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A QUANTITATIVE EVOLVED GASANALYSISFOR EXTRA-TERRESTRIAL SAMPLES.

A. B. Verchovsky, M. Anand, S. J. Barber, S. Shamidnd G. H. Morgan

School of Physical Sciences, The Open Universititod Keynes, MK7 6AA (sasha.verchovsky@open.ac.uk)

Abstract

Evolved gas analysis (EGA) has been successfupiieapto the studies of meteorites and Apollo lunar
samples. It consists of linear heating of a maltevith registration of the released volatile compds, typically
using a spectrometric technique. However, so faguantitative comparison was possible of the amotint
gases released during heating of a sample. To sslthis limitation, we have developed a QuantitaEGA
(QEGA) technique using our custom-built Finessessg®ctrometry system. It is based on calibratfdheo
guadrupole mass spectrometer with reference gaspsGQ, CO, H, O,, N, or their mixtures with known
relative abundances) with known flow rate. The rodtivas tested using simple chemical compounds asich
CaCQ, which give well-known amounts of pure gases dytheir thermal decomposition. We present initial
QEGA data on two reference meteorites, AllendeMuocchison. Our QEGA work is also informing the dgsi
and operation of ProSPA spaceflight instrumentadpdieveloped to perform analogous experimansitu on

the lunar surface through the European Space AgER&OSPECT payload on Luna 27.

Keywords: Evolved Gas Analysis; Volatiles; Meteesit Allende; Murchison

Declaration of interest: Drs Sheridan and Morgan are employees of The Qméversity and are
founders/directors of Applied Science & Technol@pjlutions Ltd, that has a Manufacturing License
Agreement with The Open University to commerciattse patented PZT valve. They are both named toven

on the OU patent. The valves used in this studyweanufactured at The Open University.

1. Introduction

Evolved gas analysis (EGA) is a powerful touidely used in different research applicationsnfro
investigations of chemical compounds in chemisprgly{mers, complexes, catalysts, composite mateei@y
and technology (coating, food production, batted&s) to environment and Earth Sciences (see Risahd
Materazzi, 2018 and references therein). It comsi$ linear heating of a material with registratiof the
released volatile compounds by different methoah &8 gas chromatography, infrared spectroscopyress
spectrometry (MS). The latter seems to be the mnoisersal and effective method of volatiles regittm, and

if a quadrupole mass spectrometer (QMS) is useenables rapid identification of a wide range oblegd
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gases through the characteristic mass-to-charge (ratz) of their fragment ions. Often the EGA ised in
combination with thermoanalysis (TA) or thermogragtric analysis (TGA). TA-MS EGA allows
identification of temperature effects during hegtf materials as a result of their structural $farmations
while TGA-MS EGA additionally records mass loss.uShTGA-MS gives a possibility not only to identify

released gases, obtain their release patternguastion of temperature and establish correspondiags loss

but also to associate them with mechanisms of theiease such as chemical reactions or structural

transformation occurring in the heated materials.

Investigations of gases in rocks have alwassn an important theme in geology starting froonmeering
works at the beginning of the twentieth centuryd@berlin, 1909) and continuing through to invegiass of
Martian rocks by the Curiosity rover (Ming et @&014). EGA applied to Earth Sciences aims primauly
identify gases trapped within rocks or mineralgiider to characterise fluid environment during itfi@imation
or later transformations such as metamorphism d@asoenatism. An interesting application for temiest
samples is a combination of EGA with continuoussbimg (Xiao et al., 2019), which allows separatidigases
trapped in fluid inclusions from those releasedrfrie lattice. For extra-terrestrial materials,ezsally in case
of lunar samples, the solar wind implanted gasesatso of interest. EGA was successfully appliedpollo
lunar samples in the early 1970s (Gibson et al7119972). Gases from implanted solar wing, (He) and
inclusions (CO, CgQ N,) together with gases (CO) released as a resuh@mical reactions among minerals
have been identified. Different lunar samples carcdmpared with each other in terms of the relpaterns of
different gas species. However, a quantitative @mspn of the amount of gases present in diffesantples
has not been previously achieved. In these prevstudies, it also was not possible to compare ¢fetive
amounts of gases released by a single sample atheften the release profile at each m/z rati® meamalised
to its maximal value.

