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We discuss the use of Mdéssbauer (MB) spectroscopy to study
Fe-bearing minerals on Venus’ surface. At present, there is no di-
rect information about the mineralogy of Venus’ surface, although
in situ chemical analyses by X-ray fluorescence (XRF) spectroscopy
have been done by the Venera 13, 14, and Vega 2 spacecraft at three
landing sites. The XRF elemental analyses are sensitive to major
rock-forming elements heavier than sodium and show the presence
of several mass percent iron. Normative mineralogical calculations
model the Fe mineralogy at the Venera 13, 14, and Vega 2 landing
sites, but the actual Fe minerals present are unknown. We calculate
synthetic MB spectra for the normative Fe minerals at the Venera
14 and Vega 2 landing sites. Some calculations include several mass
percent of the Fe oxides (magnetite, hematite) and sulfides (pyrite,
pyrrhotite) that are frequently discussed in the literature as being
present on Venus’ surface. Our results indicate that the normative
iron minerals at the different landing sites can be identified, quan-
titatively measured, and distinguished from each other using MB
spectroscopy. We also find that about 1 mass percent of any of the
different iron oxides and sulfides considered in our modeling should
be detectable using MB spectroscopy. This is significant because the
loaded dielectric model for low radar emissivity regions on Venus
requires several mass percent of Fe-bearing phases. The tempera-
ture dependence of the MB spectra is also calculated. Finally, the
implications of these results for future spacecraft missions to Venus
using MB spectroscopy are discussed.  © 2000 Academic Press

Key Words: Venus; Mdsshauer spectroscopy; mineralogy; geo-
chemistry; pyrrhotite; pyrite; olivine; fayalite; ferrosilite; clinopy-
roxene; orthopyroxene; magnetite; hematite; Venera 13 and 14;
Vega 2.

INTRODUCTION

servations of the surface, and thermodynamic calculations a
laboratory studies of atmospheric weathering reactions (Fegl
et al.1997a). Gamma ray analyses by five landers (Venera 8,
10andVegaland 2) give elemental abundances for U, Th, and
X-ray fluorescence (XRF) analyses by three landers (Venera ]
14, and Vega 2) give elemental abundances for major elemel
heavier than sodium. All the analytical data are summarized al
discussedin Feglestal.(1997a), and descriptions of the gamme
ray and XRF experiments are given in fle CDP4C4A1 on th
companion CD-ROM.

Iron is one of the most abundant elements detected by t
XRF analyses of Venus’ surface. The theoretical mineral con
positions of the three landing sites analyzed by X-ray fluore:
cence have been calculated by Barsu&bal. (1982, 1986) and
are given in Table I. These theoretical mineral compositions a
called normative compositions (or normative mineralogies) ar
are indicated, but not proved, by the elemental analyses. T
computational method is called the CIPW norm, after the fol
geologists who devised the method, and it is described in det
by Johannsen (1939) and in other petrology texts.

Table | shows that the normative minerals atthe Venera 13, 1
and Vega 2 landing sites include three Fe-bearing phases (f:
alite FeSiO, dissolved in olivine, ferrosilite FeSidissolved
in pyroxene, and ilmenite FeTKD Laboratory studies and the-
oretical models predict that other Fe-bearing minerals such
magnetite (FgO4), hematite (FgO3), and pyrrhotite (nonstoi-
chiometric Fe sulfide with the general formula; E€S, where
x is less than or equal to 0.125) may also be present on Vent
surface, even though they are not predicted by the normati
calculations for these three landing sites.

Why is information about Fe-bearing minerals on Venus’ sut
face important? First, Fe-bearing minerals are involved in cher

At present, there is no direct information about the minerakal reactions with C-, O-, H-, and S-bearing gases in Venu:
ogy of Venus’ surface. Instead, our knowledge of the surfae¢émosphere. These reactions include oxidation-reduction re:
mineralogy is derived from chemical analyses and radar dimns (Fegleyet al. 1995a, 1997a,b) and production of reducec
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2 KLINGELHOFER AND FEGLEY

TABLE | effect) by®°’Fe nuclei in a solid to investigate the splitting of
Normative Mineral Compositions nuclear energy levels that is produced by interaction of the F
nuclei with the surrounding electronic environment. Jheay

Mineral Venera 13 Venera 14 Ve922 source is normally’Co, which decays to the 14.41 keV excited
Orthopyroxene (EFs:s) _ 18.2 o5a4 Mossbauer nuclear stateBfe. In general, the nuclear energy
Clinopyroxene (WgsEnzsFsie) — — 2.8 level structure of the Fe-bearing sample is different than that ¢
Diopside (CaMgSiOs) 10.2 9.9 —  the®Co source (because of different oxidation states, chemic
Olivine (ForsFaps) 26.6 9.1 138 environments, and/or magnetic order). Thus, the energy of tl
ﬁrb?tr;h(':\leaflgg boi')zoa) 2;:5 ;’g:s fg:g’ sourcey -rays must be modulated to achieve resonance. This
Orthoclase (KAISiOg) 25.0 1.2 o5 done using the Doppler effect by mounting fH€o source on
Nepheline (NaAISiQ) 8.0 — — a velocity transducer and moving it with respect to the sampls
limenite (FeTiQ) 3.0 2.3 05 A MB spectrum is the relative number pfrays per second re-
Total 100.0 100.0 100.0  emitted from (back scattering geometry) or absorbed by (tran

