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Introduction: A suite of isotope ratios of light el-
ements in the present martian atmosphere (’C/"*C,
BN/MN, 070, ®Ar/*°Ar, and D/H) are all substan-
tially enriched in the heavy element suggesting atmos-
pheric loss to space over the past billions of years with
preferential loss of the lighter isotope from each pair.
In situ measurements from MSL’s Sample Analysis at
Mars (SAM) instrument [e.g. 1,2,3] have considerably
refined previous measurements from the Viking mass
spectrometers [e.g. 4], from remote spectroscopic ob-
servations [e.g. 5,6], and from martian meteorite stud-
ies [e.g. 7,8].

The persistence of habitable environments such as
the ancient Yellowknife Bay lake recently revealed by
measurements from the Curiosity rover [9] depends on
the surface temperatures and the duration of an atmos-
phere thicker than that at present. Current and planned
measurements from orbit with the Mars Express and
MAVEN missions respectively intend to study the
processes of atmospheric escape including solar wind
interaction, sputtering, thermal escape, and dissociative
recombination, and determine or refine the current rate
of atmospheric loss caused by these and other mecha-
nisms. The goal of these programs is to understand the
physical processes sufficiently well so that robust ex-
trapolations over the past billions of years can be made
to predict the atmospheric and surface conditions on
early Mars.

However, the study of the history of martian at-
mospheric evolution will be greatly facilitated if we
are able to also directly measure the isotopic composi-
tion of volatiles captured in rocks that are representa-
tive of the ancient atmosphere. To date, D/H is one of
the most promising candidates for this study since wa-
ter is the most abundant volatile thermally released
from the Yellowknife Bay phylosilicates discovered by
the SAM and CheMin experiments of MSL and its
D/H is measured by both the Tunable Laser Spectrom-
eter (TLS) and the Quadrupole Mass Spectrometer
(QMS) of the SAM suite.

Methods: One mode of operation of SAM is to
continuously sample gases with the QMS as they are
evolved from 1 or more ~50 milligram portions of
powdered sample delivered to a quartz cup and heated
in a helium stream from a selected starting temperature
to ~900 °C. At any point in this evolved gas analysis
(EGA) heating sequence the stream of gas may be di-
rected for a period of time to the TLS which has been
previously evacuated by a turbomolecular pump where

the gas is stored for later analysis of abundances and C,
0, and H isotopes of CO, and H,O. Since the TLS ob-
tains a batch sample another run is required to select an
alternate temperature range for isotopic analysis. The
QMS, on the other hand, samples continuously over
the entire EGA sequence. Isotope ratios for D/H in
water are secured with the TLS by scanning with a
near infrared (NIR) laser over the wave number range
of 3594.4 cm™ to 3593.2 cm™, where multiple HD'°O
and H,'O absorption lines are present. The QMS
analysis utilizes primarily the m/z 19 and 20 signals
where primary contributions come from HD'’O" and
H,"®O" respectively. The TLS "*0/'°0 is used to pre-
dict the intensity of the QMS m/z 18 peak from H,'°O"
which is often saturated. Corrections for contributions
from other isotopologues such as H,'’O’, HD'®O",
H"™0", and *Ar™ are also necessary as are careful cor-
rections for background effects because water is a sig-
nificant instrument background gas. Most of the hy-
drogen released during the EGA sequence is contained
in HO with a smaller fraction in H,. The hydrogen in
other reduced species such as H,S has a negligible
contribution to the variation in D/H ratio.

Results: Fig. 1 illustrates the QMS and TLS data
from one of the runs used to independently derive iso-
tope ratios for D/H in evolved water. Fig. 2 gives TLS
results for both the John Klein and Cumberland drill
holes. The temperature range selected for the TLS cut
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Figure 1. (top) OMS EGA traces of m/z 19 and 20
used to derive D/H ratios. The high temperature peak
in the water is primarily dehydroxylation of the clay
while the low temperature peak comes from adsorbed
and interstitial water. (bottom) TLS spectra from the
same run showing the multiple HDO and H,O lines
that can be utilized to derive the D/H ratio.



is illustrated by the horizontal bars. For the points
where sampling started above 445 °C the average 8D is
4992%o with a standard deviation of 659%.. The bot-
tom pane of Fig. 2 gives the H,O and H, averaged 8D
from the QMS in the 450-800 °C temperature range for
the six of the seven CB samples (in the 5™ run the m/z
2, 19, and 20 were not sampled during the EGA part of
the run). The evolved water dominates the 8D value
although on average the evolved hydrogen 8D value is
lower than that in the evolved water.
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Figure 2. (top) TLS data from John Klein (JK) and
Cumberland (CB) drill holes where different tempera-
ture cuts illustrated by the horizontal bars were sent to
the TLS. (bottom) the 450-800 °C average QMS de-
rived 8D values that combine both the water and the
hydrogen H and D.

Differences between TLS and QMS and scatter
in the data: The error bars within an individual TLS
run are considerably less than the scatter shown be-
tween different runs. A similar trend has been noted in
the EGA of other gases such as CO,, O,, HCI, SO,,
H,S, and H, suggesting that the portions delivered to
SAM from each drill hole are not homogeneous. With
mixing of the low temperature higher 8D water into
the cut sampled by the TLS it is possible that the trend-
line shown in Fig. 2 (top) reflects an upper limit to the
D/H value of high temperature water. The QMS sam-
ples gas directly evolved from the pyrolysis oven while
the gas sampled by the TLS has a greater opportunity
in the long transfer lines [10] to the TLS to be mixed
with the lower temperature water.

It is possible that future SAM sequences [11] that
remove the low temperature water more effectively in
a two step desorption sequence may provide a more
accurate TLS 8D measurement of the high temperature
water that is formed on dehydroxylation of the OH
groups in the phylosilicate lattice.

Discussion: The low temperature adsorbed and in-
terstitial water in the Yellowknife Bay samples can
more readily exchange with the atmosphere and its 8D
may represent that of the present atmosphere
(49501080 %o [8]) with some additional fractionation.
In this way, the JK and CB samples are consistent with
Rocknest results, in which the low T water had the
highest 8D values [12].

The high temperature water in JK and CB, on the
other hand, very likely comes from the dehydroxyla-
tion of the smectite clays, and thus should better repre-
sent the isotopic composition of the water that trans-
formed the basaltic material washed down from the
crater rim into the Sheepbed mudstone sampled by
Curiosity’s drill. Recent K-Ar results from combined
SAM and CheMin data [13] have established the for-
mation age of the Yellowknife source rocks as 4.21 +
0.35 Gyr thus providing a constraint on the time of the
formation of these smectite clays. With consideration
of the QMS results and of the likely mixing of some of
the low temperature component of the evolved water
into the water sampled by the TLS, the data support the
hypothesis that the 8D of the water that formed the
clay minerals was somewhat below 3000 %o. If the 8D
value of the original inventory of martian water was
similar to that of the Earth’s ocean as suggested by
recent studies of the Yamato 980459 shergottite [14]
then early processes such as hydrodynamic escape [e.g.
15,16] driven by intense EUV and giant impacts must
have substantially fractionated hydrogen prior to the
formation of the Yellowknife mudstones. Additional
fractionation is required to attain the values recorded in
the current atmosphere and the low temperature water
evolved from materials analyzed by SAM.
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