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MARS NEARING EARTH
In 2003, the Hubble Space Telescope snapped this photo of the red planet 11 hours before its closest approach to Earth in 60,000 years. How

close? It was a mere 34,648,840 miles (55,760,220 kilometers) away. The next closest approach will be in 2287.
PHOTOGRAPH COURTESY NASA



http://science.nationalgeographic.com/science/photos/hubble-images-gallery
http://science.nationalgeographic.com/science/space/space-exploration/mars-exploration-article

SULFUR-RICH ROCKS ON MARS
Sulfur-rich rocks in the Columbia Hills on Mars stand out in bright blue in this false-color image from the Spirit rover. Spirit used its rock abrasion

tool, or RAT, to grind a hole in the rock. The rock's high sulfur content and softness are probably evidence of past alteration by water.
PHOTOGRAPH COURTESY NASA/JPL/CORNELL




MARS'S LOW RIDGE

The rover Spirit made this picture of the surface of Mars over 118 Martian days, or sols. (A sol lasts 24 hours, 39 minutes, and 35

seconds.) It was taken from a small hill known as Low Ridge—Spirit's wintering grounds.
PHOTOGRAPH COURTESY NASA/JPL/CORNELL
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OLYMPUS MONS ON MARS

Looming larger than any volcanic mountain in the solar system, Olympus Mons on Mars is taller than three Mount Everests and is

about as wide as the entire Hawaiian Islands chain. There's no dramatic summit, though—it's nearly as flat as a pancake.
PHOTOGRAPH COURTESY NASA/JPL/MALIN SPACE SCIENCE SYSTEMS



NEW COLOR
This piece of rock, dubbed Tintina, was crushed under one of Curiosity's wheels to reveal a surprisingly white interior. The
minerals of the rock contain water, further suggesting the planet was once watery.




MARTIAN LAKE
Scientists believe that the even layers of this Martian rock were first deposited near the edge of an ancient lake, close to where

water flowed into the basin. These formations are one of the many features that signal the planet's watery past.
PHOTOGRAPH BY NASA/JPL-CALTECH/MSSS




WALKING THROUGH TIME

Scientists believe that the layers of rock on the lower flanks of Mount Sharp will help them untangle Mars' geologic history. Scientists will

examine the mountain layer by layer, as if leafing through the pages of a book.
PHOTOGRAPH BY NASA/JPL-CALTECH/MSSS




SUNSET ON MARS
The rover caught this stunning view of the sun setting over the rim of Gale crater on April 15, 2015. Unlike our red-hued sunsets, Martian views are

tinted blue thanks to fine particles that allow more blue light into the atmosphere.
PHOTOGRAPH BY NASA/JPL-CALTECH/MSSS/TEXAS A&M UNIV
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This image from Gale crater in 2018 prompted speculation that some shapes were worm-
like fossils, but they were geological formations probably formed under water. (Wikipedia)




Panorama of Gusev crater, where Spirit rover examined volcanic basalts



https://en.wikipedia.org/wiki/Gusev_(Martian_crater)
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Sparrow (2012) The Universe, Quercus Editions Ltd.
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Sparrow (2012) The Universe, Quercus Editions Ltd.



Diagnostic features: Sratigraphy
such as candidate olistostrome




Diagnostic features: Candidate accretionary complex

| HRSC data courtesy
of ESAand DLR

Shigenori
Maruyama

Bonita Cover, near
San Francisco

Modified from Wahrhaftig, 1984
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Table 2. Abundances of terrestrial C from N-methyl-N-(tert-butyldimethylsilyl) trifluoroacetamide (MTBSTFA) reaction products and di-
methylformamide (DMF) compared with the measured abundances of chloromethane (CM), dichloromethane (DCM) and CO, detected during SAM

evolved gas analysis (EGA) by the mass spectrometer.

Estimated amount

Estimated

Total detected Estimate of Total

Sample MTBSTFA-derived C  missing DMF C  CM + DCM C of MTBSTFA-and - Total €O MTBSTFA + DMF €

