacteria; Gammaproteobacteria; CCD24; Ellin339; RCP1-57; otu 1973

D392P31RI22:  Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31RI24:  Bacteria; Proteobacteria; Gammaproteobacteria; CCD24; Ellin339; RCP1-57; otu 1973

D392P31RI3: Bacteria; Proteobacteria; Gammaproteobacteria; CCD24; Ellin339; RCP1-57; otu 1973

D392P31RI14: Bacteria; Firmicutes; Clostridia; Peptostreptococcaceae; Peptostreptococcusanaerobius; Clostridium bifermentans; Unclassified; otu 1213
D392P31RI5: Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31RI6: Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma_proteobacterium WJ2; otu 2136
D392P31RI7: Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma proteobacterium WJ2; otu 2136
D392P31RI8: Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma_proteobacterium WJ2; otu 2136

D392P31RI9: Bacteria; Cyanobacteria; Chloroplasts; Unclassified; otu 755

D392P31RJ10:  Bacteria; Cyanobacteria; Chloroplasts; Euglena; Unclassified; otu 763

D392P31RJ11:  Bacteria; Proteobacteria; Gammaproteobacteria; CCD24; Ellin339; RCP1-57; otu 1973

D392P31RJ12:  Bacteria; Cyanobacteria; Chloroplasts; Euglena; Euglena stellata; otu 764

D392P31RJ13:  Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31RJ14:  Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31RJ15:  Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma _proteobacterium WJ2; otu 2136
D392P31RJ16:  Bacteria; Planctomycetes; WPS-1; CL500-3; CL120-56; DE613; otu 1549
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D392P31RJ17:  Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31RJ18:  Bacteria; Proteobacteria; Alphaproteobacteria; Acetobacterales; Acetobacteraceae; Acidiphilium; otu 1560

D392P31RJ19:  Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31RJ1: Bacteria; Cyanobacteria; Chloroplasts; Unclassified; otu_755

D392P31RJ20:  Bacteria; Acidobacteria; Acidobacteriales; bacterium Ellin337; otu 181

D392P31RJ21:  Bacteria; Cyanobacteria; Chloroplasts; Unclassified; otu 755

D392P31RJ22:  Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma proteobacterium WIJ2; otu 2136
D392P31RJ23:  Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31RJ24:  Bacteria; Planctomycetes; WPS-1; CL500-3; CL120-56; DE613; otu 1549

D392P31RJ2: Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma proteobacterium WJ2; otu 2136
D392P31RJ3: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31RJ4: Bacteria; Proteobacteria; Alphaproteobacteria; Acetobacterales; Acetobacteraceae; Acidiphilium; otu 1560

D392P31RIJS: Bacteria; Firmicutes; Alicyclobacillaceae; Alicyclobacillus; Alicyclobacillus acidocaldarius; Unclassified; otu 854
D392P31RJ6: Bacteria; Cyanobacteria; Chloroplasts; Unclassified; otu 755

D392P31RJ7: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31RJ8: Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu_1427

D392P31RK10: Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31RK11: Bacteria; Cyanobacteria; Chloroplasts; Unclassified; otu 755

D392P31RK12: Bacteria; Acidobacteria; Acidobacteriales; bacterium Ellin337; otu 181

D392P31RK13: Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31RK14: Archaea; Thermoplasmata Eury; Thermoplasmatales; Thermoplasmatales; Ferroplasmaceae; Ferroplasma; otu 118
D392P31RK15: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31RK16: Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma_proteobacterium W1J2; otu 2136
D392P31RK17: Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma proteobacterium WJ2; otu 2136
D392P31RK18: Bacteria; Proteobacteria; Alphaproteobacteria; Acetobacterales; Acetobacteraceae; Acidiphilium; otu_1560

D392P31RK1:  Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31RK20: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31RK21: Bacteria; Planctomycetes; WPS-1; CL500-3; CL120-56; DE613; otu 1549

D392P31RK22: Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31RK23: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31RK24: Bacteria; Proteobacteria; Alphaproteobacteria; Acetobacterales; Acetobacteraceae; Acidiphilium; otu 1560

D392P31RK2:  Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma proteobacterium WJ2; otu 2136
D392P31RK3:  Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma proteobacterium WIJ2; otu 2136
D392P31RK4:  Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31RK6:  Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31RK8:  Bacteria; Firmicutes; Clostridia; Peptostreptococcaceae; Peptostreptococcus anaerobius; Clostridium bifermentans; Unclassified; otu 1213
D392P31RK9:  Bacteria; Cyanobacteria; Chloroplasts; Euglena; Unclassified; otu 763

D392P31RL10: Bacteria; Acidobacteria; Acidobacteriales; bacterium Ellin337; otu 181

D392P31RL12: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31RL13: Bacteria; Proteobacteria; Alphaproteobacteria; Acetobacterales; Acetobacteraceae; Unclassified; otu 1559

D392P31RL14: Bacteria; Firmicutes; Clostridia; Clostridiales; Ruminococcus; SJITU; AP10R262; otu 1147

D392P31RL15: Bacteria; Proteobacteria; Alphaproteobacteria; Acetobacterales; Acetobacteraceae; Acidiphilium; otu_1560

D392P31RL16: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31RL17: Bacteria; Proteobacteria; Alphaproteobacteria; Acetobacterales; Acetobacteraceae; Unclassified; otu 1559

D392P31RL18: Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31RL19: Bacteria; Cyanobacteria; Chloroplasts; Euglena; Unclassified; otu 763

D392P31RL1:  Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31RL20: Bacteria; Cyanobacteria; Chloroplasts; Unclassified; otu 755

D392P31RL21: Bacteria; Cyanobacteria; Chloroplasts; Euglena; Unclassified; otu 763