Note.Barsukovet al. 1982, 1986, mf|s;|on geomet(rjy) a salmpleI f]\s a flﬁr:\ztBlon of thefrela'uve ve_loc_n
aThe orthopyroxene is 75 mol% enstatite EMgSiOsz) and 25 mol% fer- of the source and sample. Althoug spectrafor transmissic

rosilite (Fs= FeSiQ). and backscattering geometry are mirror images (i.e., downwa
b The clinopyroxene is 48 mol% wollastonite (WoCaSiQ), 36 mol% en- and upward peaks, respectively), the MB pattern is the san
statite, and 16 mol% ferrosilite. in the two cases. This is illustrated in Fig. 5 of Klingefar

¢ The olivine is 75 mol% forsterite (Fe Mg,SiO4) and 25 mole% fayalite

(Faz Fe,SiOy). et al.(1996), which shows transmission and backscattering M

spectra for a Hawaiian palagonite.

The different Fe-bearing phases in a sample and the oxid
sulfur gases in the Venus sulfur cycle (Fegley and Treiman 19%9idn state(s) of Fe atoms in each phase are determined frc
Fegleyet al.1995b, Fegley 1997, Hong and Fegley 1997, 199§)eak locations in the MB spectrum. The peak areas give the re
Thus, determination of the nature and the abundance of fegive abundances of Fe atoms in the corresponding phases. If
bearing minerals in rocks and soil will provide important inforatoms (perhaps with different oxidation states) occur in differ
mation about atmospheric weathering processes. Second, pet-crystallographic sites in a mineral, the relative abundanc
cent levels of Fe-bearing sulfides such as pyrite ffré@ve of Fe atoms in the different sites can also be measured. If tl
been suggested to explain low radar emissivity regions on Verprsperties of the absorber vary with temperature, the MB spe
(Pettengillet al. 1982, 1988). Other materials, such as volatileum will depend on the measurement temperature. This is t
compounds of trace metals with high dielectric constants, havase for the Fe minerals expected to be present on Venus, ¢
been proposed to explain the low radar emissivity (Bracketierefore temperature effects have to be considered. Spacec
etal.1995, Pettengiktal. 1996). However, itis stillimportantto MB spectrometers flown to Venus will probably be operated a
consider analytical methods to detect and distinguish Fe sulfidgsear, room temperature because the solid state detectors ¢
such as pyrrhotite and pyrite that may be present at abundaneggly used do not work at higher temperatures. However, tf
of several mass percent. Finally, knowledge of the nature asample itself can remain at high temperature.
abundance of Fe-bearing minerals in basaltic rocks will provide Each Fe mineral has its own characteristic fingerprintin a M
important information about igneous processes inside Venusspectrum. Figure 1 illustrates this point and shows the charact

Iron Mossbauer (MB) spectroscopy is an excellent methdstic room temperature (backscattering) spectra for some of tl
to determine the Fe-mineralogy and the relative abundancenaiherals plausibly present on Venus. The calculated MB spe
Fe-bearing minerals on the surface of a rocky body such agram at the bottom of Fig. 1 is a composite of all the subspect
planet, satellite, or asteroid (e.g., Klingefeietal. 1995, 1996, shown, with the relative areas of the different components beir
Klingelhdfer 1999). The key feature of MB spectroscopy is thgdroportional to the relative amounts of the different iron bearin
the Fe minerals present, their relative abundances, and the pixases. The apparent complexity of the composite MB spectru
idation state(s) of Fe in the different minerals are determineday lead to the question of how such a measured spectrum c
directly. This information cannot be obtained from XRF spede deconvolved to give information about the Fe-bearing mir
troscopy which, unlike MB spectroscopy, measures the toeals present and their abundances. This is routinely done usi
elemental abundance of Fe in all minerals present in the sacomputer programs that fit the observed MB spectrum with spe
ple (e.g., total Fe in metal, oxide, sulfide, and silicate). MBa of individual component minerals. The choice of componer
spectroscopy is useful fan situ analyses of planetary surfacesninerals is normally guided by the type of sample being stuc
because no sample preparation is required if a back scatteliggs For example, Fe-bearing minerals that are only stable at a
geometry is used. below room temperature may be included in fits to MB spectr

Several books such as Bancroft (1973) give good descriptiasfanartian surface samples, but probably would not be include
of the theory and technique of MB spectroscopy, and we orily fits to MB spectra of venusian surface samples. Independe
briefly review the essential points here. Iron MB spectroscoyformation such as an elemental analysis is also useful for d
uses resonance absorption of 14.41 ke¥ays (the Missbauer ciding whether or not to include Fe-bearing minerals containin



MOSSBAUER SPECTROSCOPY ON VENUS 3

L L with the data. The CIPW normative calculations use ideal mir
; hematite ) eral formulae such as FeTi@or iimenite, FgO,4 for magnetite,

‘ Do and FeO; for hematite. By analogy with terrestrial geology, we
N N o expect that on Venus these minerals will also exist as solid sol
T tions containing other components (e.g., titanomagnetite inste

iimenite of pure magnetite). These solutions are not modeled in the CIP
o .. norms or in our calculated MB spectra. However, elsewhere v
ortho-pyx (M2) 5/ discuss our experimentally measured MB spectra of tholeiit

basalts (Feglegt al.1995a, Klingelloferet al. 1996). These pa-
othopyx (M1) A5 % T pers show that MB spectra of basalts can be used to identify a
measure the relative abundances of the constituent Fe-bear
minerals in basalts and also show that MB spectroscopy can t
L olivine i the difference between pure phases (e.g., ilmenite, magneti
and their solid solutions.

