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where R(B) is the resistance at magnetic field
B and R(0) the resistance at zero field. We have
derived MR,,.x(V) from the /-Vs for different
channel lengths at zero magnetic field and max-
imum magnetic field, B, according to MR;,,(V) =
[(V,0) = I(V:Brax) VI(V:Binax), (Fig. 4C). The MR
increases rapidly with decreasing voltage, reach-
ing a maximum value of more than 2000% for
60-nm wire length when approaching 0 V. Be-
cause the current levels are below the noise limit
close to 0 V, we have not been able to determine
MR, ..« here.

The MR values in our molecular wires com-
pare favorably with values reported for other
systems under similar conditions. The highest
room-temperature TMR value reported to date
is 600% for an epitaxial CoFeB/MgO/CoFeB
magnetic tunnel junction (24). Collosal mag-
netoresistance (CMR) manganites exhibit very
large low-temperature MR at several tesla (25);
however, room-temperature, low-field MR val-
ues are a few tens of percents (26, 27). For nano-
composites containing magnetic nanoparticles,
MR values similar to those in CMR experiments
have been demonstrated under comparable exper-
imental conditions (28). A large room-temperature
MR effect of a few tens of percents was also re-
ported for a graphene nanoribbon field-effect
transistor (29).

We ascribe our very large MR values to the
unique 1D character of our system. Indeed, non-
structured DXP thin films show much lower
MR values (Fig. 4D). When a ~40-nm DXP film
is contacted with a PtSi CP-AFM tip in the
same setup, we measure a maximum MC of
around —20%. With a Pt wire of 250-um diameter
instead of the PtSi tip, the maximum MC is
reduced to about —5%. These results strongly
suggest that confinement of the current path is
crucial for explaining our results, in line with
recent numerical studies (9). Explanations based
on spin-dependent interactions involving excited
states (30, 31) can be ruled out, because the MR
is also present—and even more pronounced—
below the DXP HOMO-LUMO gap (-2 eV).
The fact that for DXP the energy required to form
doubly negatively charged states is remarkably
small [~0.2 eV from cyclic voltammetry mea-
surements (23)] suggests that such states are
involved in transport. We therefore propose that
the current is carried by electrons and that spin
blockade is caused by two electrons residing on
neighboring molecules attempting to form a doubly
negatively charged molecule in a spin-singlet con-
figuration by hopping of one of the electrons. The
energetic disorder generally present in organic
systems facilitates formation of doubly charged
molecules at favorable locations. Moreover, the
presence of a positively charged potassium ion close
to a DXP molecule strongly reduces its LUMO
level, also facilitating double charging. Simula-
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tions show that with these ingredients, MC values
close to —100% indeed can be obtained with MC
(B) curves having the line shape of Eq. 2 (10).
Further analysis should provide more insight
into the details of the mechanism behind the ef-
fect, but the present experimental results clearly
point at spin blockade tuned by a competition
between the external magnetic field and the ran-
dom internal hyperfine field.
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Isotope Ratios of H, C, and 0 in CO,
and H,0 of the Martian Atmosphere

Chris R. Webster,* Paul R. Mahaffy,? Gregory ]. Flesch,* Paul B. Niles,® John H. Jones,”
Laurie A. Leshin,® Sushil K. Atreya,* Jennifer C. Stern,? Lance E. Christensen, Tobias Owen,®
Heather Franz,? Robert O. Pepin,® Andrew Steele,’ the MSL Science Teamt

Stable isotope ratios of H, C, and O are powerful indicators of a wide variety of planetary geophysical
processes, and for Mars they reveal the record of loss of its atmosphere and subsequent interactions
with its surface such as carbonate formation. We report in situ measurements of the isotopic ratios
of D/H and *80/*%0 in water and **C/*2C, *20/*%0, Y0/*¢0, and *C*®0/*2C**0 in carbon dioxide, made
in the martian atmosphere at Gale Crater from the Curiosity rover using the Sample Analysis at

Mars (SAM)’s tunable laser spectrometer (TLS). Comparison between our measurements in the modern
atmosphere and those of martian meteorites such as ALH 84001 implies that the martian reservoirs
of CO, and H,0 were largely established ~4 billion years ago, but that atmospheric loss or surface

interaction may be still ongoing.