D392P31RL22: Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31RL23: Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma proteobacterium WJ2; otu 2136
D392P31RL24: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31RL2:  Bacteria; Firmicutes; Clostridia; Peptostreptococcaceae; Peptostreptococcus anaerobius; Clostridium bifermentans; Unclassified; otu 1213
D392P31RL3: Bacteria; Cyanobacteria; Chloroplasts; Euglena; Unclassified; otu 763

D392P31RL4:  Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31RL7: Bacteria; Proteobacteria; Gammaproteobacteria; CCD24; Ellin339; RCP1-57; otu 1973

D392P31RL8:  Bacteria; Firmicutes; Clostridia; Peptostreptococcaceae; Peptostreptococcus anaerobius; Clostridium_bifermentans; AKIW475; otu 1214
D392P31RL9: Bacteria; Proteobacteria; Gammaproteobacteria; CCD24; Ellin339; RCP1-57; otu 1973

D392P31RM10: Bacteria; Firmicutes; Alicyclobacillaceae; Alicyclobacillus; Alicyclobacillus acidocaldarius; Unclassified; otu 854
D392P31RM11: Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31RM12: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31RM13: Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31RM14: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31RM15: Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma proteobacterium WIJ2; otu 2136
D392P31RM16: Bacteria; Planctomycetes; WPS-1; CL500-3; CL120-56; DE613; otu 1549

D392P31RM17: Bacteria; Cyanobacteria; Chloroplasts; Chlorella; otu 757

D392P31RM18: Bacteria; Cyanobacteria; Chloroplasts; Chlorella; otu 757

D392P31RM19: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31RM1:  Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31RM20: Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31RM21: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31RM23: Bacteria; Proteobacteria; Alphaproteobacteria; Acetobacterales; Acetobacteraceae; Unclassified; otu 1559

D392P31RM24: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31RM2:  Bacteria; Cyanobacteria; Chloroplasts; Euglena; Unclassified; otu 763

D392P31RM3:  Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31RM4:  Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31RMS:  Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857
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D392P31RM6:  Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31RM7:  Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31RMS:  Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma proteobacterium WJ2; otu 2136
D392P31RM9:  Bacteria; Proteobacteria; Gammaproteobacteria; B2M28; otu_1880

D392P31RN10: Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31RN11: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31RN12: Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31RN13: Bacteria; Firmicutes; Clostridia; Clostridiaceae; Clostridium; Clostridium quinii; otu 990

D392P31RN14: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31RN15: Bacteria; Acidobacteria; Acidobacteriales; bacterium Ellin337; otu 181

D392P31RN16: Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31RN17: Bacteria; Firmicutes; Clostridia; Clostridiaceae; Clostridium; Clostridium quinii; otu 990

D392P31RN18: Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31RN19: Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31RN1:  Bacteria; Proteobacteria; Gammaproteobacteria; B2M28; otu 1880

D392P31RN20: Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma_proteobacterium_W1J2; otu 2136
D392P31RN21: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31RN23: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31RN24: Bacteria; Firmicutes; Clostridia; Peptostreptococcaceae; Peptostreptococcus anaerobius; Clostridium bifermentans; Unclassified; otu 1213
D392P31RN2:  Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31RN3:  Bacteria; Proteobacteria; Alphaproteobacteria; Acetobacterales; Acetobacteraceae; Acidocella; otu 1562

D392P31RN4: Bacteria; Cyanobacteria; Chloroplasts; Euglena; Unclassified; otu 763

D392P31RN6:  Archaea; Thermoplasmata Eury; Thermoplasmatales; Thermoplasmatales; Ferroplasmaceae; Ferroplasma; otu 118
D392P31RN7:  Bacteria; Proteobacteria; Alphaproteobacteria; Acetobacterales; Acetobacteraceae; Acidiphilium; otu 1560

D392P31RN8:  Bacteria; Cyanobacteria; Chloroplasts; Euglena; Euglena_stellata; otu 764

D392P31RN9:  Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31RO10: Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31RO11: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31RO12: Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma proteobacterium WJ2; otu 2136
D392P31R0O13: Bacteria; Proteobacteria; Alphaproteobacteria; Acetobacterales; Acetobacteraceae; Unclassified; otu 1559

D392P31R0O14: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31RO15: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31R0O17: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31RO18: Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31R0O19:  Bacteria; Cyanobacteria; Chloroplasts; Euglena; Unclassified; otu 763

D392P31RO1:  Bacteria; Proteobacteria; Gammaproteobacteria; Betaproteobacteria; Burkholderiales; Comamonadaceae; Unclassified; otu 1899
D392P31R0O20: Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31R0O21: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31R0O22: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31R0O23: Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31R0O24: Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma proteobacterium WJ2; otu 2136
D392P31R0O2:  Bacteria; Proteobacteria; Gammaproteobacteria; CCD24; Ellin339; RCP1-57; otu_1973

D392P31R0O3:  Bacteria; Proteobacteria; Alphaproteobacteria; Acetobacterales; Acetobacteraceae; Acidiphilium; otu 1560

D392P31R0O4:  Bacteria; Firmicutes; Clostridia; Clostridiaceae; Clostridium; Clostridium quinii; otu 990

D392P31ROS5: Bacteria; Planctomycetes; WPS-1; CL500-3; CL120-56; DE613; otu_1549

D392P31RO6:  Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma proteobacterium WJ2; otu 2136
D392P31RO7:  Bacteria; Proteobacteria; Gammaproteobacteria; CCD24; Ellin339; RCP1-57; otu_1973

D392P31RO8:  Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31R0O9:  Bacteria; Proteobacteria; Gammaproteobacteria; CCD24; Ellin339; RCP1-57; otu 1973