The synthetic MB spectra discussed here were calculat
Total ] using a data analysis program developed at the University
Darmstadt (Klingelbferet al. 1992, Gelleret al. 1993). It cal-
culates the spectra as a superposition of a number of individt
and characteristic mineral subspectra which can be singlets (s
gle line spectra), doublets (quadrupole split two line spectra
and sextets (magnetically split six line spectra), respectivel

FIG. 1. An example of a calculated backscatteringddbauer spectrum The reson.ance lines are modeled using a V°'9t pr.of|le, which
showing the characteristic subspectra of the different Fe bearing phases and§@nvolution of a Lorenzian line and a Gaussian line (Rancol
total spectrum, which is the composite of the subspectra. The same type€b@l. 1991).
lines are used for these minerals in subsequent figures except in the case of tig]ossbauer parameters (i.e., the isomer shift, the quadrup
dashed line, which is also used for pyrite and pyrrhotite as noted in the ﬁngﬁlitting, and the magnetic hyperfine splitting) that are chara
captions. See the text for more details. . . . . .

teristic of different Fe-bearing minerals are taken from the lite

ature. The isomer (or center) shift is a measure of the electr
a particular element. The computer fits are varied such that @fnsity at the Fe nucleus and gives information about the oxid
sum of all subspectra gives the best match to the data as defitied state of the Fe atom. The quadrupole splitting is caused |
by a statistical criterion such as chi squared. Examples of MB electric field gradient (at the Fe nucleus) originating eithe
data analyses for natural samples are given in some of our otfiem an asymmetric electronic configuration in the neighbot
papers (e.g., Feglegt al. 1995a,b, Klingelbfer et al. 1995, hood of the Fe nucleus or from a non-cubic crystal structurs
1996). or from both effects. The magnetic hyperfine splitting of the

In this paper, we consider the use of spacecraft MB spdticlear energy levels is caused by a magnetic field at the |
troscopy for studying the Fe mineralogy of Venus’ surface. Weucleus that is present only in magnetic fields such as Fe me
do this by calculating synthetic MB spectra for the Fe mine@r hematite. In all cases we have selected the most typical f
als present in the normative mineralogies at the Venera 14 daeter sets (see Table Il). We used linewidths (the full width :
Vega 2 landing sites. We then illustrate changes to the MB spé@!f maximum, FWHM) that are typically found for terrestrial
trum of the Vega 2 landing site due to the addition of smainerals. We do not expect significant line broadening effec
amounts of Fe oxides and sulfides. Then, we examine the @f., an increase in the FWHM) at Venus ambient temperatur
fects of high temperature on some calculated MB spectra. We
conclude by discussing the useinfsitu MB spectroscopy on TABLE Il
future spacecraft missions to Venus. Preliminary results of this
work were presented earlier (Klingelfer and Fegley 1996).

Rel. Intensity [arbitrary units]

-8 -4 0 4 8

Velocity [mm/s]

MB Parameters Used in the Calculations

Isomer shift  Quadrupole Rejative intensity (mass%)
(mm/s) relative  splitting

CALCULATION OF MOSSBAUER SPECTRA

Component to Fe (mm/s) Venera 14 Vega 2
We calculated M$shauer spectra for the normative Fe—bearira;;;tho’:,ymxene 11.16 2.60 (M1) 61.42 60.05
minerals at the Venera 14 and Vega 2 landing sites. Table | 2.14 (M2)
summarizes the normative mineral compositions calculated ®§nopyroxene +1.17 2.30 (M1) — 5.9
Barsukowet al. (1982, 1986) from the XRF elemental analyses. +1.05 2.14 (M2)
Other authors have also calculated normative mineralogies frqitf"> Iié? 3'22 3%% 321'26
the XRF data, but we use the Russian results because they mg ' ' 100 100

the XRF analyses on Venus and are presumably more familiar




4 KLINGELHOFER AND FEGLEY

(660—740 K) for the minerals under consideration. For exarbhackscattering MB spectra for the normative Fe minerals at tt
ple, significant line broadening effects due to Fe diffusion idega 2 and the Venera 14 landing sites. The subspectra of t
olivine have been observed only at temperatures of about 140hdividual minerals, which are olivine, orthopyroxene, clinopy-
(WiBmannet al. 1996). roxene, and ilmenite, as well as the sum of the subspectra, ¢
The relative intensitiesi, of the different Fe mineral phasesshown in each case. The sum of the subspectra shows what
were calculated from their relative amoungg ¢alues), taking perimentally measured MB spectra at each landing site wou
into account the different Debye—Wallefr{factors and the cor- look like. The spectra clearly show the difference in mineralog;
responding stoichiometric factos (see Fegleyet al. 1995b, between the two landing sites. The most pronounced differen
Meiselet al. 1990). Average values for thie factors of the dif- is due to the higherilmenite content at the Venera 14 landing sit
ferent phases at room temperature were taken from the literatwtd@ch gives rise to the double-peaked structure in the center
(De Graveet al. 1991, Feglet al. 1995b). The formula used is the MB spectrum (at velocities from abowtl to +2 mm s2).
The shape of the outer, main resonance lines, which are a sur
Ax = Ok x (Ei A X § x elk)/S( (1) position of the olivine and pyroxene lines, is also different, bu
not as pronounced as for the inner part of the spectrum. The mg
whereg is the weight percentage of componkntX is the ratio  difference is the linewidth, which can be extracted by the ME
of the Debye—Waller factors of componehtandi (fx/fi),and data analysis program. These calculations show tresdidauer
Ok is normalized to the sum of all Fe-bearing components. spectroscopy would be able to determine the Fe mineralogy
each landing site and to determine the differences in mineralo
RESULTS AND DISCUSSION between the two landing sites. As will be discussed later, th
high temperatures on Venus’ surface might enhance the spect
Mossbauer spectra for the Venera 14 and Vega 2 landifigsolution, but in any case would not decrease the resolutic
sites. Figure 2 shows the calculated room temperature (300 Kjth respect to the 300 K spectra displayed in Fig. 2.