(1) on the Curiosity rover that landed in
August 2012 is conducting a search for

The Sample Analysis at Mars (SAM) suite

organic compounds and volatiles in rocks and
soils and characterizing the chemical and isotopic
composition of the modern atmosphere. Atmo-
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spheric characterization is one of the exploration
goals of the Mars Science Laboratory (MSL)
mission (2), and it is accomplished using SAM’s
tunable laser spectrometer (TLS) and its quadru-
pole mass spectrometer (QMS). Here we focus
on TLS measurements; a companion paper (3)
focuses on those from the QMS. Results for non-
detection by TLS of atmospheric methane are
reported elsewhere (4).

Previous measurements of isotopes of H, N,
and noble gases in the martian atmosphere to date
(5) have indicated enrichment in the heavier
isotopes, consistent with the idea of atmospheric
loss to space of the lighter isotopes (6, 7). Al-
though meteoritic analyses of 8'*C and 5'%0 (8)
in shergottite, nakhlite, and chassigny (SNC)-
class meteorites are made at higher precision than
the atmospheric measurements to date, they are
challenged to correctly account for possible ter-
restrial contamination (9). Measurements of CO,
isotopes at Mars and in particular §'°C values
have not been consistent with atmospheric loss
(10). Viking (1) measured 8'>C and 8'°0 values
of 23 £ 43 per mil (%o) and 7 + 44%.. Earth-based
spectroscopy has suggested depleted values for
8'3C of =22 + 20%o and §'%0 of 18 + 18%o (9).
The recent Phoenix lander measured 8'C and
580 values for CO, in the martian atmosphere of
—2.5 + 4.3%0 and 31 + 5.7%o, respectively (/2).
Although uncertainties in these earlier atmo-
spheric measurements of '°C and §'%0 overlap
(Table 1), their 8'°C values are in marked con-
trast to measurements of trapped CO, in martian
meteorite EETA 79001, generally considered to
be closest to the true martian atmosphere and
which yielded a §'>C of 36 + 10%o (8).

For D/H in water, the difference in ground-
state energies of HDO and its parent HHO are
large enough to cause large changes in 3D in
equilibrium and nonequilibrium (kinetic) pro-
cesses (13, 14), especially where condensation or
freezing occurs. For this reason, D/H has become
auniversally important ratio to identify planetary
origin and history (7, 15). The 1988 telescopic
observation of D/H values in the martian at-
mosphere that were ~6 times that of Earth (7)
were pivotal in the idea of atmospheric loss to
space from a dense, warm, ancient atmosphere.
Initial measurements in meteorites (/6) gave a
wide range of D/H values that may have included
terrestrial contributions. A more recent analy-
sis (17) of the ancient meteorite ALH84001
(~4 billion years old) and young meteorite Shergotty
(0.17 billion years old) produced 8D values of 3000
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and 4600, respectively. These results have been
interpreted (/7) as evidence for a two-stage evo-
lution for Martian water—a significant early loss
of water to space [before 3.9 billion years ago
(Ga)], followed by only modest loss to space
during the past 4 billion years. Until Curiosity
landed, there had been no in situ measurements of
the water isotopic species HDO and H,'%0.
Oxygen isotopes in carbonates and sulfates
from martian meteorites do not show any en-
richment in 8'%0 and therefore have not been
used as indicators of atmospheric escape (18, 19).