D392P31RP10:  Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31RP11: Archaea; Thermoplasmata Eury; Thermoplasmatales; Thermoplasmatales; Ferroplasmaceae; Ferroplasma; otu 118
D392P31RP12:  Bacteria; Acidobacteria; Acidobacteriales; Ephadobacter; Acidobacteriaceae bacterium_Tharsl; otu 186

D392P31RP13:  Bacteria; Cyanobacteria; Chloroplasts; Euglena; Unclassified; otu 763

D392P31RP14: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31RP15:  Bacteria; Proteobacteria; Gammaproteobacteria; B2M28; otu 1880

D392P31RP16: Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31RP18:  Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31RP19:  Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma proteobacterium WJ2; otu 2136
D392P31RP1: Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31RP20: Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31RP21: Bacteria; Proteobacteria; Alphaproteobacteria; Acetobacterales; Acetobacteraceae; Acidiphilium; otu 1560

D392P31RP22:  Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma proteobacterium WJ2; otu 2136
D392P31RP23: Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31RP24:  Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31RP2: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31RP3: Bacteria; Cyanobacteria; Chloroplasts; Euglena; Unclassified; otu 763

D392P31RP5: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P31RP6: Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma_proteobacterium WJ2; otu 2136
D392P31RP8: Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P31RPY: Bacteria; Proteobacteria; Alphaproteobacteria; Acetobacterales; Acetobacteraceae; Acidocella; otu 1562

D392P32FA10: Bacteria; Proteobacteria; Alphaproteobacteria; Acetobacterales; Acetobacteraceae; Acidiphilium; otu 1560

D392P32FA12: Bacteria; Cyanobacteria; Chloroplasts; Euglena; Euglena stellata; otu 764

D392P32FA13: Bacteria; Proteobacteria; Gammaproteobacteria; Moraxellaceae; Unclassified; otu 2039

D392P32FA14: Bacteria; Proteobacteria; Deltaproteobacteria; BA18; otu 1735

D392P32FA15: Bacteria; Bacteroidetes; Cardiniaceae; Candidatus Cardinium; Ixodes scapularis endosymbiont; otu 508

D392P32FA16: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P32FA17: Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma proteobacterium WJ2; otu 2136
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D392P32FA18: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P32FA19: Bacteria; Firmicutes; Alicyclobacillaceae; Alicyclobacillus; Alicyclobacillus acidocaldarius; Unclassified; otu 854
D392P32FALl: Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P32FA21: Bacteria; Firmicutes; Clostridia; Clostridiaceae; Clostridium; Clostridium_quinii; otu_990

D392P32FA23: Bacteria; Proteobacteria; Alphaproteobacteria; Acetobacterales; Acetobacteraceae; Acidiphilium; otu 1560

D392P32FA3: Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma proteobacterium WJ2; otu 2136
D392P32FA4: Bacteria; Proteobacteria; Gammaproteobacteria; CCD24; Ellin339; RCP1-57; otu 1973

D392P32FAS: Bacteria; Proteobacteria; Alphaproteobacteria; Acetobacterales; Acetobacteraceae; Acidiphilium; otu 1560

D392P32FA6: Bacteria; Proteobacteria; Gammaproteobacteria; CCD24; Ellin339; RCP1-57; otu 1973

D392P32FAT: Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma proteobacterium WJ2; otu 2136
D392P32FAS: Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P32FA9:  Archaea; Thermoplasmata Eury; Thermoplasmatales; Thermoplasmatales; Ferroplasmaceae; Ferroplasma; otu 118
D392P32FC10:  Archaea; Thermoplasmata Eury; Thermoplasmatales; Thermoplasmatales; Ferroplasmaceae; Ferroplasma; otu 118
D392P32FC11: Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P32FC13: Bacteria; Proteobacteria; Gammaproteobacteria; CCD24; Ellin339; RCP1-57; otu 1973

D392P32FC14: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P32FC15:  Bacteria; Cyanobacteria; Chloroplasts; Chlorella; otu 757

D392P32FC16: Bacteria; Cyanobacteria; Chloroplasts; Euglena; Unclassified; otu 763

D392P32FC18: Bacteria; Cyanobacteria; Chloroplasts; Euglena; Unclassified; otu 763

D392P32FC19:  Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P32FCl1: Bacteria; Proteobacteria; Alphaproteobacteria; Acetobacterales; Acetobacteraceae; Acidiphilium; otu 1560

D392P32FC21: Bacteria; Cyanobacteria; Chloroplasts; Chlorella; otu 757

D392P32FC23:  Archaea; Thermoplasmata Eury; Thermoplasmatales; Thermoplasmatales; Ferroplasmaceae; Ferroplasma; otu 118
D392P32FC4: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P32FCé6: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P32FC7: Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma proteobacterium WJ2; otu 2136
D392P32FC8: Bacteria; Cyanobacteria; Chloroplasts; Euglena; Unclassified; otu 763

D392P32FC9: Bacteria; Cyanobacteria; Chloroplasts; Unclassified; otu 755

D392P32FE10:  Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P32FE11:  Bacteria; Proteobacteria; Gammaproteobacteria; CCD24; Ellin339; RCP1-57; otu_1973

D392P32FE12:  Bacteria; Cyanobacteria; Chloroplasts; Euglena; Unclassified; otu 763

D392P32FE13:  Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma proteobacterium WJ2; otu 2136
D392P32FE14:  Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma proteobacterium WIJ2; otu 2136
D392P32FE1S5:  Bacteria; Proteobacteria; Gammaproteobacteria; CCD24; Ellin339; RCP1-57; otu 1973

D392P32FE16:  Bacteria; Proteobacteria; Gammaproteobacteria; Unclassified; otu 1854