Detectability of Fe sulfides. The XRF elemental analyses de-
. tected percent levels of sulfur at the Venera 13, 14, and Vega
' ' ' ' landing sites (Surkoet al. 1984, Barsukowet al. 1986). Al-

300 K [ olivine though the XRF analyses report sulfur as;S@is does not
I |i_j I=0-px x;_‘j'_‘f_f | necessarily mean that sulfate minerals are present because X
[T o emssnnsa gives elemental, notmineralogi(_:al, information.As discussedt
imene T e Fegleyet al.(1997a), the S-bearing minerals that may be prese

on Venus include anhydrite (CagQpyrrhotite (Fe_«S), and
pyrite (Fe$). By analogy with terrestrial petrology, Fe-bearing
sulfides containing other metals may also be present on Ven
(e.g., Fe—Ni sulfides such as pentlandite (Fe34i)and Fe—Cu
sulfides such as chalcopyrite CubgThere is very little discus-
sion of such sulfides in the literature about Venus’ geochemist
and mineralogy. However, Ni and Cu are less abundant than |
(in chondritic material, and in the Earth’s crust), and neither wa
detected in the XRF analyses, so we can reasonably expect t
Fe—Ni and Fe—Cu sulfides may be less abundant than Fe sulfic
on Venus. We thus focus here on pyrrhotite and pyrite. Thes
two minerals are easily identified and measured in MB spect
- of laboratory samples (e.g., see the transmission MB spectra
Fig. 6 in Fegleyet al. 1995b).
To indicate the sensitivity of MB spectroscopy for these Fe
{1 sulfides, we calculated spectra by adding different amounts
pyrite and pyrrhotite (with the formula FgesS or FeSg) to the
Vega 2 landing site mineralogy. For example, Fig. 3 shows ca
culated spectra at 300 K for the Vega 2 nominal mineralog
Velocity [mm/s] with 0-9 mass% pyrite added. The results in Fig. 3 indicate th:
about 1 mass% of pyrite is easily detectable. This is significal
FIG. 2. Calculated room temperature (300 K) backscatterirastliauer hecause, as noted earlier, percent levels of Fe-bearing sulfic

(MB) spectra for the iron-bearing minerals calculated to be present at the V‘Hbive been Suggested to explain low radar emissivity regions (

era 14 and Vega 2 landing sites. The CIPW normative mineralogies were calgcy- .
lated by Barsukoet al. (1982, 1986) from the XRF elemental analyses and a&)énps'(Pettengnét al. 1982, 1988) . . . .
listed in Table I. The vertical lines at the top of the figure show the positions of Similar results have been obtained for pyrrhotite, which i

MB peaks for the different minerals. also detectable at about the 1 mass% level. Iron-poor pyrrhoti

Venera 14

Rel. Intensity [arbitrary units]

Vega 2
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; T : I : T T T T T Fe oxides can be detected clearly at the percent level. Examp

300 K R {1 of the calculations for hematite are given in Fig. 5. The arrow
in the figure point to one of the outer lines of the six resonanc
lines of hematite.

0 % pyrite
Calculated MB spectra at Venus surface temperaturésp
to this point we have discussed spectra calculated for room te
perature (about 300 K). However, surface temperatures on Ver
range from about 740 K in the lowlands to about 660 K at th
top of Maxwell Montes. We now discuss temperature effects c
the calculated MB spectra for Fe oxides, silicates, and sulfide
Our calculations of temperature effects used the available hi
temperature MB parameters in the literature (e.g., Mitra 199
Burns 1993, Cornell and Schwertmann 1996), but only a fe
MB experiments have been done at Venus surface temperatut
Thus, in several cases we had to extrapolate the available dat:
the temperature range of interest. Below we summarize brief
the temperature dependent spectral characteristics of the mir
als which were included in our calculations. In all cases we a
sumed that the isomer shift is temperature independent, whict

2 % pyrite

5 % pyrite

Rel. Intensity [arbitrary units]

- 9 % pyrite

-3,0 -1,5 0,0 1,5
Velocity [mm/s] -

FIG. 3. Calculated room temperature (300 K) backscatterirgssbauer
spectra for the Vega 2 landing site normative Fe mineralogy plus different
amounts (mass%) of pyrite (F&SPyrite (represented by the dashed line) shows -
up as a doublet component with a center shif-6f30 mm s and a quadrupole
splitting of 0.6 mm s (room temperature values). The positions of the two
pyrite MB peaks are indicated by the vertical dotted lines labeled (2). Following
European convention, the comma is used as the decimal point onakis in
this and subsequent figures.