(umob* (umolt (umol) DMF—de.rwed C for (pmol) cumblustmn in analysis

combustion (umob¥ relative to total CO,§

JK blank 0.120 £ 0.024 0.030 £ 0.006 0.005 = 0.001 =~ 0 =0 = 0%
1K-1 0.051 £ 0.010 0.013 £ 0.003 0.066 = 0.013 0.086 = 0.043 7.0+ 1.9 1.2 £ 0.7%
JK-2 0.044 = 0.009 0.011 = 0.002 0.061 £ 0.012 0.095 £ 0.041 8.1x+1.7 1.2 £ 0.5%
JK-3 (3% portion) 0.071 £ 0.014 0.018 = 0.004 0.127 £ 0.025 0.061 = 0.048 19.8 £ 4.8 0.3 £0.3%
1K-4 0.047 £ 0.009 0.012 = 0.002 0.038 £ 0.008 0.091 £ 0.041 57 +£1.3 1.6 £ 0.7%
CB blank 0.097 £ 0.019 0.025 = 0.005 0.006 £ 0.001 = () = () = 0%
CB-1 0.068 £ 0.014 0.017 £ 0.003 0.025 = 0.005 0.037 £ 0.041 2.0x£0.2 19 £ 2.1%
CB-2 0.041 = 0.008 0.010 = 0.002 0.022 £ 0.004 0.071 £ 0.034 25104 2.8 £ 1.4%
CB-3 0.032 £ 0.006 0.008 £ 0.002 0.021 £ 0.004 0.082 £ 0.032 3.1£0.3 2.7 £1.1%
CB-5 0.018 + 0.004 0.005 = 0.001 0.011  0.002 ND" 31+£0.7 ND"
RN blank 0.078 £ 0.016 0.020 £ 0.004 0.002 £ 0.001 =~ 0 =~ 0 = 0%
RN1-4 (average) 0.058 £ 0.012 0.015 = 0.003 0.012 = 0.002 0.025 = 0.035 99+1.2 03 £0.4%

*Total MTBSTFA C value in pmol determined from the sum of the EGA measured abundances of silylated products: tert-butyldimethylsilanol, 1,3-bis(1,1-dimethylethyl)-1,1,3,3-tetramethyldisiloxane, and
tert-butyldimethylfluorosilane, plus the mole fraction of C from 2,2, 2-trifluoro-V-methylacetamide in MTBSTFA relative to the sum of the silylated products. 1DMF was not identified during pyrolysis by
EGA or GCMS. However, the amount of DMF C was estimated from the total measured MTBSTFA C and the molar ratio of DMF/MTBSTFA carbon (0.25) that was originally loaded into the wet chemistry cups, to
address a worst-case scenario. }Estimated amount of combusted MTBSTFA- and DM F-derived C equals the amount of C in the blank from these sources minus the amount of C from these sources that was
observed and calculated for each solid sample run. %Percentage of the total MTBSTFA and DMF carbon in the preceding blank analysis, assumed to be representative of the MTBSTFA and DMF derived
carbon available for combustion to CO;, compared to total CO; measured in the sample runs. IIND: Values could not be determined because a comparable blank run was not c@arried out under the same
experimental conditions that were used for CB-5.

Ming et al 2014



Fig. 4. SAM gas chro-
matogram of the major mv/z
values of the chlorinated
hydrocarbons detected in
JK and CB samples (cps,
counts/s). (A) JK Sample 3
(JK-3; triple portion) com-
pared with JK-2 (single por-
tion) and the JK blank. (B)
CB Sample 2 (CB-2, single
portion) compared with the
CB blank. (€) The mass spec-
tra generated for the GC
peaks detected in JK-3 are
shown in red and compared
with the mass spectra for
chloromethane (CH;Cl),
dichloromethane (CH.CL,),
and trichloromethane (CHCl:)
in black from NIST/EPA/NIH
Mass Spectral Database (44).
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QAGU P,

Journal of Geophysical Research: Planets )

RESEARCH ARTICLE  Organic molecules in the Sheepbed Mudstone,
10.1002/2014JE004737 Gale crater Mars

Key Points: C. Freissinet"?, D. P. Glavin', P.R. Mahaffy, K. E. Miller?, J. L. Eigenbrode’, R. E. Summons?>, A. E. Brunner™*,
« First in situ evidence of nonterrestrial 5 6 7 1,8 9 inckerh ff1 ba 6 "10
organics in Martian surface sediments A.Buch?, C. Szopa®, P.D. Archer Jr.”, H. B. Franz'*, S. K. Atreya”, W. B. Brinckerhoff', M. Cabane®, P. Coll ™",
» Chlorinated hydrocarbons identified P. G. Conrad’, D. J. Des Marais'?, J. P. Dworkin’, A. G. Fairén'>'3, P. Francois®, J. P. Grotzinger'?,
in the Sheepbed mudstone by SAM S.Kashyap'?, I. L. ten Kate'®, L. A. Leshin'®, C. A. Malespin''’, M. G. Martin'"%, F. J. Martin-Torres'?%°,
+ Organics preserved in sample 1 .21 22 1 1 12
exposed to ionizing radiation and A. C. McAdam’, D. W. Ming~’, R. Navarro-Gonzalez“~, A. A. Pavlov ', B. D. Prats ', S. W. Squyres -,
oxidative condition A. Steele??, ). C. Stern’, D. Y. Sumner®*, B. Sutter’, M.-P. Zorzano®>, and the MSL Science Team

