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A simple atmosphere-interior coupling has been implemented for Venus under stagnant lid convection regime; the atmosphere gains water from the degassing,
through a parameterized model of mantle convection, including volatile exchanges between the mantle and the atmosphere (additionally, the mean depth of Evolution of the Martian Atmosphere:
partial melting is taken into account), and a radiative-convective atmosphere model computes the temperature at the planet's surface. This coupling suggests Results
that a strong links exist between inner (the solid part) and outer layers of the planets. ! 1 . . ! . .
It aJI[s.o Iselemst es_le}ent.iallt-teI studdy Ithe;: itmospheric escapée Wwhich cl;oule be a magor plera?;eter con?traitning tge suriace Ieoteditionlstduring;he ﬁfr]y ejvoIIL;[l:on of ter- First models. Evolution of maximum CO2 pressure in the
restrial planets. The Initial model of the escape we used Is very basic, so we develo IS aspect to try and see If realistic results may be obtained with a more T
P Pe y P P y anc see Y . | atmosphere of Mars over the last three billion years
complete approach. Thus we use an energy-limited approach to model the escape of hydrogen out of the primitive atmosphere and its entrainment of rare First results are shown to the right on the upper panel. We wanted to
gazes. We compare the evolution of rare gaze depletion and the final (after 4.6 Gy) isotopic ratios to those measured by Venera missions. Results show that have an estimation of the state of the atmosphere at any given time with
depending on the extent of the exosphere and the temperature it reaches, it is possible to explain the present isotopic ratios with only the hydrodynamic the main constraint that we obtain the real situation at the present time.
escape, especially with hot (such as 500 K to 1500 K) and extended (4 to 8 times the size of the planet) exospheres. For COZ that means we enforce present pressure to be just below , ¥
Since hydrodynamic escape mostly takes place during the first hundreds of million years, other processes for atmospheric escape have been considered in 10mbars. We then go back in time to find how pressure must have evol- < oA
order to quantify the loss of volatiles during later periods. Using data from Mars Express and several models such as ones created by Leblanc (2001) or Chas- ved to attain this fttatet: SOTE’ study was also done on Wfter press”re’l but, ' m i s ¢
sefiere, Leblanc and Langlais (2006), a model for the evolution of Martian atmosphere and volatiles has been set up. Crust production rates from a model by B gy CIeSsL Termalit GancaIn HDypisse L SoUTtes R D i -
B | (2006 " : fsp th s o : 4 th lut £ th . CO2 and SO2 of th h : died th 3 ice-caps, ice stored in regolith...), results were still dubious. We did notgo 5 8§ Tig Ty
.reuer et al. ( . ) are t_a en as Input for the mante- egessmg an t- e evo uhon of the content in water, an of t e atmosphere Is studied throug . back further than 3 Gy. Earlier, many events can occur that are not easily 2@ el
different scenarios. We first focused on the present s!tuatlon as described by a_veﬂable data such as ones from Mars Express in order to study the late evolution | constrained and whose effects are thought as very important such as &J 9 35 S __j?xm_h
of the Martian atmosphere. It appears that a production of at least 0.05 to 0.1 is needed for the atmosphere to be at steady state. bombardment, and, very early, hydrodynamic escape. & A
Our second interest is to have a view of possible evolutions of the Martian environment over the whole history of the planet and to try to relate it to specific fea- | O u = Present
tures discovered, and especially with sulfate formations detected by the OMEGA spectrometer. Here we can first see CO2 maximum pressure when only atmospheric ~ 001 | ) 02
escape is considered. This means that even 3 Gy ago it was unlikely for _ R Pressure
Evolution of the Martian Atmosphere: - FTTTTT B e picamadiavaid S l Mars 1o have a3 U@ ReminaSEn e, This 15 CORERIINWIth > Roesin- | | ' Maximi pressure considering only atmospheric escape
- : 1027 i — O7Spitiaved . plying that thick CO2 atmospheres would first condensate then precipi- P : g y P .p
Atm oS pherlc Escape and DGgﬁSSlng. = I --=-= O Dissociative ?eco*rﬁr_:ir‘-ﬂti&zr\ tate at ~1bar. The two other curves take into account degassing based on .‘\". Maximum pressure considering escape and degassmg
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_ _ | _ . e i - : + . O picked up ions crustal production rates frem' Breuer et al. (2006). Velues for the maxi Maximum pressure with escape, degassing and correction
A simple model is used to compute the evolution of different volatiles over time in the atmosphere of ® ; mum CO2 pressure are significantly lower and stay in the order of several o A T
Mars during the last 3 Gy. We focus on Water and CO2. On the first order we consider degassing © 1026 - I to several tens of millibars. The red one includes a correction used to re-
(input of geses) and escape (which removes the gases from the atmosphere) as the two main pro- T : present the fact that today Mars is still active (Neukum et al, 2004, shows 0‘0%00 25'00 | 35'00 ' 4500
cesses which control the history of the atmosphere. 2‘ i that volcanic events occurred less than 100My ago with phases of activity Time (My)
t= as young as 2My). The amount of present volcanism was arbitrarily y
Atmospheric Escape. % 1025 L chosen to balance present atmospheric escape, which might be the case. | | | | . .