This work, therefore, aims at developing Qitatite EGA (QEGA), in order to enable new insighito
laboratory analyses of extra-terrestrial samplesaddition, QEGA would inform the design and operabf
spaceflight instruments being developed to perfamalogous experimenis situ on the lunar surface such as
within the European Space Agency’'s PROSPECT paci@amber et al., 2018). The quantitative determamat
of volatiles within lunar regolith is also importafor lunarin situ resource utilization (ISRU) (Anand et al.,
2012).

Several authors have previously reported onmgite to develop QEGA for TA-MS and TGA-MS systems

which use a carrier gas (Maciejewski and BaikeB7tXia and Wei, 2015). This requires calibratidrQMS
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sensitivity for different gases and flow rate of ttarrier gas. For calibration, pure gases as agetliompounds
with well-known decomposition stoichiometry (e.aNCQ;) were used.

In this study we developed a QEGA just for the1®)system without a carrier gas by calibration tod t
measuring instrument with reference gases, for hwile flow rate is determined independently, ineortb
convert the signals from different gas species feamples into their flow rates, ultimately leaditmgtheir
guantification and allowing comparison with diffatesamples. The method has been applied for arsabfe
Murchison and Allende reference samples, preparg¢de context of ESA’s PROSPECT activity (Mortinggtr

al., 2017).

2.Experimental set up and measurement procedures

The experimental setup is shown in Fig. is # part of our Finesse mass spectrometric sykiemulti-
element analyses (Verchovsky, 2017). Referencérgasa high-pressure (up to 200 bars) cylinder plased
into pre-evacuated reference gas vessel (~0.a Nalves 1 and 2, at 4-10 bar pressure, as measitred
mechanical pressure gauge. Valve 2 was kept opanphitor the pressure stability throughout thébcation
process. The MKS Baratron® capacitance manometeidges a 10 volt output at its 1 torr upper limitiwa
resolution of 0.01 mV thus giving 6 orders of magde dynamic range for flow rate measurementsfefeace
gases. The flow rate was regulated with a piezotédally actuated (lead zirconate titanate or ‘B4wetering
valve (Sheridan et al., 2010) which provides aalza flow restriction as a function of an appliedulating
voltage in the range 0-100 V. The PZT valve prosida analogous functionality to a standard capilkth
crimp (Sheridan et al., 2010), providing an acdefytatable flow rate at a given operating voltaggee(sect.
3.1). The flow rate of a reference gas is deterthimgits accumulation in the volume between PZVeand
Baratron® for a certain amount of time when valke3 and 12 are opened and valves 3, 5, 6, 8, 9 @uade
closed and the PZT valve is opened at a constdisigeo Then valve 4 is closed and the Baratron®sne (in
mbar) is recorded after 20 second of gas equildmmdime. Afterwards, the gas is pumped away witibd and
ion pumps via valves 5 and 9, respectively anchtbbeedure is repeated several times for different
accumulation time with unchanged PZT valve voltalggs procedure yields flow rate in mbar/s. In artbe
express the flow rate in cc/s the volume from PZAIve to Baratron® was determined by putting heliarthis
volume at a certain pressure (Po); after equilibnatvith the volume-calibrated container (Vc) thregsure P1
is recorded while V6 is opened. The volume wheeegdis was accumulated during flow rate determinasio

found as:
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Figure 1. Schematic of the experimental setup

Directly after the flow rate calibration thefe@eence gas was directed to the QMS via valvesahdr10 with
valves 3, 5, 6, 8, 9 and 12 closed keeping PZTageltthe same and the signals for a number of massies
range from 2 to 132 were recorded in the contindtmwg pumping gas through QMS via valve 11 to tugyal
ion pumps working in parallel. The signals wereistaged using peak jumping mode and ion countirag.the
same reference gas, the procedure was repeatedlséwves for different flow rates in the rangerfrd 08 to
10* mbar/s.

Following calibration, EGA was performed pwytting a sample (wrapped in platinum foil) intoeth
extraction furnace and subjected to linear heaitinthe range from 100 to 140C. The released gases were
continuously pumped through QMS via valves 8, 1@ &h (with valves 7, 9 and 12 closed) with registraof
the same masses as during calibration. Additionalank experiments were performed using emptyiX.f

During QMS measurements we monitored pressueasured by the ion pump controller. These
measurements are not particularly precise, nevedgbg correlation between the pressure and flow st
relatively good (Fig. 2). This gives us an oppoitito use this pressure as an independent indicaif gas

release during sample analyses.
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We note that the system was not particuldegigned for water analysis, since the pipes baiwbe
extraction furnace and QMS were not heated to°00id order to prevent water condensation.