Abstract The Sample Analysis at Mars (SAM) instrument on board the Mars Science Laboratory Curiosity
rover is designed to conduct inorganic and organic chemical analyses of the atmosphere and the surface
regolith and rocks to help evaluate the past and present habitability potential of Mars at Gale Crater. Central
to this task is the development of an inventory of any organic molecules present to elucidate processes
associated with their origin, diagenesis, concentration, and long-term preservation. This will guide the future
search for biosignatures. Here we report the definitive identification of chlorobenzene (150-300 parts per
billion by weight (ppbw)) and G to C4 dichloroalkanes (up to 70 ppbw) with the SAM gas chromatograph
mass spectrometer (GCMS) and detection of chlorobenzene in the direct evolved gas analysis (EGA) mode, in
multiple portions of the fines from the Cumberland drill hole in the Sheepbed mudstone at Yellowknife Bay.
When combined with GCMS and EGA data from multiple scooped and drilled samples, blank runs, and
supporting laboratory analog studies, the elevated levels of chlorobenzene and the dichloroalkanes cannot
be solely explained by instrument background sources known to be present in SAM. We conclude that
these chlorinated hydrocarbons are the reaction products of Martian chlorine and organic carbon derived
from Martian sources (e.g., igneous, hydrothermal, atmospheric, or biological) or exogenous sources such
as meteorites, comets, or interplanetary dust particles.
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Q : Where has water gone?

A : Deep mantle .
P Late Noachian

Water & Ice

Formation of
small continent
by arc-collision

solid inner core

sink of water

Formation mechanism of continents from arc-collision amalgamation
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Capture of Dymos and Fobos
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Reconstruction of
Star Formation Rate (SFR)
Rocha-Pinto et al. (2000a,b)
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Chapter 1

Research History
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Chapter 2

General characteristics on Mars



Chapter 3 Geologic Mapping
of Mars



Surface geology



WAL (7 —E74 1)
How to demonstrate the presence of Wiyt T
Accretionary complex | ) SSc L

(FLAK EE)

(1) Layer-parallel thrust
(2) Rock assemblages
(3) Ocean-plate stratigraphy

(1) How to determine OPS

(2) Hemipelagite indicates the arrival
time of oceanic plate at trench.

(3) Thickness of chert (age difference)
indicates how old is the oceanic plate

(4) Chemical composition of cap turbidite
indicates the depositional environment, i
continental margin or intra-oceanic.
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Bottom of OPS:MORB work by Saito shows
the remnant of subducted slabs.
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Orogeny

Collision-type Protolith

* Bimodal volcanic rocks

No TTG » Continetal basement

fold-and-thrust metamorphic « Platform cover (peraliminous)
belt belt Mt. Everest * Platform carbonate
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/ i Tarim basin
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Pacific-type huge Protolith
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Ophiolite and Alpine-
peridotite



no magnetic stripes
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180

60

- magnetic anomaly 4o a dead trench
I

accreted oceanic lithosphere ! impactcrater

%W shield volcano



Vertically-dipping duplex
geologic units of olistostome-
like accretionary complex



Concept of suture defined by ophiolite belt or
Alpine-type peridotite

* If necesaary, Dewey gram is attached.



Chapter 4

Mantle and Core
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Subduction 200-520Ma

(1) Birth of a cold superplume at 300Ma in Asia
(2) Position of future supercontinent
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Mars vs Earth; It TTG is common
on Mars, no difference in-
between, what the difference in
apparent Usui’'s Figure? Simply
the difference of rock-types
AFM diagram is necessary



Petrogenesis of TTG magma

= ‘mi%kimﬁ[ﬁ@m‘x&fﬁﬂﬁﬁﬂﬁﬁﬁ’éo KEDEREAIE
HER (2T LY (5% - < RIL a7 D EEAIXIZXRE L : enstatite
chondrltelqﬁb\b\loo%lﬁC’C“(iﬁib\ TILA)PZ N =AD, KRB
[TREFEIZESB TLND)