REPORTS

It has been suggested that they are buffered by
interaction with a larger O reservoir such as the
silicates in the crust, or crustal ice deposits (20),
although this is complicated by evidence for dis-
equilibrium between the crust and the atmosphere
(21). Oxygen isotopes in CO, and H,O are there-
fore likely indicators of more complex interactions
between the large reservoir of O in the hydro-
sphere, lithosphere, and atmosphere of Mars.
TLS is a two-channel tunable laser spectrom-
eter that uses direct and second harmonic de-
tection of infrared (IR) laser light absorbed after

Table 1. Carbon dioxide isotope ratios %. + 2 SEM (standard error of the mean). *, not

measured.
Measurement 8¢ 30 Y0 313¢*%0
SAM-TLS 46 + 4 48 + 5 24 £ 5 109 + 31
SAM-QMS (3) 45 + 12 * * *
Phoenix lander (12) -25+43 31.0+57 * *
Viking Neutral Mass Spectrometer (11) 23 +43 7+44 * *
SNC meteorites (8, 12, 32) 36 £ 10 3.9-5.4 = 0.1 ~0.53* 5'%0 ~ §*3C+ §%0
ALH84001 meteoritic carbonate range (30, 31) 27 to 64 -9 to 26 ~0.53* 580 ~ §%3C+ %0
ALH84001 meteoritic carbonate mean value (31) 46 + 8 4.6 +1.2 * *
Earth telescopes (9) 22 +21 18 + 18 * *
Fig. 1. Spectral scan re- A
gions used by the TLS -
instrument. Calculated '
spectra from the HITRAN 17
database (36) for mea- oCc O H.O
suring CO, (A and B) and c 2
H,O0 isotope ratios (B). o
The HDO line intensity has @
been increased by a factor E
of 6 to better represent @& °°7]
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| -
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multipassing a sample cell (7). One laser source
is a near-IR tunable diode laser at 2.78 um that
can scan two spectral regions containing CO, and
H,0 isotopic lines; the second laser source is an
interband cascade laser at 3.27 pm used for meth-
ane detection alone (4). The near-IR laser makes
43 passes of a 20-cm-long sample (Herriott) cell
that is evacuated with a turbomolecular pump for
background scans, then filled to 0.7 mbar using
volume expansion of Mars air originally at ~7 mbar.
TLS scans over individual rovibrational lines in
two spectral regions near 2.78 pum; one centered
at 3590 cm ! for CO, isotopes and a second
centered at 3594 cm ! for both CO, and H,O
isotopes (Figs. 1 and 2). The lines used in both
regions have no significant interferences. In the
3594 cm™! region, the CO, and H,O lines we
used interleave across the spectrum without in-
terference, allowing the determination of accu-
rate isotope ratios across widely varying CO,
and H,O abundances in both atmospheric and
evolved gas experiments. The laser scans every
second through the target spectral regions. Each 1-s
spectrum is then co-added on board in 2-min
periods, and the averaged spectra are then down-
linked as raw data during a given run, typically
of ~30 min duration. Data reported here were
collected from 6 days (martian sols 28, 53, 73,
79, 81, and 106). During data collection, the
Herriott cell and other optics are kept at 47° + 3°C
using a ramped heater that also serves to in-
crease the signal-to-noise ratio in spectra by
reducing the effect of interference fringes oc-
curring during the 2-min sample period. The
measured background amounts (empty cell) of
both CO, and H,O are negligible and also re-
flect an insignificant contribution to the signal
from the instrument foreoptics. TLS is calibrated
using certified isotopic standards (22) that im-
prove the accuracy of isotope ratios over using
the more uncertain HITRAN (high-resolution
transmission molecular absorption) database spec-
tral parameters.