D392P32FE17:  Bacteria; Proteobacteria; Gammaproteobacteria; CCD24; Ellin339; RCP1-57; otu 1973

D392P32FE18: Bacteria; Proteobacteria; Gammaproteobacteria; CCD24; Ellin339; RCP1-57; otu 1973

D392P32FE19:  Bacteria; Proteobacteria; Alphaproteobacteria; Acetobacterales; Acetobacteraceae; Acidiphilium; otu 1560

D392P32FEl: Bacteria; Proteobacteria; Gammaproteobacteria; CCD24; Ellin339; RCP1-57; otu 1973

D392P32FE21:  Bacteria; Cyanobacteria; Chloroplasts; Euglena; Unclassified; otu 763

D392P32FE23:  Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma proteobacterium WIJ2; otu 2136
D392P32FE2: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P32FE3: Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P32FE4: Bacteria; Proteobacteria; Alphaproteobacteria; Acetobacterales; Acetobacteraceae; Acidiphilium; otu 1560

D392P32FES: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P32FE6: Archaea; Thermoplasmata Eury; Thermoplasmatales; Thermoplasmatales; Ferroplasmaceae; Ferroplasma; otu 118
D392P32FE7: Bacteria; Cyanobacteria; Chloroplasts; Chlorella; otu_757

D392P32FES: Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma proteobacterium WJ2; otu 2136
D392P32FE9: Bacteria; Proteobacteria; Alphaproteobacteria; Acetobacterales; Acetobacteraceae; Acidiphilium; otu 1560

D392P32FG10:  Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P32FG11: Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma proteobacterium WJ2; otu 2136
D392P32FG12: Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P32FG13: Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P32FG14: Bacteria; Proteobacteria; Alphaproteobacteria; Acetobacterales; Acetobacteraceae; Acidiphilium; otu 1560

D392P32FG15:  Bacteria; Proteobacteria; Alphaproteobacteria; Acetobacterales; Acetobacteraceae; Acidiphilium; otu 1560

D392P32FG16: Bacteria; Proteobacteria; Alphaproteobacteria; Acetobacterales; Acetobacteraceae; Acidiphilium; otu 1560

D392P32FG17: Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P32FG18: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P32FG19:  Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma proteobacterium WIJ2; otu 2136
D392P32FGl: Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P32FG21: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P32FG23:  Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P32FG2: Bacteria; Cyanobacteria; Chloroplasts; Euglena; Unclassified; otu 763

D392P32FG3:  Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P32FG4: Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P32FGS5: Bacteria; Planctomycetes; WPS-1; CL500-3; CL120-56; DE613; otu_1549

D392P32FG6: Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P32FG7: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P32FG8:  Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P32FGY: Bacteria; Proteobacteria; Gammaproteobacteria; Betaproteobacteria; Burkholderiales; Comamonadaceae; Variovorax; Unclassified; otu 1917
D392P32RA10: Bacteria; Proteobacteria; Alphaproteobacteria; Acetobacterales; Acetobacteraceae; Acidiphilium; otu 1560

D392P32RA12: Bacteria; Cyanobacteria; Chloroplasts; Euglena; Unclassified; otu 763

D392P32RA13: Bacteria; Proteobacteria; Gammaproteobacteria; Moraxellaceae; Unclassified; otu 2039

D392P32RA14: Bacteria; Proteobacteria; Deltaproteobacteria; BA18; otu 1735

D392P32RA15: Bacteria; Bacteroidetes; Cardiniaceae; Candidatus Cardinium; Ixodes scapularis endosymbiont; otu 508

D392P32RA16: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P32RA17: Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma proteobacterium WJ2; otu 2136
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D392P32RA18:
D392P32RA19:
D392P32RA1:
D392P32RA21:
D392P32RA23:
D392P32RA3:
D392P32RAS:
D392P32RA6:
D392P32RA7:
D392P32RAS:
D392P32RA9:
D392P32RC10:
D392P32RC11:
D392P32RC13:
D392P32RC14:
D392P32RC15:
D392P32RC16:
D392P32RC18:
D392P32RC19:
D392P32RCl:
D392P32RC21:
D392P32RC23:
D392P32RC4:
D392P32RC6:
D392P32RC7:
D392P32RC8:
D392P32RC9:
D392P32RE10:
D392P32REl11:
D392P32RE12:
D392P32RE13:
D392P32RE14:
D392P32REIS:
D392P32REl16:
D392P32RE17:
D392P32RE18:
D392P32RE19:
D392P32REl:
D392P32RE21:
D392P32RE23:
D392P32RE2:
D392P32RE3:
D392P32RE4:
D392P32RES:
D392P32RE6:
D392P32RE7:
D392P32RES:
D392P32RE9:
D392P32RG10:
D392P32RGl1:
D392P32RG12:
D392P32RG13:
D392P32RG14:
D392P32RG15:
D392P32RGl6:
D392P32RG17:
D392P32RG18:
D392P32RG19:
D392P32RGl:
D392P32RG21:
D392P32RG23:
D392P32RG2:
D392P32RG3:
D392P32RG4:
D392P32RGS:
D392P32RG6:
D392P32RG7:
D392P32RG8:
D392P32RGY:
D392P32FI110:
D392P32FI11:
D392P32F112:
D392P32F114:
D392P32FI15:
D392P32FI116:
D392P32FI17:
D392P32FI18:

Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

Bacteria; Firmicutes; Alicyclobacillaceae; Alicyclobacillus; Alicyclobacillus acidocaldarius; Unclassified; otu 854

Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

Bacteria; Firmicutes; Clostridia; Clostridiaceae; Clostridium; Clostridium_quinii; otu_990

Bacteria; Proteobacteria; Alphaproteobacteria; Acetobacterales; Acetobacteraceae; Acidiphilium; otu 1560

Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma proteobacterium WJ2; otu 2136
Bacteria; Proteobacteria; Alphaproteobacteria; Acetobacterales; Acetobacteraceae; Acidiphilium; otu 1560

Bacteria; Proteobacteria; Gammaproteobacteria; CCD24; Ellin339; RCP1-57; otu 1973

Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma_proteobacterium WJ2; otu 2136
Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

Archaea; Thermoplasmata Eury; Thermoplasmatales; Thermoplasmatales; Ferroplasmaceae; Ferroplasma; otu 118

Archaea; Thermoplasmata Eury; Thermoplasmatales; Thermoplasmatales; Ferroplasmaceae; Ferroplasma; otu 118

Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

Bacteria; Proteobacteria; Gammaproteobacteria; CCD24; Ellin339; RCP1-57; otu 1973

Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

Bacteria; Cyanobacteria; Chloroplasts; Chlorella; otu_757

Bacteria; Cyanobacteria; Chloroplasts; Unclassified; otu 755

Bacteria; Cyanobacteria; Chloroplasts; Unclassified; otu 755

Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

Bacteria; Proteobacteria; Alphaproteobacteria; Acetobacterales; Acetobacteraceae; Acidiphilium; otu 1560

Bacteria; Cyanobacteria; Chloroplasts; Chlorella; otu 757

Archaea; Thermoplasmata Eury; Thermoplasmatales; Thermoplasmatales; Ferroplasmaceae; Ferroplasma; otu 118

Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma_proteobacterium_WJ2; otu 2136
Bacteria; Cyanobacteria; Chloroplasts; Unclassified; otu 755

Bacteria; Cyanobacteria; Chloroplasts; Euglena; Unclassified; otu 763

Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

Bacteria; Proteobacteria; Gammaproteobacteria; CCD24; Ellin339; RCP1-57; otu 1973

Bacteria; Cyanobacteria; Chloroplasts; Euglena; Unclassified; otu 763

Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma proteobacterium WJ2; otu 2136
Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma proteobacterium WJ2; otu 2136
Bacteria; Proteobacteria; Gammaproteobacteria; CCD24; Ellin339; RCP1-57; otu 1973

Bacteria; Proteobacteria; Gammaproteobacteria; B2M28; otu 1880

Bacteria; Proteobacteria; Gammaproteobacteria; CCD24; Ellin339; RCP1-57; otu 1973

Bacteria; Proteobacteria; Gammaproteobacteria; CCD24; Ellin339; RCP1-57; otu 1973

Bacteria; Proteobacteria; Alphaproteobacteria; Acetobacterales; Acetobacteraceae; Acidiphilium; otu 1560

Bacteria; Proteobacteria; Gammaproteobacteria; CCD24; Ellin339; RCP1-57; otu 1973

Bacteria; Cyanobacteria; Chloroplasts; Unclassified; otu 755

Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma_proteobacterium WJ2; otu 2136
Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu_1427

Bacteria; Proteobacteria; Alphaproteobacteria; Acetobacterales; Acetobacteraceae; Acidiphilium; otu 1560

Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

Archaea; Thermoplasmata Eury; Thermoplasmatales; Thermoplasmatales; Ferroplasmaceae; Ferroplasma; otu 118

Bacteria; Cyanobacteria; Chloroplasts; Chlorella; otu 757

Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma_proteobacterium_WJ2; otu 2136
Bacteria; Proteobacteria; Alphaproteobacteria; Acetobacterales; Acetobacteraceae; Acidiphilium; otu 1560

Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma proteobacterium WJ2; otu 2136
Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu_1427

Bacteria; Proteobacteria; Alphaproteobacteria; Acetobacterales; Acetobacteraceae; Acidiphilium; otu 1560

Bacteria; Proteobacteria; Alphaproteobacteria; Acetobacterales; Acetobacteraceae; Acidiphilium; otu 1560

Bacteria; Proteobacteria; Alphaproteobacteria; Acetobacterales; Acetobacteraceae; Acidiphilium; otu 1560

Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma proteobacterium WJ2; otu 2136
Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

Bacteria; Cyanobacteria; Chloroplasts; Unclassified; otu 755

Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

Bacteria; Planctomycetes; WPS-1; CL500-3; CL120-56; DE613; otu 1549

Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu_1427

Bacteria; Proteobacteria; Gammaproteobacteria; Betaproteobacteria; Burkholderiales; Comamonadaceae; Variovorax; Unclassified; otu 1917
Archaea; Thermoplasmata Eury; Thermoplasmatales; Thermoplasmatales; Ferroplasmaceae; Ferroplasma; otu 118

Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

Bacteria; Proteobacteria; Alphaproteobacteria; Acetobacterales; Acetobacteraceae; Acidocella; otu_1562

Bacteria; Firmicutes; Clostridia; Peptostreptococcaceae; Peptostreptococcus anaerobius; Clostridium bifermentans; Unclassified; otu 1213
Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma proteobacterium WJ2; otu 2136
Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma proteobacterium WJ2; otu 2136
Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427
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D392P32FI19:  Bacteria; Proteobacteria; Alphaproteobacteria; Acetobacterales; Acetobacteraceae; Acidiphilium; otu 1560

D392P32FI1: Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P32FI21:  Bacteria; Planctomycetes; WPS-1; CL500-3; CL120-56; DE613; otu 1549

D392P32F123:  Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P32FI13: Bacteria; Acidobacteria; Acidobacteriales; Unclassified; otu 179

D392P32FI4: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P32FI5: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P32FI6: Bacteria; Proteobacteria; Gammaproteobacteria; B2M28; otu 1880