* Blueberry minerals (List) and estimation for the host ponds to
evaporate minerals enriched in S, salts (similar to the Archean ocean
on the Earth)

* Petrogenesis of TTG (andesite) magma; point is the relative
abundance of basaltic (gabbroic) part, cf. Moon and Earth
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Temperature (°C)

Effect of water Yoder (1969)
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Chapter 6

Tharsis Superplume



A B

— ASTah Hawaii
BONIN » 5 colld superplume
- Fast Sp Pacific superswell
-1.0%

. wer mantle Tahiti
TAHITI Aua |

+20% Superplume Pacific
Slow superplume

Fukao (1992) *+1-0

Africa






Superplume: Concept and origin

* Difference from so-called plumes

* Shape of plume as a function of T

e Superplume and plume through time
 Example on Earth and Mars

* Origin: T and X, and role of SP through planetary evolution (+ heat
source)



Observations

1. 200-300K lower-T at 410-660 km depth
mantle than the surrounding mantle

2. 60K lower T at 80 km depth than MORB

3. High-water content



Mars Topography, MARS GLOBAL SURVEYOR, NASA

4

Altitude (kilometers)




Chapter 6 History of Mars



Chapter 6-1 Early Mars; ABEL
model for the inner rocky
planets
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Upper mantle

IE 4.20Ga: Formation of bimodal lithosphere since 4.20Ga: Initiation of plate tectonics



Are there any facts remain on the Earth to support the ABEL Model? Yes!

43643 Myr
4,355+2 Myr

4,283+4 Myr

4,288+4 Myr

4,284+3 My

4,404+4 Myr

Wilde et al. (2001)
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water circulation
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Gravitational instability at trench inner wall

* Origin of huge-scale oliststrome
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@ Cooling the planetary surface
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Magma Ocean

Modern
Venus & Earth

Modern
Moon & Mars

Magma ocean tectonics

Stagnant-lid/Drip tectonics

Plate tectonics
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b. strong dynamo?
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http://www.ucmp.berkeley.edu/vendian/kimberella.html
http://www.ucmp.berkeley.edu/vendian/kimberella.html

Chapter 8 Comparative planetology



Water vs Low-T




Chapter 6 System
Movement?



! cosmic ray

solar wind plasma
Interplanetary space
solar radiation
(X-ray, ultraviolet, & visible)

|
|

kEarth sys {eAv

Maruyama et al., 2013
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Chapter 8 Origin and evolution of early Mars
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Three gas giants
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(a) Slab pull force and ridge push force triggered by ABEL bombardment (4.37-4.20Ga)
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Diversified Eso-planets; how can we make them
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Chapter 9 Debate on Mars






Mass depletion between Outer and Inner Planets?
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Hot Jupiter and Super-Earth
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Systematic compositional change within rocky planets
Planet density as a distance from the Sun (AU)
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A way to establish Astrobiology
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Paleogeography of the Earth
since 4.567Ga
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Towards the establishment of Astrobiology
- Universal Formation Model of Habitable Trinity Planets
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This study Snyder et al. (1992)

100
Cpxl Pig | An .
Opx Cpx An

Cpx Pig An

Opx

50

Percent solid by volume

0

Fig. 2. Cumulate stratigraphy. Solidifying mantle mineral assemblages used in this
paper (left) and by (Snyder et al., 1992) (right). Opx = orthopyroxene; Cpx =
clinopyroxene; Pig = pigeonite; Ox = oxides, including ilmentite, as described in the
text; An = anorthite feldspar (plagioclase). Width of mineral boxes indicates fraction in
well-mixed phase assemblage. Note that when anorthite crystallizes it is assumed to
float while other phases sink. This figure does not, therefore, represent the depth at
which the minerals reside after solidification, just the ranges in solidification over
which they are assumed to form. Models assumed different initial depths.

Elkins-Tanton (2011)
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The basic study for Astrobiology