Our CO, isotope ratios (Table 1, table S1, and
Fig. 3) are given relative to Vienna Pee Dee
belmnite (VPDB) for 8'°C and relative to Vienna
standard mean ocean water (VSMOW) for all
oxygen isotopes (/3). The measured value of
5'"°C'80 agrees within uncertainty to the sum of
the individual 8"°C and §'80 measurements,
providing a valuable check-sum on our results.
Also, our measured value for §'70 is half that of
5'%0, as predicted from mass-dependent fractiona-
tion (870 = 0.528 x §'%0) and consistent with
previous SNC meteorite analysis. The independent
SAM QMS result for 8'°C of 45 + 12%o (3) agrees
well with that from TLS at 46 + 4%o, both values
notably disagreeing with the much lower Phoenix
lander result (12) of —2.5 + 4.3%o. The sol-by-sol
data plotted in Fig. 3 is not over a sufficiently long
period to assess possible seasonal variation in §'>C
or 8'%0.

Our measured water abundances of up to 1%
by volume in our Herriott cell after atmospheric
intake exceed those expected (~150 parts per
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Fig. 2. Observed versus calcu-
lated spectra. A single spectrum 1.00 4
(middle section) downloaded from
Curiosity (black), showing observed
enrichment in *3C0O, and *%0CO c
compared to the calculated HITRAN S
spectrum (red) based on terrestrial ~ &{ 0.96 -
(VPDB and VSMOW) isotope ratios £
(36). Both spectra are normalized 2
in depth to the 0*2C*%0 linenear  ©
3590.1 cm™ (Fig. 1). Ringing to '_
the left side of the lines is ex- 0.924
plained in (22). Mars Atmosphere
3580.83 3580.86 3580.95 3590.00
Wave number (cm'1)
W d13C
200 ® 4180
i A 4170
V¥ _ d13C180
100 - -
90 - .
z &) -
= ] .
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Fig. 3. Sol-by-sol mean values for CO, isotope ratios. The mean values for all sols combined
(dashed lines) are given in Table 1. See (22) for values and uncertainties of the individual sol data

plotted.

milion by volume) in martian air, and allowed us
to retrieve a value for atmospheric 8D, although
with high uncertainty. Because our measured
highly enriched 8D values (Table 2 and table S2)
are clearly martian and not terrestrial, we attribute
the high water mixing ratios to either high near-
surface humidity (natural or from enhanced tem-
peratures in the vicinity of the rover) or to water
entrained from frozen or liquid sources on or near
the heated inlet valve. Also, in evolved gas ex-
periments from pyrolysis of Rocknest fines (23),
water was seen coming off at relatively low tem-
peratures that we here identify as representative
of the 8D and &'%0 values of the martian at-
mosphere. The TLS measurement of 8D agrees
well with observations from ground-based tele-
scopes (24), but the contribution from expected

seasonal cycling (25) is unknown. The enriched
atmospheric values contrast with the low primor-
dial D/H values postulated for the martian mantle
(26) and are higher than those from our Rocknest
higher-temperature studies (23).

Modeling estimates of escape processes and
atmospheric stability during Mars’ initial history
point to catastrophic loss of atmospheric mass,
and suggest that many atmospheric species car-
rying records of early isotopic evolution did not
survive beyond approximately 3.7 to 4 Ga (27, 28).
Carbonates in the ALH 84001 meteorite derived
from an alteration event that occurred at ~3.9 Ga
(29) preserve our best record of these events. Mea-
surements of ALH 84001 carbonates show en-
riched isotopic values of 8'*C = 427 to +64%,
(30, 31), 8D values of ~3000%o (16, 17), and low
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Table 2. Water isotope ratios %. + 2 SEM. *, not measured.

Measurement 3D 30
SAM-TLS atmosphere 4950 + 1,080 *
SAM-TLS evolved water: Rocknest fines 230° to 430°C (23) 5880 + 60 84 + 10
Meteoritic crustal reservoirs (26) ~5000 *
Earth telescopes (24) 1700-8900 *
ALH 84001 (17) 3000 *
Shergotty USNM 321-1 (17) 4600 *

5'%0 values (32). These values are similar to the
composition of the modern martian atmosphere,
suggesting that the 8'°C, 8D, and 8'30 of the
martian atmosphere were enriched early and have
not changed much over ~4 billion years. Our
higher values of 8D and 8'%0 measured in the
atmosphere suggest that escape processes may
have also continued since 4.0 Ga, in accordance
with a two-stage evolutionary process (/7) de-
scribed above.