R Further study is being done to get reliable data from the observation and . . .
Since our model focuses on the last 3 Gy, the main processes for atmospheric escape are non-ther- § maybe be able to decide if the atmosphere of Mars is at a steady state or Evolution of Maximum CO2 pressure over time
mal. We use data from Chassefiére, Leblanc and Langlais (2006) for sputtering, dissociative recom- = is slowly lost into space.
bination, ionospheric outflow and ion pick-up to estimate the amount of CO2 and H20 lost to space. 1024 L What is really interesting is the minimum around 2Gy. It shows we can 0-03t ‘ : g _ _ i
-Sputtering corresponds to a mechanism where ions produced in the corona or in the ionosphere can E obtain today's atmosphere for Mars without needing much primordial at- RETTRRNES 4 9 1200om CO2Z'with 3 efficiency. —
reimpact the neutral atmosphere with enough energy to lead to the ejection of important quantity of : mosphere. In fact most of what we see nowadays might well be a pro- BT T i "ale0ppm CO2 with 30:6 P
neutral atmospheric particles. duce of volcanic activity _thus a secondary (and quite recent) I e RS RP™ CO2 with @8% efficency — |
-During dissociative recombination, ions produced in the ionosphere by UV photo-ionization recom- atmosphere _ instead of the remnant of a primordial atmosphere. ?
bine with electrons and form in some cases energetic neutrals with enough energy to escape Mars. i — C sputtered i = /”"“_“\
-lon pick-up: ions produced by photo-ionization, electron impact and charge exchange in the Martian 1026 L ---- C Dissociative Recombination Further study. S 0.02! \ )
exosphere are then dragged along by the moving solar magnetic field lines wrapping the planet. o - .+ C picked up ions 3 E :
-lonospheric outflow: ions are produced within the ionosphere (below the exobase) and can flow in e : : We considered several models to test the influence of CO2 content in the g
some case up to the ionopause where they are also dragged by the solar wind. Solar UV emission is —8 e . melted material used for the degassing. We assumed that 30% of the vo- :I- y
supposed to be higher in the past than at present time, thus explaining the higher values before 2 "5 1023 R T L E latiles were released into the atmosphere in this model (as shown to the ') 7
Gy. e O < ] right on the middle panel). CO2 contents vary from 120ppm to 1200ppm. LE} 1
= | i We observe that for very low CO2 degassing, a part of the primordial at- 2 . = = 4
Degassing. 2 2a | Epeao | mosphere remains. However, as soon as the amount of CO2 available < 0.01F -
E 10 E = =3 : - ' - . (s} [
E : 3 gets higher, the maximum CO2 pressure drops. This means that with S {
As an input for the amount of volatiles released into the atmosphere, we use data from a numerical 2 d these models, the whole present atmosphere is secondary and originates f
study from Breuer and Spohn (2006). They compute the amount of crust produced during the evolu- — i only from recent volcanism. We can estimate an age for these atmosphe- / ]
tion of the Martian mantle. They employed a parameterized model of stagnant lid convection with {8 e res and it can be as young as 1.25 Gy. f
crust production, core cooling and mantle melting. The model is constrained by both crustal thic- : : These scenarios imply that some process must have efficiently removed /
kness and magnetic field history with help from data from Mars Pathfinder, Mars Global Surveyor . ;_, """"" :Is """"" 4 """" (almost) all the primordial atmosphere. Heavy bombardment must have 3 f
and Mars Express. We compared these results with other data from Hartmann and Neukum (2001), Tirne in Gy played a role in this, since it is accepted that it could remove up to 99% of 1500 2-5'00 4500
obtained by observation of the surface of the planet. And the observation seems to show that activity Above : Loss rate of Oxygen (upper pannel) and Carbon (lower the atmosphere, but some other mechanisms might be involved to | Time (M
is not as strong as the numerical seems to imply. We still use input from Breuer et al. but it seems pannel) for Mars, due to non-thermal processes. Estimations from remove part of the late volcanism-produced atmosphere (before 1.5 Gy). gty
important to point out this difference. We are currently trying to get new estimates of recent volcanic Phobos and Mars Express missions are also shown (reproduced It must be noted that, compared to what we can find on Earth, the CO2
resurfacing in order to better constraint our data. Chassefiére et al. 2006). contents we used are low. It might be realistic to go up to 4000ppm. Mo- X | | | . .