All the procedures described above, apart ffitling the reference vessel with a reference gas, fully
automated and controlled by a computer. All valeesept 1 and 2 are pneumatically activated, ctattdy
solenoid valves, which in turn are controlled vigtically isolated digital output NI1705 card. Therftron
output was connected to a Keithley digital voltmesad as the voltage source for PZT valve, we Wkssthley

6487 Picoammeter/Voltage source both controlledsgi@al ports.
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107 10° 10° 10* 10°

Flow rate, mbar/s

Figure 2. Correlation between flow rate and pressaeasured on ion pump for different gas mixtuxkege that
the pressure measured by the ion pump is gas gpdoif which reason the lines for different gasctaies are

not coincident with each other.

3.Results

3.1.Flow rate calibration

For the flow rate calibration, we used pursegasuch as GOCO, O,, H,, N,, CH,, two artificial gas
mixtures, containing 11 common gases with the indedbundances (resembling those of lunar soilsjvahin
Table 1 and a mixture with atmospheric compositibhe mixtures were prepared by Air Products with
precision for relative abundances of the individspécies better than 2 per cent and were stored5ditL
cylinders with 200 and 12 bar pressure for Mixtuteand 2, respectively. A standard 200 L cylindéthw

compressed air at 80 bar pressure was used asrarme$ gas mixture with atmospheric composition.

Table 1 Relative abundances (vol.%) of gasekandference mixtures



gas B He CH, Ne N CcoO 0) Ar CO, Kr Xe
Mixtur | 69.66 | 9.048| O. 0.099 | 10.02 | 1.001 | 0.020| 0.0203| 9.988 | 0.0199| 0.0149

el 999 7 7 5 1 5
Mixtur | 56.78 | 15.91| 1.452 0.10115.42 | 1.030| 2.98 | 1.002 5.288 0.02020.0151
e2 1 2 6
125
126 For this calibration, accumulation times from 10 100 s with 10-20 s increment were used. Typical

127 calibration lines are shown in Figure 3. The s®péthe lines give flow rate in mbar/s, that candonverted

128 into cc/s as stated above. Precision of the slgpegthin 1-2% (11).
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129
130 Figure 3. Examples of flow rate calibration. Errorsslopes are shown for the corresponding final dw
131 three digits.
132
133 3.2 QMS sensitivity calibration
134 During continuous pumping of a reference géb wnown flow rate through QMS (after pressure is

135 stabilised) the intensities of 10-20 masses irrdéinge from 2 to 132 (m/z=2, 3, 4, 12, 14, 16, 8,20, 22, 27,
136 28, 29, 30, 32, 36, 39, 40, 44, 84, 132) were wdrduring 200 scans using peak jumping mode vitima

137 integration time. The procedure was repeated 3stimi¢h 5 min pumping time between measurements. The



138 dependence of peak intensities on flow rate reptsSBMS sensitivity with respect to different smsciThe
139 best fit for the experimental points in the widega (several orders of magnitude) of QMS signats$ flow
140 rates approximates to a power law (Fig. 4). The QddBsitivity is expressed as cps/(mbar/s) or cps)@nd
141 depends on flow rate. It is important to note h#vat pure gases and gas mixture give indistingbigha
142 calibration curves over the range of a few ordefsmagnitude, indicating that no significant element
143 fractionation occurs during transition of a gasimain the reference gas container and QMS, sineeréites of

144 individual gases in the gas mixtures were foundgitie relative abundances of the gases from théeTa
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146 Figure 4. QMS sensitivity calibration.
147
148 However, the measured elemental ratios vary depgnaf flow rates (Fig. 5). The reason for this edam

149  fractionation could be twofold: it can occur in tRZT valve during transition of gas to QMS andfothe ion

150 source of QMS. Since the PZT valve works the samag as a capillary, element fractionation in it is
151 determined by the flow regime. With increasing floate/capillary diameter the heavy elements/isaam®w

152 enrichment compared to the lighter ones under &conddr flow regime. The sensitivity of QMS with pest to

153 different gas species is different due to variaiontheir ionisation potential. Additional fraatiation can be a
154 result of mass discrimination in the ion source el&fing on pressure. These are complicated processes

155 especially for chemically reactive gases, which change the measured elemental ratios in the saeeidn
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as it happens during mass fractionation in the RalVe. As a result, it is difficult to distinguidietween the

two processes.
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Figure 5. Element fractionation in QMS dependinglow rate.