We observe large enrichments of §'%0 in at-
mospheric water vapor and CO,. The 8'%0 val-
ues of the water vapor are much larger than the
530 observed in carbonates and sulfates in mar-
tian meteorites and suggest that the oxygen in
water vapor in the martian atmosphere is not
in equilibrium with the crust (33, 34) and could
have been enriched in heavy isotopes through
atmospheric loss. Another possibility is that the
elevated oxygen isotope values in the more abun-
dant martian CO, are being transferred to the
water vapor through photochemical reactions in
the atmosphere. However, 5'%0 values of CO, in
Earth’s atmosphere are similarly elevated because
of low-temperature equilibration between CO,
and H,0, and this process could also be operative
on Mars (/2).

In addition to atmospheric loss, other pro-
cesses such as volcanic degassing and weathering
might act to change the isotopic composition
of the atmosphere through time. Estimates for
the magnitude of these two contributions over
the ~4-billion-year history of Mars vary widely
(30, 34, 35), yet could have a strong impact on
the isotopic composition of the atmosphere and
challenge the status quo model described above.
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Volume mixing and isotope ratios secured with repeated atmospheric measurements taken

with the Sample Analysis at Mars instrument suite on the Curiosity rover are: carbon dioxide
(CO,), 0.960(+0.007); argon-40 (*°Ar), 0.0193(+0.0001); nitrogen (N,), 0.0189(+0.0003);
oxygen, 1.45(+0.09) x 10~>; carbon monoxide, < 1.0 x 10~%; and *°Ar/*®Ar, 1.9(+0.3) x 10°.
The *°Ar/N, ratio is 1.7 times greater and the “°Ar/3Ar ratio 1.6 times lower than values
reported by the Viking Lander mass spectrometer in 1976, whereas other values are generally
consistent with Viking and remote sensing observations. The *°Ar/3Ar ratio is consistent with
martian meteoritic values, which provides additional strong support for a martian origin of these
rocks. The isotopic signature 5*3C from CO, of ~45 per mil is independently measured with
two instruments. This heavy isotope enrichment in carbon supports the hypothesis of substantial

atmospheric loss.

he science and exploration goal of the

I Mars Science Laboratory (MSL) (/) is to
advance our understanding of the po-
tential of the present or past martian environ-
ments to support life. An understanding of how

the present environment in Gale crater differs
from the environment at the time of its forma-

tion requires comprehensive chemical charac-
terization. The first set of experiments of the
Sample Analysis at Mars (SAM) investigation
(2) (Fig. 1) of the Curiosity rover included mea-
surements of the chemical and isotopic com-
position of the atmosphere with sequences that
employed two of SAM’s three instruments. When

19 JULY 2013

263

Downloaded from www.sciencemag.org on July 19, 2013


http://www.sciencemag.org/

www.sciencemag.org/cgi/content/full/341/6143/260/DC1

AVAAAS

Supplementary Materials for

Isotope Ratios of H, C, and O in CO, and H,0O of the Martian Atmosphere

Chris R. Webster,* Paul R. Mahaffy, Gregory J. Flesch, Paul B. Niles, John H. Jones,
Laurie A. Leshin, Sushil K. Atreya, Jennifer C. Stern, Lance E. Christensen, Tobias Owen,
Heather Franz, Robert O. Pepin, Andrew Steele, the MSL Science Team

*Corresponding author. E-mail: Chris.R.Webster@jpl.nasa.gov

Published 19 July 2013, Science 341, 260 (2013)
DOI: 10.1126/science.1237961

This PDF file includes:

Materials and Methods

Supplementary Text

Figs. S1to S3

Tables S1 to S4

Reference (37)

MSL Science Team Authors and Affiliations



Materials and Methods

Spectral Data Processing

Spectral scan regions for TLS are shown in Fig. 1 and line parameters from HITRAN (36) are given in
Tables S1 and S2 below. After normalization to the laser power and zero light pulse, spectral lines are
processed individually by integrating over the line shape; line ratios are then related to those expected from
calibration runs, using the HITRAN parameters if necessary to adjust for minor temperature differences.
Details follow.