Unraveling of the Earth history
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Secular variation of P-T conditions of regional metamorphic belts
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(a) Slab pull force and ridge push force triggered by ABEL bombardment (4.37-4.20Ga)
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CO:2: 1.2 x 1022mol in the atmosphere and ocean
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Figure 4 | The compositional mass distribution as a function of size
throughout the main belt out to the Trojans. The mass is calculated for each
individual object with a diameter of 50 km and greater, using its albedo to
determine size and the average density™ for that asteroid’s taxonomic class. For
the smaller sizes we determine the fractional contribution of each class at each
size and semi-major axis, and then apply that fraction to the distribution of all
known asteroids from the Minor Planet Center (http://minorplanetcenter.org/)
including a correction for discovery incompleteness at the smallest sizes in the

middle and outer belt"”. Asteroid mass is grouped according to objects within
four size ranges, with diameters of 100-1,000 km, 50-100 km, 20-50 km and
5-20 km. Seven zones are defined as in Fig. 1: Hungaria, inner belt, middle belt,
outer belt, Cybele, Hilda and Trojan. The total mass of each zone at each size is
labelled and the pie charts mark the fractional mass contribution of each unique
spectral class of asteroid. The total mass of Hildas and Trojans are
underestimated because of discovery incompleteness. The relative contribution
of each class changes with both size and distance.
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Accretinary process of Earth
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Volatile and Organic Compositions of
Sedimentary Rocks in Yellowknife
Bay, Gale Crater, Mars

D. W. Ming,** P. D. Archer Jr.,2 D. P. Glavin,? ]. L. Eigenbrode,® H. B. Franz,>* B. Sutter,?

A. E. Brunner,>? ]. C. Stern,? C. Freissinet,® A. C. McAdam,? P. R. Mahaffy,> M. Cabane,’

P. Coll,® J. L. Campbell,” S. K. Atreya,'® P. B. Niles,* J. F. Bell I11,** D. L. Bish,**

W. B. Brinckerhoff,®> A. Buch,? P. G. Conrad,? D. ). Des Marais,** B. L. Ehlmann,**>¢

A. G. Fairén,*” K. Farley,”® G. ]. Flesch,*® P. Francois,® R. Gellert,” ]. A. Grant,*® ]. P. Grotzinger,
S. Gupta,*? K. E. Herkenhoff,?® ]. A. Hurowitz,?* L. A. Leshin,?> K. W. Lewis, S. M. McLennan,*!
K. E. Miller,?* J. Moersch,?® R. V. Morris,* R. Navarro-Gonzalez,%® A. A. Pavlov,> G. M. Perrett,’
|. Pradler,” S. W. Squyres,*” R. E. Summons,** A. Steele,”” E. M. Stolper,” D. Y. Sumner,*

C. Szopa,® S. Teinturier,® M. G. Trainer,®> A. H. Treiman,?® D. T. Vaniman,*® A. R. Vasavada,*®

C. R. Webster,*® ]. . Wray,>* R. A. Yingst,>® MSL Science Teamt

H,0, CO,, SO, 03, Hy, HyS, HCL, chlorinated hydrocarbons, NO, and other trace gases were
evolved during pyrolysis of two mudstone samples acquired by the Curiosity rover at Yellowknife
Bay within Gale crater, Mars. H,0/OH-bearing phases included 2:1 phyllosilicate(s), bassanite,
akaganeite, and amorphous materials. Thermal decomposition of carbonates and combustion of
organic materials are candidate sources for the CO5. Concurrent evolution of O, and chlorinated
hydrocarbons suggests the presence of oxychlorine phase(s). Sulfides are likely sources for
sulfur-bearing species. Higher abundances of chlorinated hydrocarbons in the mudstone compared
with Rocknest windblown materials previously analyzed by Curiosity suggest that indigenous
martian or meteoritic organic carbon sources may be preserved in the mudstone; however, the
carbon source for the chlorinated hydrocarbons is not definitively of martian origin.



Table 1. Evolved gas abundances released during SAM pyrolysis runs of samples (<150 pm fraction) obtained from the John Klein and
Cumberland drill holes. Rocknest aeolian material evolved gas abundances are provided for comparison with the Sheepbed mudstone materials.

John Klein Cumberland Rocknestt
. CB- 5 Average of
JK-1 JK-2 JK-3 JK- 4 CB-1 CB-2 CB-3 four runs

Molar abundances (umol)

H-0 57.4 £ 3271 54.2 £30.8 59.9+33.7 447 £ 25.0 42.7 £28.8 54.0x295 62.4=315 45.0 £ 25.4 55.1 £35.3
CO; 7.0+ 1.9 81+£1.7 6.6 £1.6 5713 2.0+ 0.5 2.5 +0.7 3.1+£0.6 3.1+0.7 9.9 +1.2
50, 1.6 £0.6 1.4£0.1 2901 2.0£0.0 0.4 £0.02 13 £0.2 1.2£0.2 1.4£0.2 12.2+£0.9
0, 0.6 £0.1 0.8 +£0.1 2103 0.9+0.1 2.6 £0.3 84 +1.0 9.9+1.2 11.2 £ 1.4 3.9+0.2
Ho 9318 5.1£1.0 4909 5310 6.9+13 116+ 2.2 43 0.8 4.1+0.8 Not measured