The experimental data (Fig. 5) show that for cloafhy reactive gases the element ratios vary ctof of
1.3-2 (depending on flow rate) to the directionented under a molecular flow regime. On the otlzrdh for
chemically inert noble gases the variations aretmamaller (almost negligible), though the relatiliferences
in masses for the former and the latter are similhais suggests that the reason for fractionaovariations in
the relative sensitivity of QMS with respect tofdient chemically reactive gases depending on fhreissure,
rather than fractionation in the PZT valve. Théelaseems to provide mostly a viscous flow at &bgressure
in the reference gas container that follows fromadt no element fractionation for noble gases.diditeon, as
it was mentioned above, if the variations of thengéntal ratios (up to factor of 2) for chemicakactive gases
were caused by fractionation in the PZT valve,dat points on the calibration plots (Fig. 4) farepgases and
gas mixtures would not make single calibrationdine

The use of pure gases for calibration enableshbeacterization of second order signals producesbinye
molecular gases as a result of their dissociatiché QMS. The second order mass feid\l4 {N*), for CO
is 12 (2C"), for O, is 16 {°0"), CO, gives masses 28°C'°0") and 16 t°0") in nearly equal amounts and ¢H
gives mass 2 (H (Fig. 6). The ratios between signals for the naaid second order masses are in agreement
with observations made earlier (Hourlier, 2018putph the ratios depend on the QMS settings and riibes.

Knowing the ratios between the main and secondraideals for these gases allows us to calculate
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contribution of different gas species when theymesent in a mixture and therefore, may contriboseards
similar isobaric interferences, e.g. fos, ICO and C@at mass 28. When using a mixture of gases fobreaion

in some cases it is better to use a second orgleglsnstead of the main where interference is etgak For
instance, for CO calibration we used mass 12 idsté28, which is mostly made of,Nor our gas mixture, and

obtained a good calibration line including datatfer gas mixture and pure CO (Fig. 4).
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Figure 6. The main and the second order signalpdoe gases.

It is important that calibration and sample anadyae made with the same QMS sensitivity. To cotie

QMS sensitivity calibration should be repeated befind after each sample analysis.

3.3. Testing the method with pure chemical compounds

For this purpose we used solid samples su€a&; (NBS 18 standard), CaB,*H,0, NaHCQ and PdO
(all from Fisher Scientific with more than 99% gy)j which yield known (stoichiometric) amountsgdses
(CO, CQ, O, during their thermal decomposition. Before argragach decomposition experiment we ran
calibration using pure gases, CO, £@r O, and calculated amounts of the released gases logthg
calibrations, which were in a good agreement wéttheother.

To calculate absolute amounts of the releassdsyae first translate corresponding signals inegs/s
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using calibration line. Since the experimental poare fitted with a power law in the form:

signal int. (cps) = a*(flow rate (cc/8))

where a and b — the fitting parameters, the tréinsl@oefficient (k) is expressed as:

kzldlog(signal int.)-log(a))/b

The amounts of gases released were calcWgtedegrating the release curve (in cc/s) ovaetas, for
example, shown in Figure 8. Obviously, the intagratannot be made analytically. Therefore, to weitee the
area under the release curve we used “weighingad&thonsisting of printing the plot on a sheepaper and
cutting it along the axes. Then, the weight ofwhwle plot area was determined using a precisidtemioa.
Next, the area under the curve was cut and weigheelamount of the released gas is then given by
Ox* Dy*(weight of the area under the curve/weight of éinea of the whole plot), wherex andJy — are the
lengths of the plot along the axis in correspondings. Verification of the method using a simpladtion that

can be integrated analytically, for instance 3mives an error about 1-2%.

3.3.1. Calcium carbonate

We analysed 5 different aliquots of pure CaCermal decomposition of CaG@ives only CQin the
temperature range 550-780. In most of the analyses mass 44 was too highetasure since the signall
oversaturated the secondary electron multipliertanded to level off at ~2x2@ps due to multiplier dead time
(~10° s). The problem with the saturation is causechieyniecessity to find a compromise between QMS
sensitivity (in order to have good signals not omtythe main but on the second order masses &y thell
sample size (to have a reasonable sample weighiog and the reference gas flow rate (to avoidrpressure
in the QMS ion source). In this case, if possille,used the second order signals at mass 12,1& arhizch are
significantly smaller than that at mass 44 (see &igvith calibration at corresponding masses. Gttse, if the
second order masses were too small to provide mabsoprecise calculations, only a low limit of €O
concentrations can be estimated using the sigriakanhain mass, if the latter is saturated.