(FerSs) has a Curie temperaturéd) of 578 K so the MB spectra

have a different appearance above and below this temperatui
This behavior is illustrated in Fig. 4. At 300 K, below the Curie
temperature, the MB spectrum of pyrrhotite displays a super
position of three magnetically split sextets. However, at highel
temperatures, above the Curie temperature, pyrrhotite appee |
as a broad doublet with a small splitting value. -

- 6 % pyrrhotite

Rel. Intensity [ arbitrary units ]

Detectability of Fe oxides. Magnetite is commonly present =
in basaltic rocks on Earth and by analogy may also be preser |
in basaltic rocks on Venus. Laboratory experiments, Venera lar .
der observations, and theoretical models suggest that hemati 6 -4 ) 0 2 4 6
is present and presumably forms by atmospheric weatherin
on Venus’ surface (Pieterst al. 1986, Fegleyet al. 1995a,b,
1997b). Transmission MB s'pec'tra of terrestrial tholeiitic basalt FIG. 4. Calculated backscattering ddsbauer spectra at 300 and 660 K
before and after thermal oxidation show that MB spectroscoyp of Maxwell Montes) for the Vega 2 landing site normative Fe mineralog)
can easily detect percent levels of magnetite and hematite @nd 6 mass% pyrrhotite (78). In the 300 K spectrum pyrrhotite appears as
distinguish between the two oxides (Fegéyal. 1995b, 1997a, a superposition of three magnetically split sextets. The arrows in the top par
Klingelhdfer et al. 1996). show the position of the outer MB peaks of the three pyrrhotite subspectra. .

660 K pyrrhotite is paramagnetic and its MB spectrum appears as a narr
Wwe CaICUIated, room temperature (300 K) MB Spec'Fra fcElroublet at about-0.65 mm s. The doublet looks like a single peak and is
the Vega 2 landing site mineralogy where we added differefkrked by an arrow and a vertical dotted line. The pyrrhotite MB spectrum |

amounts of hematite or magnetite. The results indicate that theggesented by a dashed line in both panels.

Velocity [ mm/s ]
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300 K

T T TABLE Il
(3) : Quadrupole Splitting (QS) Values (mm/s)

Qs 300 K 650 K 700 K 750 K
I 0 % hematite

Orthopyroxeng M1 2.60 1.31 1.08 0.93
M2 214 1.88 181 1.76

Clinopyroxene M1 2.30 1.00 0.80 0.65

Olivine® M1 2.93 2.13 2.03 1.92
M2 3.03 2.39 2.28 2.19

1%

a Extrapolated values according to Van Alboetnal. (1994).
bMeasured and extrapolated values for natural olivine after Stanek
] (1986).

about 6 mass%, so neglecting the less intense second doul
does not affect the results significantly.

4%

Rel. Intensity [arbitrary units]

Olivine. The crystal structure of olivine is orthorhombic,
and there are two nearly octahedral sites, M1 and M2, which ce
be occupied by Fe atoms. Below about 300 K, the two parama
netic Méssbauer doublets overlap completely and have near
identical parameters. At higher temperatures, the quadrupc
; doublets of the M1 and M2 sites in natural olivine can be re
- solved, and a linear dependence of the quadrupole shift wi
8 temperature is observed (Mitra 1992, Staetlal. 1986). We
) used values given by Stanek al. (1986) for temperatures up
Velocity [mm/s] to 623 K (see also Mitra 1992), extrapolating them to a slightl
higher temperature of 740 K in our calculations (see Table I11)

FIG. 5. Calculated room temperature (300 K) backscatterirgssbauer
spectra for the Vega 2 landing site normative Fe mineralogy plus different Hematite. Pure hematitex-FeOs) is weakly ferromagnetic
amounts (mass%) of hematite (&k). Hematite shows up as a magneticallygt room temperature, and the correspondingsbbauer spec-

1 1

split sextet component (six MB peaks) with a center shift of abdu87 mm s+, trum consists of a sextet (six resonance "nes) with a sme
a magnetic hyperfine field splitting of 16.67 mmtsand a quadrupole splitting

of about—0.2 mm s (295 K values). The vertical dotted line (3) marks one oguadrupqle splitting 0f-0.20 mm s and amagnetic hyperfine
the outer hematite peaks. This is easily distinguished at a hematite abunddield splitting of about 16.67 mn1$ equivalentto 51.8 Tesla (T).
of 1 mass percent. The outer four hematite MB peaks coincide with the solithe magnetic hyperfine field and therefore also the splitting c
line for the total spectrum while the inner two hematite MB peaks appear agife MB spectrum is temperature dependent and follows an a
dashed fine. proximate Brillouin curve (Cornell and Schwertmann 1996)
The Curie temperaturé&: of pure hematite is 956 K and there-
areasonable assumption taking into account the expected endéogy well above the maximum surface temperature on Venu
(i.e., velocity) resolution of a spacecraft MB spectrometer. Théematite shows a structural change at the Morin temperatur
second order Doppler effect is not considered in the calculatioffg, which is at about 260 K. Belowy,, hematite is antiferro-

Pyroxene. The pyroxenes are single-chain silicates with twg'2gnetic. At the high temperatures on Venus’ surface, the ma
distinct Fé* sites (M1 and M2) appearing in the MB spectrunﬁ‘et'c hyperfine f|e_ld spI|tt|ng_|s rt_aduced, compa_red toa 300 |
as two ferrous quadrupole split components (see Fig. 1). §Bectrum, according to a Brillouin curve behavior. The value
magnetic splitting is observed at room temperature and abo_ggjtalned from this relation and used in our calculations are give
The temperature dependence of two different orthopyroxeriBsiable IV.
was experimentally and theoretically studied by Van Alboom
et al. (1994) up to a temperature of 490 K. The quadrupole
splitting linearly decreases with increasing temperature for tem-
peratures above about 250 K, and we used a linear extrapolation