D392P32F17: Bacteria; Firmicutes; Clostridia; Peptostreptococcaceae; Peptostreptococcus anaerobius; Clostridium_bifermentans; Unclassified; otu 1213
D392P32FI8: Bacteria; Cyanobacteria; Chloroplasts; Euglena; Unclassified; otu 763

D392P32FK10: Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma proteobacterium WJ2; otu 2136
D392P32FK11: Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P32FK12: Bacteria; Firmicutes; Clostridia; Peptostreptococcaceae; Peptostreptococcus anaerobius; Clostridium bifermentans; Unclassified; otu 1213
D392P32FK14: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P32FK15:  Bacteria; Cyanobacteria; Chloroplasts; Euglena; Euglena stellata; otu 764

D392P32FK16: Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P32FK17: Bacteria; Acidobacteria; Acidobacteriales; Unclassified; otu 179

D392P32FK19: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P32FK1: Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma proteobacterium WJ2; otu 2136
D392P32FK21: Bacteria; Proteobacteria; Alphaproteobacteria; Acetobacterales; Acetobacteraceae; Acidiphilium; otu_1560

D392P32FK23:  Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P32FK2: Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma proteobacterium WJ2; otu 2136
D392P32FK3:  Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P32FKS: Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P32FK6: Bacteria; Firmicutes; Clostridia; Clostridiaceae; Clostridium; Clostridium_quinii; otu_990

D392P32FK7: Bacteria; Cyanobacteria; Chloroplasts; Euglena; Euglena stellata; otu 764

D392P32FKS8: Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P32FK09: Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma proteobacterium WJ2; otu 2136
D392P32FM10: Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma proteobacterium WJ2; otu 2136
D392P32FM11: Bacteria; Planctomycetes; WPS-1; CL500-3; CL120-56; DE613; otu_1549

D392P32FM12: Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma proteobacterium WIJ2; otu 2136
D392P32FM13: Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P32FM14: Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P32FM15: Bacteria; Cyanobacteria; Chloroplasts; Euglena; Unclassified; otu 763

D392P32FM16: Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma_proteobacterium W1J2; otu 2136
D392P32FM17: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P32FM19: Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P32FM1:  Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma proteobacterium WIJ2; otu 2136
D392P32FM21: Bacteria; Cyanobacteria; Chloroplasts; Unclassified; otu 755

D392P32FM23: Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma_proteobacterium W1J2; otu 2136
D392P32FM2:  Bacteria; Proteobacteria; Alphaproteobacteria; Acetobacterales; Acetobacteraceae; Acidiphilium; otu 1560

D392P32FM3:  Bacteria; Proteobacteria; Gammaproteobacteria; B2M28; otu_1880

D392P32FM4:  Bacteria; Cyanobacteria; Chloroplasts; Euglena; Euglena stellata; otu 764

D392P32FMS:  Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P32FM7:  Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma_proteobacterium W1J2; otu 2136
D392P32FMS8:  Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma proteobacterium WJ2; otu 2136
D392P32FM9:  Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P32F010: Bacteria; Cyanobacteria; Chloroplasts; Euglena; Unclassified; otu 763

D392P32FO11: Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P32F012: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P32F013: Bacteria; Cyanobacteria; Chloroplasts; Unclassified; otu 755

D392P32FO14: Bacteria; Proteobacteria; Gammaproteobacteria; CCD24; Ellin339; RCP1-57; otu_1973

D392P32F015:  Bacteria; Proteobacteria; Alphaproteobacteria; Acetobacterales; Acetobacteraceae; Acidiphilium; otu 1560

D392P32F0O16: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P32FO17: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P32F019: Bacteria; Proteobacteria; Gammaproteobacteria; B2M28; otu 1880

D392P32FO1:  Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma_proteobacterium W1J2; otu 2136
D392P32F021: Bacteria; Acidobacteria; Acidobacteriales; Unclassified; otu 179

D392P32F023: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P32F02: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P32F03: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P32F04: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P32F05: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P32F06: Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

D392P32FO7: Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma proteobacterium WJ2; otu 2136
D392P32FO8:  Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P32F09: Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P32RI10:  Archaea; Thermoplasmata Eury; Thermoplasmatales; Thermoplasmatales; Ferroplasmaceae; Ferroplasma; otu_ 118
D392P32RI11:  Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P32RI12:  Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P32RI14:  Bacteria; Proteobacteria; Alphaproteobacteria; Acetobacterales; Acetobacteraceae; Acidocella; otu 1562

D392P32RI15:  Bacteria; Firmicutes; Clostridia; Peptostreptococcaceae; Peptostreptococcus anaerobius; Clostridium bifermentans; Unclassified; otu 1213
D392P32RI16:  Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma_proteobacterium_W1J2; otu 2136
D392P32RI17:  Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma proteobacterium WIJ2; otu 2136
D392P32RI18:  Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

D392P32RI19:  Bacteria; Proteobacteria; Alphaproteobacteria; Acetobacterales; Acetobacteraceae; Acidiphilium; otu 1560

D392P32RI1: Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427
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D392P32RI21:
D392P32RI23:
D392P32RI2:
D392P32RI3:
D392P32RI14:
D392P32RI5:
D392P32RI6:
D392P32RI7:
D392P32RI8:

D392P32RK10:
D392P32RK11:

D392P32RK12:

D392P32RK 14:
D392P32RK15:
D392P32RK16:
D392P32RK17:
D392P32RK19:

D392P32RK1:

D392P32RK21:
D392P32RK23:

D392P32RK2:
D392P32RK3:
D392P32RKS:
D392P32RK6:
D392P32RK7:
D392P32RKS:
D392P32RK9:

D392P32RM10:
D392P32RM11:
D392P32RM12:
D392P32RM13:
D392P32RM14:
D392P32RM15:
D392P32RM16:
D392P32RM17:
D392P32RM19:

D392P32RM1:

D392P32RM21:
D392P32RM23:

D392P32RM2:
D392P32RM3:
D392P32RM4:
D392P32RMS:
D392P32RM6:
D392P32RM7:
D392P32RMS:
D392P32RM9:
D392P32R0O10:
D392P32RO11:
D392P32RO12:
D392P32R0O13:
D392P32RO14:
D392P32RO15:
D392P32RO16:
D392P32RO17:
D392P32R0O19:
D392P32RO1:
D392P32R021:
D392P32R023:
D392P32R0O2:
D392P32R0O3:
D392P32R04:
D392P32R05:
D392P32R0O6:
D392P32RO7:
D392P32ROS8:
D392P32R0O9:

Bacteria; Planctomycetes; WPS-1; CL500-3; CL120-56; DE613; otu 1549

Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

Bacteria; Firmicutes; Clostridia; Ruminococcus; Ruminococcus bromii; Unclassified; otu 1257

Bacteria; Acidobacteria; Acidobacteriales; Unclassified; otu 179

Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

Bacteria; Proteobacteria; Gammaproteobacteria; B2M28; otu 1880

Bacteria; Firmicutes; Clostridia; Peptostreptococcaceae; Peptostreptococcus anaerobius; Clostridium bifermentans; AKIW475; otu 1214
Bacteria; Cyanobacteria; Chloroplasts; Unclassified; otu 755

Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma proteobacterium WJ2; otu 2136
Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

Bacteria; Firmicutes; Clostridia; Peptostreptococcaceae; Peptostreptococcus anaerobius; Clostridium bifermentans; Unclassified; otu 1213
Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

Bacteria; Cyanobacteria; Chloroplasts; Euglena; Unclassified; otu 763

Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

Bacteria; Acidobacteria; Acidobacteriales; Unclassified; otu 179

Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma proteobacterium WJ2; otu 2136
Bacteria; Proteobacteria; Alphaproteobacteria; Acetobacterales; Acetobacteraceae; Acidiphilium; otu 1560

Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma_proteobacterium WJ2; otu 2136
Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

Bacteria; Firmicutes; Clostridia; Clostridiaceae; Clostridium; Clostridium quinii; otu 990

Bacteria; Cyanobacteria; Chloroplasts; Euglena; Unclassified; otu 763

Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma proteobacterium WJ2; otu 2136
Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma proteobacterium WJ2; otu 2136
Bacteria; Planctomycetes; WPS-1; CL500-3; CL120-56; DE613; otu 1549

Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma proteobacterium WJ2; otu 2136
Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

Bacteria; Cyanobacteria; Chloroplasts; Unclassified; otu 755

Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma_proteobacterium WJ2; otu 2136
Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma proteobacterium WJ2; otu 2136
Bacteria; Cyanobacteria; Chloroplasts; Euglena; Unclassified; otu 763

Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma proteobacterium WJ2; otu 2136
Bacteria; Proteobacteria; Alphaproteobacteria; Acetobacterales; Acetobacteraceae; Acidiphilium; otu 1560

Bacteria; Proteobacteria; Gammaproteobacteria; B2M28; otu 1880

Bacteria; Cyanobacteria; Chloroplasts; Euglena; Unclassified; otu 763

Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

Bacteria; Proteobacteria; Gammaproteobacteria; CCD24; Ellin339; Unclassified; otu 1972

Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma proteobacterium WJ2; otu 2136
Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma_proteobacterium WJ2; otu 2136
Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

Bacteria; Cyanobacteria; Chloroplasts; Euglena; Unclassified; otu 763

Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

Bacteria; Cyanobacteria; Chloroplasts; Unclassified; otu 755

Bacteria; Proteobacteria; Gammaproteobacteria; CCD24; Ellin339; RCP1-57; otu 1973

Bacteria; Proteobacteria; Alphaproteobacteria; Acetobacterales; Acetobacteraceae; Acidiphilium; otu 1560

Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

Bacteria; Proteobacteria; Gammaproteobacteria; B2M28; otu 1880

Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma proteobacterium WJ2; otu 2136
Bacteria; Acidobacteria; Acidobacteriales; Unclassified; otu 179

Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

Bacteria; Proteobacteria; Gammaproteobacteria; Acidithiobacillaceae; Acidithiobacillus; otu 1857

Bacteria; Proteobacteria; Gammaproteobacteria; Xanthomonadales; Xanthomonadales; gamma proteobacterium WJ2; otu 2136
Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

Bacteria; Nitrospirae; Leptospirillaceae; Leptospirillum; Unclassified; otu 1427

Appendix Table 6.1 Taxonomic identifications with Hugenholtz nomenclature from the

Greengenes classification tool (http://greengenes.lbl.gov) [DeSantis, et al., 2006].
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Forward and Reverse sequences are denoted by “F” and “R” within the sequence names.
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Chapter 7
Conclusion

7.1 Review of results and future work

As with most completed dissertations, the preceding chapters raise more questions than
they answer, or even acknowledge. A few such questions, however, are so closely related
to the results presented herein, and so ripe for immediate scientific inquiry, that they

merit special attention.