An example of the release pattern of,d0ring thermal decomposition of Cagi® show in Figure 7.

Maximum release is observed at 880n good agreement with known decomposition teimjpee of CaCQ

10



227  The signal at mass 44 is slightly cut off at maximielease due to the multiplier saturation effébe mass 28
228 has an additional peak at 800 however, as there is no corresponding peak as i, this is unlikely to be

229 CO,, but could be CO or nitrogen.
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231 Figure 7. Kinetics of CaCgQlecomposition during linear heating wittiréin recorded at different masses.
232 Variations in the total pressure measured at QMSalo shown. Numbers next to curves indicate m/z.
233 In order to calculate the amount of J@leased we plotted the flow rate of O®lease (in cc/s) versus time

234 (Fig. 8). In this example we determined the aredeuthe curve for mass 16 compared to the ardseaf/hole

235 plot to be 0.170. The amount of €@leased is then determined as 5x&6/s* 4000 s* 0.170 = 0.330 cc.
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237 Figure 8. Release of G&rom CaCQ versus time at%min for masses 16 and 28.
238 The kinetics of CaC{decomposition depends on heating rate: at a higkeging rate the release peak is

239 broader with a maximum at a slightly higher tempaethan at a lower heating rate (Fig. 9). Bujémeral the

240 decomposition temperature, 700220 corresponds well to that known for CagCO

11
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Figure 9. Decomposition of CaG@s recorded at mass 16 at different heating rates.

The results of all analyses of Cage listed in Table 2. There are no systematfemdihces between true

and calculated amounts depending on heating ratenaisses used for calculations: the average dawiafiall

calculated C@amounts from the theoretical ones is -0.14+23%)(1

Table 2. The theoretical and calculated amoun@®@freleased during thermal decomposition of CaCO

Sample | Theoretical | Heating Calculated amounts of GQor different masses

mass, mg| CO; Céc():ntent, or/?;?r; Mass 12 Mass 16 Mass 28 Mass 44
0.133 0.0298 6 0.0251 0.0328 0.0329 >0.0198
0.093 0.0208 20 n.a. 0.0165 0.0189 n.a.
0.109 0.0244 20 n.a. 0.0191 0.0172 n.a.
0.057 0.0128 20 0.0139 0.0158 0.0082 n.a.
0.074 0.0166 10 0.0202 0.0191 0.0245 0.0158

3.3.2. Calcium oxalate monohydrate

Thermal decomposition of CaQ,*H ,O produces water, carbon monoxide and carbon dioxi@®00, 500

and 600-700C respectively. Here we consider only release ofa@@® CQ, since our system was not designed

for water analysis. In the major gas peak at ®@nost of CO and ~25% of G@re released. The higher

temperature gas release at 60accounts for most of G@nd about 20% of CO (Fig. 10).
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Figure 10. Thermal decomposition of G&Z*H,O at 12/min heating rate. a) —the major peaks (masses@8 a

44) and the total pressure; b) — the second orelgkp(masses 12 and 16).

Pure CQand CO reference gases were used for calibratiobefore and after each sample. For calculations
of the amounts of COwe used both the main and the second order sigraalat mass 16 and 44 for ¢@nd
for CO — only mass 28, since signal at mass 1alsgnificant contribution from COThe results for calcium

oxalate monohydrate are summarised in the Table 3.

Table 3. The theoretical and calculated amoun@®@fand CQreleased during thermal decomposition of
CaGO3s*H,0.

Sample | Theoretical| Theoretical| Heating Calculated amounts of GQor different masses
mass, m C CcO rate,
) conteonzt, cc| content, cc| %min Mass 28 Mass 16 Mass 44
0.063 0.0096 20 0.0095
0.0096 >0.0062
0.042 0.0064 20 0.0074 >0.0049
0.0064 >0.0033
0.047 0.0072 20 0.0098 0.0063
0.0072 >0.0040
0.067 0.00102 12 0.0121 0.0096
0.00103 0.0084
0.056 0.0086 12 0.0088
0.0086 0.0081

The average value and standard deviation ofdlmilated values from the theoretical one is 3417

basically similar to the result obtained for CaCO

3.3.3. Palladium oxide
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268 Thermal decomposition of PdO yields 13.1 wt%ggen at about 65%C (Fig.11). The second order signal is

269 observed at mass 16. The main signal at mass 3thwadsneasurements (3 samples) too high to pevid

270 accurate calculations.