Theory
The Beer-Lambert law models the optical transmission of light through an absorbing medium:

I, = loe™ !

where 1, is the transmitted light intensity at frequency v, lo is the incident light intensity, k(v) is a line
shaping function that may be Doppler, Lorenzian, or Voigt, although the Doppler lineshape is a close
approximation at Mars atmospheric pressures. p is the number density and | is the path length in cm. We
use this model to determine the abundances of individual absorption lines present in our sampled
measurements and subsequently use those abundances to produce isotopic ratios. The model needs many
input spectral parameters for temperature dependence, air broadening, ground state energy, etc., and we use
the HITRAN database for this information (36).

Normalization

For an amount of gas at a given pressure and temperature, the model will predict the depth and width
(distribution in wave number) of the absorbing molecules in the gas sample for all sampled frequencies,
allowing us to then compare our recorded spectra to the spectra produced by the model. But, in order to
make this comparison, we must first normalize the recorded data. This entails:

1. Removing a “null pulse” which is a measurement of the background light taken with the laser off.
We must be able to determine the direct absorption with respect to a percentage of transmitted light
(i.e. 1% absorption: 99% transmission).

Removing any DC offsets in the harmonic spectra (described below).

3. Fit the baseline of the spectra. This sloping baseline results from the fact that the laser output power
increases as it tunes through different wave numbers.

4. Assign a wave number (cm™) scale to the real spectra. We do this by using easily identifiable peaks
of known wave number.

o

Once the spectra are normalized, we can then use the model to scale our real world data. Direct absorption
spectra produce good results for gases that have line center absorption depths of 0.5% or greater. For
greater resolution, we add a modulation to the laser current and then demodulate the returning detector
signal at twice that frequency. This effectively gives us a second derivative of the direct spectra. Using this
derivative or 2f method, sensitivities of up to 2 parts in 10° are possible. See Webster et al. for a complete
discussion (37).



Producing Abundances
Using temperatures and pressures from our instrument for input, we iteratively run the model, varying the
abundance in a converging algorithm until the synthetic spectra is the same size as our real spectra (within
some determined threshold). The convergence criteria may be set to optimize for either the direct
absorption or 2f spectra.
The algorithm is as follows (see Figs. S1 and S2):
1. Find the global max of the 2f absorption spectra (peak)
2. Find the two local minima (2f lobes)
3. Fitaline between the two lobes
4. Using the lobes as integration boundaries, find the area between the fitted line and the spectra for
both the direct and 2f spectra. Ratio this area between real and synthetic spectra and if ratio is
outside the convergence threshold, iterate with new abundance.

Once the measurements converge, we ratio the resulting areas of the real spectra to the synthetic spectra
which has a known abundance. We do this for both the direct and harmonic spectra. In general, the direct
spectra provide us with accuracy, since it is a very simple percentage measurement. The harmonic spectra,
with its great sensitivity, provide greater precision for small changes in the signal, although determining the
exact modulation values and gains introduce opportunity for error.

Although it is common practice to fit the entire spectra simultaneously, certain artifacts in our spectra make
that approach problematic (see Instrument Issues section below). Instead, we process individual absorptions
separately, which is not difficult at these Doppler-limited low pressures where the absorption lines tend to
be clearly delineated. The benefits of this approach are 1) that we use the signal where it is strongest
(between the 2f lobes), 2) it weakens the dependency on perfect baseline fitting, and 3) the boundaries of
integration are set by the physics of absorption, rather than relying on a perfect wave number assignment.