The results presented in Chapters 2 and 3 show high sulfur solubility and significant
sulfur-induced greenhouse warming on early Mars from investigating aspects of the
mantle and atmosphere. Although this work does not delve into the wide range of sulfur-
related geochemical interactions at the surface-atmosphere interface on ancient Mars,
investigations in this realm nicely complement this work. Aspects of geochemical
research involving sulfur are already underway [Halevy, et al., 2007], with results
indicating that an important SO, climate feedback may have been at play during the late
Noachian. Intriguingly, the ChemCam Laser Induced Breakdown Spectrometer (LIBS)
on the 2009 Mars Science Laboratory Rover will be able to remotely probe and quantify
sulfur in various samples on the Martian surface, offering a unique opportunity to test
hypotheses about ancient aqueous processes and the geochemical history of

atmosphere/soil interactions [Clegg, 2007].
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Chapter 4’s findings about lipid biomarker preservation in the modern acid salt lake
system on the Yilgarn Craton in Western Australia call for further studies of acid
lakebeds preserved in the geologic record, particularly the ancient acid saline pans of the
Opeche Shale in Williston Basin. The Opeche Shale dates to the Permian and consists of
bedded evaporites and red-bed siliciclastics, with deposition having taken place in halite-
dominated shallow perennial and ephemeral saline lakes [Benison and Goldstein, 2000].
Data on the sedimentology and mineralogy of the lithified strata at Merdiani Planum
suggest that both ancient Mars and these ancient terrestrial sites precipitated a unique
suite of evaporitic minerals under an arid climatic regime [Benison, et al., 2007; Benison,
1998]; the discovery of lipid biomarkers in the Opeche Shale would galvanize and inform

the search for remnant organic matter on Mars.

The long-term survival of bacteria within frozen environments in Chapter 5 also presents
intriguing possibilities for future work, particularly regarding DNA maintenance and
recovery from subsurface environments. The enduring metabolic activity observed in
Actinobacteria warrants investigation as components of these repair pathways could be
enlisted for medical or industrial applications requiring maintenance of DNA integrity for
extended periods of time. This study also demonstrates that frozen environs, such as
permafrost, may serve as an archival store of viable bacteria adapted to past

paleoenvironments. This work calls for further inquiry into subsurface microbiology,
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with opportunities to inform the search for life at subzero temperatures in subsurface

conditions on Mars and Europa.

Even more broadly, the study of sulfur in the Martian atmosphere may reveal unexpected
properties and processes, some with possible applications for our own atmosphere.
Because of its similarities to Earth, Mars is a rare body in planetary science. It offers us a
comparison and a contrast to the Earth, and an opportunity to understand how a planet
once so similar to our own took a dramatically different path. Much can and has been
learned from comparative planetology; for instance, Sherwood Rowland and Mario
Molina realized that chlorine acts as a catalyst in the destruction of ozone while studying
the chemistry of the Venusian atmosphere, which in turn led them to the pivotal
discovery that manmade chlorofluorocarbons destroy the ozone in the Earth’s
stratosphere. In the case of sulfur, sulfur species can be studied as dominant players in
the Martian atmosphere, while they are presently at low levels on Earth. Because our
terrestrial climate has so much oxygen, sulfur dioxide is quickly oxidized into sulfate
aerosols, which have a tendency to cool our climate by reflecting light back to space (a
process that also happens on Mars, albeit much more slowly). For this reason, and
because there is much less sulfur on Earth, industrial sulfur dioxide emissions have been
subject to local regulation, where pollution leads to acid rain, but not international
regulation. However, sulfur’s ability to heat and cool different layers of the atmosphere
may have implications for climate instabilities. This line of research may be particularly
timely as climate engineering strategies are beginning to emerge, many of which that
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involve injecting sulfur into the stratosphere as a way to abate to anthropogenic
greenhouse warming [Crutzen, 2006; Dickinson, 1996; Keith, 2000]. It bears mention
that the careful identification and continued study of Mars analog sites on Earth will be

central to the pursuit of comparative planetology in the future.

Finally, future work could also include the ultimate experiment: sending a life detection
platform to Mars. The SETG instrument is being developed as a prototype to be ready
for launch as part of a NASA Mars mission during a 2016 or 2018 opportunity. SETG’s
approach may enable us to find life forms that are deeply divergent from or even difficult
to imagine within the confines of our current biological thinking. Such a discovery
would not only transform the field of biology, it would inspire the human imagination as

much as any discovery in the history of modern science.

This dissertation has addressed the prospects for habitability in the late Noachian epoch
of Martian history. The first half analyzed the ancient Martian climate, positing that sul-
fur-induced greenhouse warming may have been significant in both magnitude and dura-
tion, thereby promoting the creation of a warm, wet surface environment. The second
half investigated the persistence and detection of life in Mars-like environments on Earth,
in acid salt lakes, soil samples from permafrost, and an iron- and sulfur-rich acidic river,

and concluded that life and its traces may survive longer in harsher environments than
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previously believed and may be present in smaller, more-difficult-to-detect amounts that

previously known.

The primary thrust of this dissertation, the work it builds on, and the work that one day
may be built upon it, is to assist the planetary science and biology communities in
understanding Mars and, eventually, searching for life there. Unquestionably, the search
for life on Mars is an ambitious goal, one that, perhaps, will never be attained. But even
if life is never found on Mars, the technologies developed for Mars have numerous
potential applications elsewhere in the solar system, including many on our own planet.
Following the dawn of the space age, satellite images and other remotely sensed data
were generated from projects originally developed for the exploration of space. Society
reaped countless terrestrial benefits from these extraterrestrial efforts: among them, a
staggering array of technologies and techniques that allowed us to acquire data from the
most inhospitable environments on Earth. At present, biology is poised for a similar
revolution. The studies performed and recommended in this dissertation — the
development of instruments like SETG, the study of Mars analog sites, the attempts to
integrate the evidence from Mars rovers into our understanding of planetary science —
although all pursued with space exploration in mind, will each contribute to our
understanding of biology by deepening our ability to observe and understand these
environments. With continued attention to this work, with the continued integration of

innovations in genetic and biosignature analysis, we will come closer to unlocking the
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mysteries of our most inaccessible parts of our biosphere: deserts and glaciers, the deep

ocean, and our planet’s subsurface.
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