PdO

QMS signal, cps

55;) g 60 650 7(?0
271 TemperatureC
272 Figure 11. Thermal decomposition of PdO &l/rién heating rate. Numbers next to curves indicate
273 The deviations of the calculated amounts ofr@m the theoretical ones (Table 4) in the samatedysed

274  show similar scatter as was observed for other caumgs (see sections 3.3.1 and 3.3.2.).

275 Table 4. The theoretical and calculated amoun@,aeleased during thermal decomposition of PdO.

Sample | Theoretical| Heating | Calculated amounts ofQor different masses, ct
mass, mg| O, content,| rate,
ce %min Mass 16 Mass 32
0.077 0.0071 20 0.0086 >0.0040
0.196 0.018 12 0.025 >0.069
0.106 0.0097 12 0.0082 >0.051

276
277 3.3.4. Sodium bicarbonate

278  Thermal decomposition of NaHG®ccurs at about 170 with formation of HO and CQ (Fig. 12).
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Figure 12. Thermal decomposition of NaHC# 12/min heating rate. Numbers next to curves indicate

The signals at masses 44 and 18 were satutherdfore, to quantify the amounts of £&hd water we used
the second order signal at mass 28 and 17 resphctit/gives 0.026 cc of CQOrersus 0.022 cc expected from
the 0.164 mg sample aliquot used in the decompaositkperiment. The difference is within the sanmgeaof
uncertainty as observed for other decompositioregrEents (see above).

The clear release peak oftHfrom the sample suggests that water can be eegistn spite of its
condensation in the pipes between the extractiorafie and QMS. This result is used to calibrate}hES for
water. For that we calculated the integral of nia&signal over time that consists of 1.24%&ps, which
corresponds to the 1.75x1@ of water in the sodium bicarbonate sample aedly$hus, we found the QMS
sensitivity factor for water to be 1.41x30g/cps, which we used for evaluation of water conte the meteorite
samples (see section 5) suggesting that condengaticess for the reference and meteorite sampsg®in a

similar way.

4. Analysis of errors associated with QMS calilmnati

The plot in Figure 13 summarises the resulall chemical compounds analysed. As can be,sben
distribution of the relative deviations of the masl amounts from those calculated for the compsisd
almost symmetrical with median value close to zsmting to a good accuracy of the measurements. Th

standard deviation of the distribution is 22%.

4£22% (o)

number of measurements

0
-40 60

-20 0 20 40
100x(meas. - true)/true, %

Figure 13. Distribution of the relative deviatidmstween measured and true concentrations of gases f

chemical compounds analysed.

Since the flow rate calibration curvesrement a power function and the sample gas flosvisatalculated

in the form of 18°9)°9@ \yhere x is the measured sample signal and a anel talibration curve fitting

15



303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

parameters, the errors of a and b are very crifiwahe error of the flow rate. For a typical taition curve
shown in Figure 14a the errors for a and b carobed if x and y are replaced by their logarithmig)(E4b).
The calibration line is transformed into a strailyim for which errors of intercept and slope carnchlculated
using square root method. For the given examplexpeession for flow rate is x=49%"
(13.973:0.400))(2.5883:0.0960 hare y is the signal at mass 12 measured ddengmposition of the CaG@ample.
We used the error propagation calculator
(www.colby.edu/chemistry/PChem/scripts/error.htmti®agespeed=off) to calculate error of the above
expression, which consists ~45% of the x (flow ya&tdue. Similar relative error is obtained for émmount of
CO, released after integration of the release curig (Hc). The results presented in the tables Bedvs
somewhat lower errors than estimated mostly becaesgsed several calculations for the same sarhpte t
should reduce the uncertainty. In order to redbeeetror for the amount of gas to ~15% the errorstfe slope
and intercept of the calibration line should beuastl from actual 3-4% to ~1%. This seems to becaabie if
the major signals are measured on Faraday caghenditor — on multiplier. Our model of QMS does not

however allow this.

logy = 13.9730.406 + (2.5883+0.0960)*logx R=9585

1214 510°

T T T T 45 — - T T T T
" ——y=09.3897e+13 * x¥(2.5883) R=0.9971 /O ng)_ PureCOz gas mass 28 CaCO3
o
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Figure 14. Error propagation for the calculated ants of the released GQa) — calibration curve in linear

scale, b) — calibration curve in logarithmic soaléh errors, c) — release of G@ith error bars (shadow area).