reover, higher degassing efficiency mlght be used. Thus t-he Martian et- Evolution of maximum CO2 pressure over time
' _ mosphere may be even younger than it is shown on the figure. If studies
20 - ——— . —— » " Volcanic Resurfacing enable us to have good data concerning recent activity, we could model
| Evolution of Crust Production Rate r _ - _ the late period more accurately. CO2 content might also have a strong in- 20 SAR 30K oMclehcy, Inftial mantle semperature : 1800K |
| il T ::wﬂft‘m:‘e’“:ﬁ"’ fluence on late evolution since it is not sure that late degassing balances A, s 1okl ok -
| g — — present escape. More data is needed to solve this problem. AR IR e maperaluies
= f, % i | ‘E‘ 1200ppm CO2, 30% efficiency, initial mantle temperature : 2000K ——
F"DE“ ! & : Other models where used to study the influence of global activity on the o 0.04 - 600ppm CQ2, 30% efficiency, initial mantle temperature : 2000K ——— _
. | -E : evolution of maximal CO2 pressure. Breuer et al (2006) give several E’
o i £ I curves for crust production rates depending on the initial temperature of 2
g ~'§" . : O N » the mantle. We compared results for a 2000K mantle and a 1800K one. @
.(% 101! 2 | L (Figure to the right, lower panel). s
= z —— The red curve corresponds to the cases above and is shown for compa- g
o Mantle temperature of 1800K — s rison. We see that for very low CO2 content, 'higher" pressures can be E
; Mantle temperature of 2000K —— 2 obtained, however, as soon as we use higher CO2 contents, the same x
= g’ . pattern occurs and it appears that present atmosphere is a secondary E 0.02 |
< volcanism-produced one. )
» The atmospheres obtained with these scenarios are a little older than in ©
L the precedent case due to the late period of lower volcanic activity (the
\ / \x A : 2 : 0 last 1.5 Gy instead of the last 750 My).
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Above : Evolution of crustal production rate (from Breuer et al. 2006). Two models are Sl c:‘fnly mtere;ted |E_thhetlas; StGy here|~_antd thatlthe[_scalefshour:s 1500 2500 3500 4500
shown : one with a hot initial mantle (2000K) and one with a lower mantle temperature ehadiiate poriviy gl lencsio-complicasa avaliatie e orms Time (My)
(1800K). volume. (Reproduced from Hartmann and Neukum (2001).
Results.
Atmosphere : Coupling and Escape.
Several parameters are investigated such as the time when the escape starts, the
20 L geometrical factor (directly linked to the amount of energy available for the escape, Isotopic ratios after the escape of the atmosphere of Venus:
T o= it is the radius of the zone where energy from the Sun is absorbed by the atmos- - “"herf eﬁ'_“tet';‘:?;' 5:;./0 f“dﬁgjome"'Cat'hfacft.or‘5 c
Basic coupling. phere. Its usual value is 2 planetary radiuses but when the temperature at the exo- 14 - e e e B B
Atmosphere base is high or when the atmosphere expends, it can reach higher values) or the 4000 :ggg
We first used a simple convective-radiative atmosphere model based on a work by Phillips — temperature at the exobase. The figures to the right show some of the results ob- - B e
et al (2001) in the case of Venus. The convection parameterized model provides the amount R tained for these models. They display calculations for different values of the pre- 12 2000—1000
of volatiles released by the mantle into the atmosphere. The atmosphere model calculates e cited parameters and show the area (red square) where results are expected to = .