Producing Isotope Ratios

Once we repeat this for every line of interest, we can create isotopic ratios for each data point (2 minute
spectrum) according to the following standard isotope ratio formula for returning enrichment or depletion
ratios in per mil. As an example, consider the case for comparing abundances of **C to **C in CO, to
calculate 8*3C in units of per mil:

BC02_0bserved
12002 _0bserved

—1 | 1000
13002_Standard/

12002_Standard

Instrument Issues

The HITRAN database reports its parameters to a few percent and we have refined some of those
parameters through calibration testing. As for the artifacts mentioned above, several signal chain filters
were set to values that attenuated the signal according to frequency, producing a “ring” on the direct
absorption line shape. Fig. 2 in the main paper illustrates this effect, where part of the spectral region 1 is
shown for CO;, lines and is compared with the HITRAN calculations. Rather than try to remove the effects
of that filter in our data, we build a software filter with identical behavior and make fine adjustments until
our modeled output matches the line shape ring of our Mars spectra. In this way, we compare our Mars
spectra with HITRAN-generated spectra that now have line shape rings included. Another potential issue is
related to the susceptibility of the NIR laser to wavelength drift with heat sink temperature that depends on
the Mars conditions (time of day). Across most of the scan range the laser tuning is constant and the effect
is cancelled out. But we are watchful for situations where lines of interest are in the beginning of the scan
where laser tuning rate is changing, and in these situations data is either discarded or the individual line
results are given appropriately higher uncertainties.



Calibration

Calibration of the relative absorptions of isotopic pair lines was done pre-launch using either
commercially-provided certified isotopic gas mixtures (Oztech) or specially prepared tanks (Cylinders A, B)
whose isotopic content was determined by Isotope Ratio Mass Spectrometry (IRMS). For water isotopes,
we used “Boulder water” independently certified by NOAA. See Table S3 for calibration gas isotopic
values. Minor temperature and pressure interpolations are done using the HITRAN (36) line list. Although
spectral SNR’s are typically a few thousand, the data show scatter larger than this, and the reported results
for any single run (Sol) are a mean value and either 1- or 2-standard errors from the mean (SEM) on the
results (see Tables 1 and S4). Figure S3 shows our calibration plot of pre-launch and on-Mars cal gas results
vs. retrieved measurements to show the excellent linearity over the measurement region.

Supplementary Text

Isotope Ratio Results

Tables of results on a sol-by-sol basis are given in Table S4. Because there is little water in the Martian
atmosphere, the results for the 6D values have quite high uncertainties compared to the result for the water
evolved at lower temperatures from the Rocknest fines (23).
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Example of normalization of real spectra for region 1. Lines can be identified from Fig. 1 in the main paper.
The “C” or black traces are the second harmonic (2f) spectra, while the “D” or red traces are the direct
absorption (DC) spectra.
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Fig. S2

Examples of direct (left) and 2f (right) line shapes for a single **CO, line, showing the integrated area used
in retrievals. This area is defined by the location of the two minima (lobes) in the 2f line shape mapped to
the wave number scale in both line shapes.
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Calibration plot showing pre-launch and on-Mars cal gas results vs. retrieved measurements to show
excellent linearity over the measurement region.



Table S1.

HITRAN Line Parameters (36) for Spectral Region 1.

Line Isotopic Wavenumber Linestrength Ground State

Designation | Species (cm™) (cm™/ (molecule-cm™®) | Energy (cm™)
at 296 K)

Z (H20) H,O 3590.238310 1.222E-21 206.3014

X (H20) H,O 3590.165390 5.164E-24 2251.8625

A (CO2) CO; 3590.116079 5.734E-23 1648.4209

Y (H20) HDO 3590.072290 4.478E-25 683.3240

B (CO2) CO; 3590.031510 1.341E-21 728.4124

C (C02) oco 3589.966048 6.399E-23 319.8096

D (CO2) 3co, 3589.846500 5.180E-23 843.0702

E (CO2) '0Co 3589.749440 3.057E-24 2.2717

F (H20) H,O 3589.590960 4.599E-23 1437.9686

Table S2.