5. Analyses of the standard meteorite samples Msworand Allende

As part of ESA’'s PROSPECT lunar exploratiotivéty, two reference samples of Murchison (CM2jan
Allende (CV3) meteorites have been developed aslatds for volatile species investigations (Mortiragal.,
2017). Isotopic compositions and concentration§,dfl and some noble gases have been analysecksmtine

samples using different methods. Below we explaiw the EGA of the samples can be explained and
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Figure 15. Release patterns of different gas spébiel) and pressure variations (a) during EG/efAllende

meteorite standard with heating rate®C2min. Numbers next to curves indicate m/z.
5.1. Allende

A 3.29 mg sample was used for the QEGA. Ashmreen from Figure 15a, there are three majdspea
pressure which coincide with the peaks of QMS dgyaamasses 44 and 28 (Fig 15b). The first low
temperature peak is represented mostly by massthdnmch smaller but similar shaped peaks at makses
and 28. This is a good indication that the low-temapure peak is made predominantly of,CChe major
contribution for the middle- and high-temperatuealps is from mass 28. At the same time, the pdakass 44
and 16 are significantly lower in this temperattarge. This represents clear indication that thediai and
high-temperature peaks correspond to release offGere is a contribution from nitrogen on thesaks, it
must be very low, since no signal at mass 14 isviesl.

Using calibration with pure G@as we calculated the amounts of C released aatmlhigh temperature
range. For the low temperature peak of, (ZD0-600°C) we used the signal at mass 44 and obtained
0.14+0.04% of the total C in the sample. For tighktemperature release of CO the signal at masa2®een
used that gives 0.20+0.05% of the total C in thea. So, the total calculated C concentratiom&égample is

0.34+0.07% vs. 0.4+0.1% obtained by another indéeenmethods (Mortimer et al., 2017). Taking into
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344  account all associated uncertainties with the QE@asurements and data reduction (~30%), there is a
345 reasonable agreement between the two methods.

346 Release of S(s clearly indicated by signal at mass 64 (Figl)13 here are two low- and high-

347  temperature releases of the gas associated witnmgessition of different sulphur compounds suctraiite
348 and pentlandite and oxidation of sulphur as a tefudhemical reactions with oxygen containing nmaig.

349 Notably the high-temperature release of, 8@es not coincide with the release of pure oxyajehe very high
350 temperature. The latter appears to be a resukadmposition of SiQvapours produced by the hot quartz of
351 the extraction furnace sample tube at T >1%D@hat coincides with significant increase of puges Pt foil
352 used to wrap the samples acted as a catalystdq@rtitess. Apparently, this oxygen does not playrportant
353 role in the production of SOHydrogen release is broad (Fig 15c) and seerhe tssociated mainly with
354  decomposition of organic compounds. Calculatiothefhydrogen absolute amount using calibration géth
355 mixture 2, containing 57 vol. % of hydrogen (Tab)egives 0.01 wt. % H, which is close to the values

356 determined by other methods, 0.006 wt. % (Kerrid@85; Alexander et al., 2007).

357 Finally, there is a clear release of watesthyaat low temperature (Fig. 15¢) recorded simmétzusly at
358 masses 18 and 17 (OH). Both peaks are broad withthils suggesting that water had condensed ipifies
359 between the extraction furnace and QMS. We, howdedieve that the low temperature release patern
360  water is basically not far from its true releassjite of water condensation on cold parts of #@uum system.
361 This conclusion is based on the result of analgéesdium bicarbonate which we used to evaluateviditer
362 content in the meteorite samples. With the QMSisigitg factor obtained for water (see section 38)3we

363 calculated the total water content in the Allendandard using mass 17 to be 0.11 wt. %, which thérrange
364  obtained for this meteorite earlier, 0.11-0.16%t(Robert and Merlivat, 1977) and 0.24 wt. % (Eded

365 Kitchen, 2004).

366
367 5.2. Murchison

368 2.02 mg of the Murchison sample was also asalyy QEGA. The pressure variations show basieally

369  single broad peak with a spike at 6®@0(Fig.16a). The release of most of major gasdsviogjenerally the same
370 pattern. The signal at masses 44 and 28 are nmstlapping, though in detail, considering sigralsnasses