the green house effect and gives a surface temperature to the convection model. The pro- stay if they are to fit with in-situ measures. _ z
gram compares a radiative temperature (in the upper part of the atmosphere, due to the A We can see that isotopic ratios decrease when exobase temperature increases up S 10
green house effect) given by : to a value of 2000K. After this value, isotopic ratios increase. This is due to the =
R"ﬂ:;’m competition of two different effects affecting fractionation. One is the escape and b
o Ts the other is the gravity. At high temperatures, the atmosphere is sufficiently hot to 8
(where 7. is the effective radiative temperature of the atmosphere (323 K) and:izjis the total Degassing bring heavy elements in high amounts to the upper levels of atmosphere. Thus the
opacity in the infrared due to green house gases) - Do ' effect due to gravity is removed and the fractionation is decreased. s
with a convective temperature (in the lower part of the atmosphere, found with an adiabatic - When observing the difference between results at different starting dates, we see 5 | | : | . . |
gradient) and given by : Tlz)=T =Tz Y Y that the case starting after 30My presents a real difference. This leads us to think 45 47 4.9 51 5.3 5:5 57 5.9
¢ _T:C"Z'} » f| 7(2) + lJ MANTLE that after 30My a significant part of the escape has already been done in the other 36AI33Ar
where I is the adiabatic gradient and T, the previous sdriace temperature. S i casee. Escape is mest active during the f_lrst tens million years; after that it is a lot isolopic retlos affertha escape of the stmosphere of Venus:
Pae o pebde ] less important. This is supported by previous figure of hydrogen flux out of the at- ease WhaTe T BR /= 15% ahd ceorneirical HEloris .
We also chose to allow the atmosphere to escape into space. In this experiment this was " Ocean mosphere. 14 - Temperature at the Exobase is shown on the figure.
done in a very basic way with a simple exponential decrease with a time constant of about It should be noted that we usually fall into the area of "realistic values" for tempera- San
160 My (Grinspoon 1993). This should represent the hydrodynamic escape of Hydrogen tures between 500K and 1000K. For a geometrical factor of 2, we need even 13 300
due to Extreme UV. higher temperatures. This does not agree with the hypothesis from Kasting and ¢ cha
JUU
S hematic Raure vapresaniing The THiS bAeen et CArS OF e rows] Pollack (1_983) that temperature at the exobase of Venus s_houid be around ZSQK to 12 .
300K, which are surprising low values. To get results that fit the present data with 4000 a *
We used the program in two ways: one which is fully coupled and one where the new sur- temperatures of 300K, we need to have a geometrical factor of more than 12 pla- o ! 1000
face temperature is calculated but not used by the convection model. On the figure on the netary radiuses. This could be the case but it seems quite extreme. S 1 2000
right, we can thus see the influence of this parameter and see how important it is to link the 0.1 For almost every case we tried, isotopic mixing ratios where of the right order. That L
different layers when studying planets. is to say they fitted the present values. This however was not true for the Neon S
0.09 | which stayed at high abundances no matter what case was chosen. 3
Several tests have been run and it appears that they all seem to show a first event characte- 008 " _ _ ' . 8
rized by a high surface temperature. This corresponds to the early massive degassing by ’ We 2'50 Investigated thﬁ‘ amount of water lost in each case. It varies from around 3
the mantle in our convection models. After this event, atmospheric hydrogen escapes and 3 0.07 to 7 "Terrestrial Oceans” (depending on the temperature at the exobase of the at- 7
surface temperature decrease over the first three billion years to reach values which are i o mosphere of Venus) for a geometrical factor of 2 to 10 to 12 for 4 planetary radiu-
lower than those we can measure on Venus at present time. This value corresponds to a dry % - N R o ses and to 30 to 40 for a geometrical factor of 8. These quantities seem huge but it 6 l . . . . | |
atmosphere. E gosl/ 2% X ';U”y couypled e : was already known that when attempting to explain present isotopic ratios only by 45 47 49 5.1 5.3 5.5 5.7 5.9
Even if the early high temperature is not alarming (Kasting proposed this possibility in 1986) 5 . - Hydrodynamic escape would lead to the loss of many "terrestrial oceans”. Maybe 36Ar/38Ar
: : . = : \ o planetary surface is active, . . -
and could be an argument in favour of a primordial magma ocean, the late "low" surface R e uncoupled model an estimation of the amount of water lost by the planet can help to constraint the | @ start at 1My = Start at 3My 4 start at 10My = Start at 30 My |
by a recent activity on Venus that was not modelized such as an hypothetic global resurfa- & | 1000 o e Isotopic ratios after the escape of the atmosphere of Venus: ot st 1 Exnbons il LN,
cing but we need to find out if with minor changes, our model could lead to more realistic 0.02 case where efficiency=15% and geometrical factor is 13,3. 94
present surface temperatures. 900 X A Temperature at the Exobase is shown on the figure. Start at 1my. .