directly

High-temperature H>0 (%)%
21+8 21+ 8 26 £ 9 3411 26 £ 26 31+ 8 19+ 1 3111
Molar abundances (nmol)
HCl 585261 724322 536.1%238.7 155.1=691 441+19.6 179.9 = 80.1 267.7 £119.2 584.9 £ 260.5 36.5 =104
H,5 79.0£35.2 57.0+254 95.2%424 36.1+£16.1 18.7 £ 8.3 67.4 £30.0 38.9x17.3 34.4 £ 153 61.0 £ 13.9
NO 190 + 38 188 = 38 162 + 32 129 + 26 190 + 38 331+ 66 389+ 78 374 £ 75 175 £ 40
Sample weight (%)

H,0 2316 2.2+15 24 =15 1.8+1.2 1.7+ 1.3 2215 2.5+ 1.6 1.8+1.2 2.0 £1.3
o, 0.7+0.3 0804 0.6 £0.2 0.6 £0.3 0.2 £0.09 0201 03x01 0.3z£01 0.9 £0.1
S05 equiv. 0301 0.2+01 0.5+£012 0401 0.1+0.0 0.2 +0.1 0.2 £ 0.09 0.2 £ 0.10 2.0 £0.2
Cl;07 equiv. 0.07 £0.03 0.09 £0.04 0.24 £0.06 0.10=0.04 0301 1004 1205 1305 0.4£0.1

*Three sample portions (~135 + 31 mg) of John Klein drill material were delivered to SAM for the JK-3 experimental run. The numbers in this column have been normalized to one sample
portion (45 mg). tAverage of four SAM runs of the Rocknest aeolian material (10). 1 Errors reported for molar abundances of CO,, 505, and O, are the 2o standard deviation from the
mean of calculations done with different m/z values for the same species. H,O error bars are based on the uncertainty in prelaunch water abundance calibration. Errors for other species include
the uncertainty in differences in ionization efficiency between masses with a calibrated mol/counts value and uncalibrated values (10). Weight % values were calculated with an estimated
sample mass of 45 + 18 mg (2c), with errors propagated including the uncertainty in molar abundance (10). §High-temperature H,0 is the percentage of the H,0 released between 450°
and 835°C, which is the temperature region for dehydroxylation of a 2:1 phyllosilicate, compared to the total H;0 released. Errors are the 2o standard deviation from the mean.

Ming et al 2014
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Fig. 1. Evolved gas analysis for a continuous ramp SAM pyrolysis of drill material (<150 pm) from
the Sheepbed mudstone JK-4 sample. (A) Most-abundant evolved gases [CO, has been scaled up 3 times;
SO, and O, have been scaled up 10 times]. (B) Evolved gas traces for H,, H,S, HCl, CH5Cl, and CH,CL, [H,S and
HCl traces have been scaled up 35 times; CH5Cl and CH,Cl, have been scaled up 100 times]. Isotopologs were
used to estimate species that saturated the QMS detector (m/z = 12 for CO; and miz = 20 for H,0). Ming et al 2014
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Fig. 2. Evolved gas analysis for a continuous ramp SAM pyrolysis of drill material (<150 pm)
from the Sheepbed mudstone CB-2 sample. (A) Most-abundant evolved gases [CO, and SO, counts
have been scaled up 3 and 15 times, respectively]. (B) Evolved gas traces for H, H,S, HCl, CHsCl, and
CH,CL, [H,S and HCl traces have been scaled up 35 times; CH;Cl and CH,Cl, have been scaled up 100
and 300 times, respectively]. Isotopologs were used to estimate species that saturated the QMS detector
(m/z = 12 for CO, and m/z = 20 for H,0).

Ming et al 2014



Fig. 3. Major evolved
gases from the JK and
CB samples compared
with EGA of analog
minerals under SAM-
like oven operating
conditions (14). (A)
Evolved H,0 for non-
tronite, montmorillonite,
and saponite compared
with JK and CB evolved
H,0. (B) Evolved O,
S0,, HCl, and H,S for
(B-2 compared with
pyrrhotite mixed with a
Ca-perchlorate run un-
der SAM-like operating
conditions in labora-
tory experiments (HCl
evolution coincides with
0, release for CB-2 and
laboratory pyrrhotite/
perchlorate experiments).
(€) Evolved O, for sev-
eral perchlorate salts com-
pared with JK and CB
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