TABLE IV
Magnetic Hyperfine Splitting (HFS) (mm/s)

o HFS 300 K 650 K 700 K 750 K
of the splitting values for temperatures up to 750 K. The values
used in our calculations are given in Table Ill. No high tem-  magnetite A 15.78 12.23 11.20 10.38
perature data are available for clinopyroxene and we used the B 14.81 11.48 10.52 9.74
same linear behavior as for the orthopyroxenes, but with differ- Hematite 16.67 1411 13.55 12.89
entstarting values at 300 K. We also used only one doublet (M1) Yot ”' 895701 - - -
in the calculations for clinopyroxene, because at the Vega 2 land- m 8.40 _ _ .

ing site the abundance of the clinopyroxene component is only
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Magnetite. Pure magnetite (R€,) is ferrimagnetic atroom begin (e.g., Theia Mons, Ozza Mons), and (c) 660 K at the tc
temperature and has a Curie temperature of 850 K, which is sig-Maxwell Montes. For reference, the Vega 2 landing site i
nificantly less than for hematite (see above). There are two diffdr2 +- 0.2 km above the modal radius of 6051.4 km and is at
ent Fe sitesinthe crystal structure giving rise to two magneticatigmperature of 730 K.
split sextets in the magnetite MB spectrum. The temperaturelnthe calculations, we assumed that the relative Debye—Wall
dependence of the magnetic hyperfine fields for both sites is faetors are temperature independent over the 300-740 K ran
same as for hematite. The magnetic hyperfine field splitting&e absolute values of the Debye—Waller factors decrease ¢
for different temperatures (i.e., different elevations) on Venupbnentially with increasing temperature (e.g., see De Gra
surface can be obtained from this (see Table V). In generat,al. 1991, Mitra 1992), and for simplicity we assume that the
the temperature dependence of the magnetic hyperfine fielderease is about the same for different Fe phases. The decr
for magnetite are very similar to those obtained for hematibeg Debye—Waller factors result in decreasing intensity of bac
and they will not be discussed further in this paper. Howevescattered MB radiation. The implications of this effectifositu
as noted earlier, the MB spectra of magnetite and hematite aneasurements at high temperatures on Venus will be discus:
quite different and the two phases can be easily distinguisheelt.
from one another. Figure 6 shows the change in the shape of the MB spectra (..

the outer curves) with temperature (and elevation). At 740 k

Pyrite. Montano and colleagues studied pyrite thermal deoprresponding to the temperature of the venusian plains, the c
composition at temperatures up to 713 K and found that the ig@rent components are actually better resolved than at 660 K (t
mer shift changed slightly due to the second order Doppler effegtMaxwell Montes) or even at 300 K. This improved resolutior
and the quadrupole splitting at high temperatures was almost i@ compensate partially for the decrease in intensity due t
same as atroom temperature (Bommannavar and Montano 19freased Debye—Waller factors.

Montano and Vaishnava 1981, Montaeial. 1981). Based on e are also interested in the sensitivity of MB spectroscopy |

their data, we assume that the sensitivity of MB spectroscopyrfinor components such as Fe sulfides and Fe oxides atthese t
pyrite at high temperatures is similar to the sensitivity at room

temperature (see Fig. 3). We also note that the kinetic data ob-
tained by Montano and Vaishnava (1981) for pyrite thermal de- T T T T T y T T T
composition support our laboratory data showing that pyrite will
decompose rapidly on Venus’ hot surface (Fegley 1997, Fegle
etal.1995b, 1997a, Hong and Fegley 1997, 1998).

Pyrrhotite.Pyrrhotite is unstable but decomposes very _
slowly on the surface of Venus (Fegley and Treiman 1992,
Fegleyet al. 1995b). At room temperature (300 K) the MB 'S
spectrum is composed of three magnetically split subspectr >
(see Fig. 4) which can be attributed to the three different Fe ©
sites in the structure of F&g. If more Fe-rich pyrrhotites are
present they will exhibit more than three magnetically split
subspectra (e.g., see Fegleyal. 1995b). Because the Curie
temperature is 578 K for F& (Burns 1993), pyrrhotite is
paramagnetic at Venus surface temperatures and produces
doublet in the MB spectra. Figure 4 displays calculated spec
tra at 300 and 660 K for the Vega 2 landing site mineralogy—
and a pyrrhotite content of 6 mass%. Gonchasbwal. (1970)
studied pyrrhotite MB spectra up to 463 K and found only a
small increase in the quadrupole splitting and a small change i 740 K
the isomer shift (due to the second order Doppler effect). Theil
results do not extend above the Curie temperature, but the smz
variations observed for the MB parameters up to 463 K are con
sistent with our use of room temperature MB parameters fol -3,0 A5 0,0 15 3,0
pyrrhotite.