Reduction of the "active" surface of the planet to 25% of the total surface reduces sensibly 0.01 ?_:, 13 ¢ 300
the temperature reached during the first millions years but fails to lead to more permanent 80X + SO0 "
change in the surface temperature. Even with this approach, not enough water is degassed . 2 2
in the later period. 700 11 H +500
Even the late degassing due to the change of convection regime from plate tectonics to sta- \ L
gnant lid (see curves above, in the first part) fails to induce a late increase of surface tempe- 600 N & 10 % -
g o
rature. x 2e g +500 Z 4000
This is due to the atmospheric escape which doesn't allow high quantities of H20 in the at- 500 % g -
mosphere in more recent times. Since the model we used for this part of the program is 0 500 1000 Sy 4000 z 8 3000 « 1000
really crude, it seems interesting to investigate further atmospheric escape and try and ik 7 .Af}ﬁ 8 ’15%
model it more accuratew- Figure showing the surface temperature and degassing of Venus for coupled (blue) and *
In the present state, this model can still illustrate the need to study the coupling between at- uncoupled (green) models and the influence of the active surface of the planet (black , 6 E
mosphere and inner dynamics. The difference between the fully coupled model and the one 25% of surface is active). Initial water content is 0.1 Terrestrial Ocean, Initial mantle tem- 5 o ’ ﬂ@@@
: o i perature is 2500K. - ZUUH 6 . . . . : . .
where atmosphere has no influence on mantle evolution is plain to see.
4 ; | : . : . . . . . 4,5 47 4.9 5,1 5,3 5,5 5,7 5.9
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Atmospheric escape Ar38/AraS + startat 1My B start at 3My 4 start at 10My - start at 30My
We have realized a simple model for the atmospheric escape from Venus. The program cal- Conclusions and perspectlves.
culates the amount of hydrogen lost into space due to hydrodynamic escape. We do not take _ _ _ _ _ _ _
into account the effect of sputtering, impacts or solar winds. We can also find out the amount Our purpose is to better understand what kind of mechanism can occur in the atmospheres of other terrestrial planets. Here, with studies of Mars and the
of noble gases dragged along during the outflow of hydrogen and compare the results with Altitude late evolution of its CO2 pressure and Venus and its early hydrodynamic escape, we can better understand what led to the present state of the planets we
data from the Venera missions. Two aspects of this work are interesting. First, we could use —_— ) study.
this parameterization of the atmospheric escape in the coupling, secondly this study can give P ol [ B The simple numerical models we used to compute the late evolution of Mars' atmosphere tends to imply that the present atmosphere we observe on the
gof’d '"2'?? an "’th”:el’; h?'tdmdyt':f'm'c es:ap,e has_atmajor 'nﬂ';'tence ﬁ“_thﬁ]evo'”t’o': Otf f'a" planet might not be the remains of a primordial one but, on the contrary, only a secondary atmosphere produced mainly (if not entirely) by recent volcanic
Z?tﬁ : Ztm o:‘pnhee?‘e L2 atneuechianisins) nto accounkSaE s msthe.current state Heterosphere o activity. The atmosphere might indeed be as young as 1Gy. Moreover, it seems that it never was thick and dense during the past 3 Gy, based on the evolu-
This approach is based on work by Zanhle and Kasting (1987),Kasting and Pollack (1983), simospHare tlo.n of COZ pressures. _ " . _ _
Hunten, Pepin and Walker (1987) and Chassefiére (1996). 120 Still, we need more data on recent volcanic activity (i.e. during the last 500My or 1Gy) to better constrain the degassing.
" The CO2 content of melted materials is also an important parameter and stronger constraints are needed to be able to get more precise and more signifi-
The model is energy-limited. The EUV Flux on top of the atmosphere gives the energy cant results.
needed to create a thermal escape flux which will drag along elements and molecules whose Once this is done, a geochemical study of the contents of the atmosphere during each scenario and its comparison with available data would allow us to get
mass is lower than the critical mass #22_.. < more constraints on the evolution of the atmosphere. It might be particularly interesting to study Argon and to have a look at isotopic fractionation of Carbon
b kTF m —m, N, e "L and Nitrogen. Depending on it, we could narrow the window for the age of the atmosphere, assuming that it is as young as this study implies.
m.=m + bg)( ‘Fl == N NH Hydrodynamic escape on Venus
n. —m
1 c 1 : . : : : , : :
Where 1 refers to H and 2 the element that is dragged along. N is the quantity of the ele- The'atmospheric escape is the most technical part of what needs to be improved. Wlth_our very s!mple approach, we left aside twe malr? features of atmos-
ment, m its mass, F its flux out of the atmosphere. T is the temperature, g the gravitational pheric escape: the cold trop at the boundary between stratosphere and troposphere which would limit the amount of hydrogen available in the upper layers
acceleration, b the diffusion parameter, and k the boltzmann constant. of the atmosphere (it could only get there by diffusion through the cold trap) and the effect of oxygen in the escape (oxygen can be dragged along by hydro-

gen and would slow the flux toward space).