371 12 and 16, one can conclude that,@dominating in the temperature range 200-%D0while CO in the range
372 500-1000°C (Fig. 16b). For both gases there is a spike @°69In a sense this is similar to what was observed

373 for CO, and CO releases from Allende, though without sartlextensive overlap. It is considered likely that
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release of these gases occurs due to chemicalomsbietween carbon and oxygen containing phasesspike
is obviously an indication of changing in the rafehe reactions A small signal at mass 16 at tégh (>1200
°C) temperature not supported either by a signalagts 28 or at mass 44, is probably due to methane.
Release of S0Os bimodal (Fig. 16d) and observed in the simit@nner to that for Allende temperature
range, indicating the presence of a similar sulgmntaining mineral(s) in both meteorites. A peégure
oxygen is also observed at very high temperatundagi to that in case of Allende and has the saatera
associated with SiQvapours from the quartz extraction tube. Wateelisased mostly at relatively low
temperature (Fig. 16c), but at higher concentrattiam for Allende. In general, the volatiles conten
Murchison is significantly higher than in Allendehich can be seen in the signal intensities as ageih the
total pressure recorded, especially consideringtleasample size of the latter was larger by tofaaf 1.5
compared to the former. This difference seems tm tiae with the metamorphic grade of the metexrifCM2

and CV3), consistent with the loss of volatilesidgmparent body metamorphism.
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Figure 16. Release patterns of different gas spébiel) and pressure variations (a) during EGAef t

Murchison meteorite standard with heating ratéQ/2nin. Numbers next to curves indicate m/z.
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Calculation of C concentration in tlaenple using signal at mass 16 as the measure pa@0unt and

at mass 12 for CO amount gave the total amountluf@er than expected: 5.4% vs. ~2% (Mortimer gt al

2017). Similar discrepancy is obtained for watamteat: 20% vs. ~8% (Robert and Epstein, 1982; gavin$,

1971). The reason for such differences is curramtyfully understood. This may be because mass 12
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represents not only CO but has some contributiomf€Q. This could also be due to a contribution of other
species such as methane on mass 16. The othenatiptes could be that during analysis of the sartipe
pressure in the QMS was quite high and therefaretierall conditions (in particular element fraogion in
the QMS) were different from those that have baaingd calibration. The difference in the pressuwaditions
can also affect condensation of water and, thezefowas different from that for the reference p&mAll

these possibilities will be investigated in ourtfer development of the method. For hydrogen, it
contrast to Allende, is released together with iothajor gases, we obtained a reasonable concemty&tio6
wt. %, which is close to the range for this metieort0.1 (Alexander et al., 2010) and 0.074 wtkér(idge,
1985). Close to the expected concentration weasained for nitrogen using signal at mass 14: @0s.

0.08% (Mortimer et al., 2017).

6. Concluding remarks

We consider this study as a first step towgramtitative EGA of extra-terrestrial samples. Athod of
QMS calibration with reference gases (pure or gasume) with known flow rate has been developedglo
with flow rate calibration procedures. Testing thethod with chemical compounds that can be theymall
decomposed into gaseous components with well-kngelds demonstrated accuracy though not particularl
precise results. Future work will focus on impraythe precision. For example, for major masses asc 18,
28, and 44 could be measured using Faraday cujils, thhb minor masses could be registered usingrelec
multipliers. In such cases, the multiplier satunateffect can be avoided and the signal to noise f@r minor
masses can be increased using a higher multiplieage. Along with the calibration we have develd@an
approach for more reliable identification of gasaps in the multicomponent mixtures based on tiadyais of
mass spectra of the first and second order sigrfi@ertain gases. The application of the develdp&d to the
meteorite standard samples of Allende and Murchilsanost cases yielded reasonable results. Howéher,
method requires further development and improvemearticular for water measurements. These would
benefit from a vacuum system that can be fully éeabd ~120 °C to reduce condensation of water tamnal
surfaces and thus increase the efficiency of teartsfthe QMS. A similar system has already beeéh ibwour
laboratories for different purposes and provisionsuch heating has been made in the ProSPA instrium

which will attempt QEGAn situ on the Moon within the Luna-27 mission.
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The paper describes a quantitative evolve gas analysis with application to two meteorite samples. The
method is based on calibration of the quadrupole mass spectrometer sensitivity with respect to
different gases using flows of pure gases and gas mixtures as references which flow rates were
determined by an independent method. The method was verified by analyses of pure chemical
compounds decomposing into simple gases upon heating.
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