660 K

705 K

Intensity [ arbit

Rel

Velocity [ mm/s ]
Temperature effects on MB spectra for the Vega 2 landing site.
Using the data discussed above, we calculated MB spectra fOFIG. 6. Calculated backscatteringddsbauer spectra for the Vega 2 land-

th tive F . | t the V/ 2 landi ite at th ing site normative Fe mineralogy as a function of temperature. The calculat
€ normative e mineralogy at the vVega 2 landing site at tnrgfa - i composed of five Fe-bearing components: olivine (M1 and M2 site;

different surface temperatures: (a) 740 Kiin the plains, (b) 705e M1 site in pyroxene, the M2 site in pyroxene, and ilmenite. The types c
at about 5-km elevation where the low radar emissivity regiofises used for these five components are the same as in Fig. 1.
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temperatures. We therefore calculated spectra at Venus ambie
temperatures for the Vega 2 Fe mineralogy plus minor amount:
of Fe sulfides or oxides. As an example, Fig. 7 shows MB spectr:
at 660 K for the Vega 2 Fe mineralogy plus different amounts
of pyrrhotite. The position where the pyrrhotite line shows up is
marked by an arrow. These calculations suggest that MB spectr
measured at high temperature are sensitive to Fe sulfides and Iy,
oxides at the 1% level, just as found for MB spectra at 300 K. E
As described above, the magnetic properties of hematite (an i
of other magnetic minerals such as pyrrhotite and magnetite) ar g
temperature dependent. Figure 8 shows calculated spectra at d%
ferent temperatures for the Vega 2 Fe mineralogy plus 4 mass?®g
hematite. The positions of the hematite resonance lines chan¢—
significantly with temperature, as indicated by the arrows. But%‘
even at the highest temperature the hematite signal is still clearl
resolved. The results for magnetite are very similar, even thougl
the Curie temperature of pure magnetite is about 100 K lowel_.
than that for hematite. As mentioned earlier, titanomagnetites&l:’
instead of pure magnetite, may be present on Venus. Titanc
magnetites have lower Curie temperatures than pure magnetit
and titanomagnetite with sufficiently large Ti contents becomes
paramagnetic at Venus surface temperatures. Paramagnetic

" Vega 2 + 4% Hematite

300 K

T T T
660 K Vega 2

T T T T T T T

0 % pyrrhotite

1 % pyrrhotite

3 % pyrrhotite

5 % pyrrhotite

Rel. Intensity [ arbitrary units ]

-3,0 1,5 0,0 1,5 3,0
Velocity [ mm/s ]

Velocity [ mm/s ]

FIG. 8. Calculated backscatteringddSbauer spectra at different tempera-
tures for the Vega 2 landing site normative Fe mineralogy plus 4 mass% hemati
which is shown by a dashed line. The position of the hematite MB peaks chang
with temperature because of the temperature dependence of the magnetic pr
erties of hematite. This movement is illustrated by the vertical lines (5) an
(6), which mark the 300 and 740 K positions, respectively, for one of the oute
hematite MB peaks.

tanomagnetite will appear as doublets in the MB spectra (e.(
see Feglegt al. 1995a).

CONCLUSIONS AND IMPLICATIONS

Each Fe mineral has its own characteristic MB spectrun
which is a fingerprint for the identification of Fe minerals. The
synthetic MB spectra computed for the normative Fe mineralc
gies at the Vega 2 and the Venera 14 landing sites indicate tf
MB spectroscopy can identify the Fe minerals at each site ar
can distinguish the different Fe mineralogies of the two land
ing sites. The different ilmenite abundances at the Venera
site (~8%) and the Vega 2 site-(L%) are easily distinguished
in the MB spectra. Furthermore, the calculated spectra for tt
two landing sites show that Fe-bearing olivine and pyroxene a
easily seen and that hematite, magnetite, pyrite, and pyrrhot
could be detected at the 1% level. The calculations also shc

FIG. 7. Calculated backscattering ddsbauer spectra at 660 K for thethat high temperature MB spectra are useful for mineral ider

Vega 2 landing site normative Fe mineralogy and different amounts (mass?
of pyrrhotite (FeSg), which is shown as a dashed line in this figure. The arro

/ﬂcation. Thereforejn situ MB spectroscopy would be very

marks the narrow pyrrhotite doublet, which looks like a single broad MB peakS€ful for identifying and measuring the relative abundances

Also see

Fig. 4 for pyrrhotite MB spectra at 300 and 660 K.

Fe-bearing minerals present on Venus’ surface.
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The harsh environmental conditions on Venus’ surface coand Vega landers. However, this problem is common to mar
strain the operation of a spacecraft MB spectrometer on Venasalytical instruments (XRF, XRD, UV, visible, IR spectrome-
We now consider briefly some of these constraints taking thers).
design of the M3sbauer backscattering spectrometer on theWe recommend that further laboratory work should be done
Mars Surveyor 2001 (APEX payload) and 2003 (ATHENA rovemeasure MB parameters for Fe minerals at Venus surface te
payload) missions as a guide (Klingeflr 1999, Klingellofer peratures. In particular, variation of the Debye—Waller factor
et al.1996). as a function of temperature should be investigated for sevel