HITRAN Line Parameters (36) for Spectral Region 2.

Line Isotopic Wavenumber Linestrength Ground State
Designation | Species (cm™) (cm™/ (molecule-cm™?) | Energy (cm™)
at 296 K)

Z (CO2) ®0CO | 3594.279835 3.294E-23 490.2111
Y (C02) CO, 3594.216942 1.392E-21 801.1732
X (CO2) 3Cco, 3594.160247 9.647E-23 704.3340

B (H20) H,°0 3594.061450 1.827E-23 78.9887

C (H20) H,0 3593.974520 4.962E-22 756.7248

S (CO2) ®*0CO | 3593.907244 9.883E-25 26.5089
W (CO2) CO, 3593.819208 3.554E-23 1805.2522
D (H20) H,O 3593.791190 5.325E-24 382.5169
V (CO2) ®0CO | 3593.762005 3.640E-23 463.7240

E (H20) HDO 3593.597530 4.881E-24 513.2072

F (H20) H,°0 3593.545310 6.132E-24 133.4758

U (CO2) 0CO | 3593.489040 4.590E-24 2.2717

T (CO2) CO, 3593.406043 1.411E-21 786.9028

G (H20) HDO 3593.317210 4.922E-24 512.5158

H (H20) H,O 3593.197361 1.719E-02 602.7735




Table S3.

Calibration Standards Used in TLS as determined by Isotope Ratio Mass Spectrometry (IRMS).

Carbon Dioxide Isotope Values:
Standard §°C 5"°0
Cylinder A -43.02 £ 0.01 6.62 £ 0.01
Cylinder B 220.91+0.05 | 476.05+1.72
Cylinder C 475.64£0.24 | 794.23+9.9
Mars mix -39.16 £ 0.05 0.61 £ 0.07
Oztech (ref -10.43+£0.05 | 31.24+0.05
cells)

Water Isotope values:
Standard 8D 5°0
Boulder water -110.11+£ 0.05 | -14.91+0.05

Table S4.

Sol by sol mean isotope ratio values (%o) and uncertainties (1sgem %0) measured by TLS. The first row for
each entry is from Region 1, and the second row from Region 2. An “X” marks no reliable data retrieved
due to SNR or other instrument issues. PTC = Possible Terrestrial Contamination; PC = Post-pyrolysis

contamination.

Sol 8c_co, | %0 _co, | 80 _co, | 8c*o co, 8D _H,0
28 53.1+5.7 | 41.5+9.2 X X
X 53.3+28 | 227+6.0 147 + 12 PTC
53 453+3.7 | 434+ 53| 30.6+3.6 X
39.03+ | 3648+ 8.4+76 X PTC
5.7 6.3
73 343+34(399+75| 285+52 X
4985+ | 383+7.3 X 114 + 27 4,420 + 430
4.0
79 41.1+4.4 | 505+40 | 32.1+53 X
50.8+11 | 63.2+9.6 | 17.7+15 112 + 52 5,480 + 980
106 471+19 | 61.6+3.7 | 18.0+2.9 X PC
50.1+5.0 | 47.3+40 | 10.2+6.0 62 + 18
Range of | 34.3-53.1 | 36.5-63.2 | 8.4-32.1 62-147 4,420-5,480
values
Mean +1sem | 45.8+2.1 | 476+24 | 242+20 | 109+ 15.6 4,950 + 540
Mean +2sem | 46+ 4 48 +5 24 +5 109 + 31 4,950 + 1,080
Reference:

37. C. R. Webster, R. T. Menzies, and E. D. Hinkley, in Laser Remote Chemical Analysis, R. M. Measures, Ed. (Wiley, New

York, New York) chap. 3, (1988).
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