A Mossbauer spectrometer for a Venus mission would hasemmon Fe minerals for temperatures up to about 800 K. Tt
a mass similar to the APEX instrument (about 500 g). This itemperature dependence of the quadrupole splitting, in particu
strument would operate in backscattering geometry and thefer-pyrrhotites, has not been studied for the relevant temperatt
fore no special sample preparation is needed. The sample haatme and should be done. Finally, the issues involved in desi
be positioned a few millimeters in front of the instrument beaf mechanical equipment for sample acquisition and handlir
cause the intensity of backscattered MB radiation decreases ahtigh temperatures and high pressures for a MB spectrome
the necessary integration time increases with increasing distanoe other analytical instruments also need to be studied.
between the sample and detectors. The sample is separated from
the detectors by a window which can sustain the high tempera-
ture and high pressure of Venus'’ lower atmosphere. Beryllium is
asuitable window material because it can withstand the physicathis work was supported by the German Space Agency DLR (Grant 50 Q!
conditions on Venus and is very transparent tosgbauer radia- 9208 1), the NASA Planetary Atmospheres Program (Grant NAG5-4564), ar
tion. During Operation the tem perature of the detectors (Si-PMTO Collaborative Research Grant 931476. We thank R. Osborne for editin
diodes, which are Si diodes with very thin P- and N-doped la* Johnson and T. Prespgr for‘ helpful discussions, and B. Campbell and

. . . ... anonymous referee for their reviews.

ers at the front and back sides, respectively, and a thick intrinsic
part in between) should not exceed10 K because the de-
tector noise increases significantly for temperatures above this. REFERENCES
Thus, the detector (but not the whole instrument) has to be kept
below this temperature during the time spectra are measur%%ncroft_, G. M. 1973M'(')ss_bau_er Spectroscopy An Introduction for Inorganic

) . Chemists and GeochemisWiley, New York.
Measurement times are typically a few hours and depend on thé .
Fe content of the sample, thedskbauer source activity, andBarsukov, V._ L., Yu. A Surkov, L. V. 'Dmltrlyev, and I. L. Khodakovsky 1986.’

e Geochemical studies on Venus with the landers from the Vega 1 and Vegze

the total numbers of detectors (or the total sensitive detectopohesGeochem. Inti23, 53-65.
area). Thus, operation of a MB spectrometer on the surfaceg@fsukov, V. L., Yu. A. Surkov, L. P. Moskalyeva, O. P. Sheglov, V. P.
Venus would probably require cooling by phase change materikharyukova, O. S. Manvelyan, and V. G. Perminov 1982. Geochemical ir
als and/or active refrigeration. Other analytical instruments suclyestigation of Venus'’ surface by Venera 13 and VeneraGiebkhimiyal,
as XRF spectrometers, X-ray diffractometers, and visible-IR899-919-
spectrometers using solid state detectors have similar opeRgimannavar, A. S., and P. A. Montano 19823dbauer study of the thermal
. . . . . decomposition of FeSin coal.Fuel 61, 523-528.
ing constraints that are imposed by the need to maintain the

detect £ i t lative t bient diti Brackett, R. A., B. Fegley, Jr., and R. E. Arvidson 1995. \olatile transport ol
eteclors at low temperatures relative to ambient condiions OrQ/enus and implications for surface geochemistry and geolbg@eophys.

Venus. Res. Planet400, 1553-1563.

Another possibility might be to operate the MB spectromet@fns, R. G. 1993. Mssbauer spectral characterization of iron in planetan
at higher altitudes where itis much cooler. This could be done asurface materials. IRemote Geochemical Analy¢@ Pieters and P. Englert,
part of a balloon mission where samples would be taken duringrds.), pp. 539-556. Cambridge Univ. Press, New York.

a short excursion close to the surface (e.g., by a sampling snak@ypbell, B. A., R. Greeley, E. R. Stofan, M. H. Acuna, A. Chutjian, D. Crisp

and then be brought to higher altitudes for analyses of the rocK: Cutis: B. Fegley, J. Guest, J. W. Head, K. Laasen, J. P. Mustard, and
. .. . . Senske 1999. The VEVA Mission: Exploration of Venus volcanoes and a

and _SO” Samples' One concept for a balloon mlsslon enVISIO_n%osphereProc. Lunar Planet. Sci. Conf. 3Qthbstract 1667.

ﬂoatmg at altitudes of 40 to 60 km, CorreSpondmg to amb&fomell, R. M., and U. Schwertmann 1998e Iron Oxides: Structure, Proper-

ent temperatures of about 410 to 260 K (Campbedl. 1999). ties, Reactions, Occurence and Uges. 110-125. VCH, Weinheim.

The advantages of high altitude (i.e., low temperature) operatig Grave, E., and A. Van Alboom 1991. Evaluation of ferrous and ferri

would be a reduction in the detector noise level and an increas®iossbauer fraction®hys. Chem. Mineral$s, 337-342.

in signal intensity because of increased Debye—Waller factorsgley, B., Jr. 1997. Why pyrite is unstable on the surface of Vdoagis128§

Longer integration times would also be possible because coolé74-479.

ing of the detectors and associated electronics is not an isdtagley, B., Jr., and A. H. Treiman 1992. Chemistry of atmosphere-surface ints

All of these factors lead to MB spectra with better statistical actions on Venus and Mars. Wenus and Mars: Atmospheres, lonospheres

. . . . .and Solar Wind Interaction§). G. Luhmann, M. Tatrallyay, and R. O. Pepin,
quality. The sample handling would also be easier at higher alti; e yay P

Eds.), pp. 7-71. AGU, Washington, D.C.
tudes becaus? of the Iower,temperatures and the lower pres%&ey, B., Jr., G. Klingelbfer, R. A. Brackett, N. Izenberg, D. T. Kremser, and
Sample handling on Venus’ surface would be more complex, ak. | odders 1995a. Basalt oxidation and hematite formation on the surface

demonstrated by the sample handling equipment on the Venen&nus.lcarus118, 373-383.
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