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Introduction:  Multiple lines of geologic evidence 

now point to an episodically warm surface during the 

late Noachian and early Hesperian periods 3–4 Ga [1].  

Climate models that consider only the greenhouse gas-

es carbon dioxide (CO2) and water (H2O) have been 

unable to recreate warm surface conditions, given the 

lower solar luminosity at that time [2]. Recently it has 

been suggested that hydrogen (H2) in the Martian at-

mosphere could have caused warming by collision 

induced absorption with CO2 [3].  It is predicted that 

5–20% H2 in a CO2 and water atmosphere at  1 bar is 

required to keep the surface temperature above the 

freezing point of water.  Planetary models suggest that 

nitrogen was abundant in the early Martian atmosphere 

as dinitrogen (N2).  However, it has been lost by sput-

tering and photochemical loss to space [4, 5], impact 

erosion [6], and chemical oxidation to nitrates [7].   A 

similar warming effect is expected in H2-N2 atmos-

pheres by collision–induced absorption [8]. The pres-

ence of hydrogen could have had an important role in 

the chemistry of the Martian atmosphere.  Here we 

present experimental data and theoretical calculations 

that investigate the efficiency of different simulated 

martian atmospheres containing CO2, N2 and H2 to fix 

nitrogen by bolide impacts at the time the Gale sedi-

ments formed. 

Experimental:  Simulated Martian atmospheres 

were prepared with a mixture composed of H2 (0-

20%), CO2 (0-100%) and N2 (0-100%) using a mass 

flow measuring and control gas blending system [9]. 

Bolide impacts were simulated in the laboratory by 

shocks created under different simulated Martian at-

mospheres by focusing a pulsed laser Nd-YAG beam 

of 1.06 m at 1 bar [10].  The shock wave velocity was 

determined to be >60 km s
-1

 at 20 ns [11], and the elec-

tron temperature and density were 17,000 K [11, 12] 

and 4.0 10
17

 cm
-3

 [12] at 1 s, respectively. 

The gases were analyzed by gas chromatography 

(GC) coupled to mass spectrometry (MS) using elec-

tron impact at 70 eV.  A calibration curve for NO was 

done by preparing different NO mixtures in N2 [13].  

Theoretical: The energy yield for the production 

of NO generated by bolide impacts was estimated fol-

lowing the model of Chameides et al. [14], in which 

about 50% of the energy of the impact was dissipated 

by the shock wave in the form of heat, according to the 

following equation: 

 

 NO 
              

                               
 

 

Where, ENO is the number of NO molecules produced 

per joule; NA is the Avogadro constant;  f NO(TF ) is the 

nitric oxide equilibrium mixing ratio at the freeze-out 

temperature (TF);  n is the mole fraction of the gas in 

the mixture; and Cp is the specific heat at constant 

pressure.  f NO(TF ) was computed using FactSage, a 

thermodynamic-based equilibrium speciation program 

[15]. 

   Results and Discussion:  Figure 1 shows the ex-

perimental and predicted energy yields for the produc-

tion of NO as a function of the CO2/N2 percent content 

by shockwaves in simulated primitive Martian atmos-

pheres in the absence and presence of 10% and 20% 

hydrogen.  Only a few experiments were carried out in 

the absence of hydrogen as previous studies have ex-

tensively investigated the production of NO by shocks 

created by sparks [16] and laser induced plasmas [13, 

17] under this condition.  Our experiments are in good 

agreement with previous studies.  The results indicate 

that the energy yield of production of NO increases 

from ~1.910
15

 molecules J
-1

 at 98% CO2 to 

~1.310
16

 molecules J
-1

 at < 80% CO2. This yield 

does not vary down to about 50% CO2. At lower con-

tent of CO2 the NO yield drastically decreases to 

~2.4 10
14

 molecules J
-1

 at <20% CO2 and then slow-

ly diminishes to ~1.110
14

 molecules J
-1

 at  <2.5% 

CO2.  The expected freeze out temperature for NO in 

shock heated air (N2/O2) is 2300 K [14].  The predicted 

trend (solid magenta line) using this freeze out temper-

ature is in good agreement with our experimental data 

at CO2 levels 50%.  At lower CO2 levels the freeze 

out temperature for NO is probably much lower result-

ing in a diminishing in the NO yield. Surprisingly there 

is a 1.7-fold and 2.6-fold increase in the experimental 

NO energy yield when 10% and 20% H2 are included 

in the system, respectively.  Assuming that TF for NO 

is maintained at 2300K, the expected NO energy yield 

is expected to drop by a factor of 0.3, and 0.1 in 10% 

and 20% H2, consecutively as shown by the dotted 

lines in figure 1.  In order to explain the sudden in-
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crease in the NO energy yield when H2 is included, the 

TF for NO must change to 2650K, and 3000K in 10% 

and 20% H2, successively.  This implies that the shock 

wave cools off much faster in the presence of hydro-

gen.  

 

 
Figure 1. Variation of the nitric oxide energy yield as a function of 

the CO2/N2 percent content by shockwaves in simulated primitive 

Martian atmospheres.  Symbols (, , and ) are experimental 

data,  and lines  predictions for gas mixtures containing for 0% (ma-

genta), 10% (blue) and 20% (red) hydrogen.   The symbols , , 

and  are from references 13, 16 and 17, respectively. 

 

Figure 2 shows the estimated upper and lower 

boundaries of the nitrate fixation rate by bolide im-

pacts on early Mars. For this calculation we consid-

ered: (1) The martian impact flux [18]; (2) Only 50% 

of the impact flux led to nitrogen fixation, and was not 

eroded from the atmosphere into space; (3) The energy 

deposited into the atmosphere was calculated as mv
2
/8, 

where m is the impactor mass and v is its speed [18]; 

(4) An intermediate speed velocity of 12.7 km/s was 

considered for silicate and icy bolides [18]; (5) The 

lower and upper limits for the fixation rate were de-

rived from experiments at 98% CO2, 2% N2, and 40% 

CO2, 40% N2, and 20% H2, respectively; and (6) It was 

assumed that all NO was converted to nitrates. 

Gale crater is estimated to have formed between 

3890 to 3680 Myr depending on different crater age 

techniques [19].  The expected nitrate fixation rate 

would have varied from 514 to 3.8 g cm
-2

 Myr
-1

 at 

this time (See Fig. 2).  The alluvial activity that led to 

the formation of the lake, and brought the sediments 

that turned into the Cumberland mudstone at the bot-

tom of Gale crater is estimated at ~3300 to 3200 Myr 

[20].  At this time the nitrate fixation rate drastically 

dropped from 4.4 to 0.1 g cm
-2

 Myr
-1 

(Fig. 2).  None-

theless, nitrates were detected in this material at levels 

of 0.33-1.1 mg/g, and are the highest levels found at 

Gale crater [21].  The sediments that formed this mud-

stone were transported from material eroded from the 

crater rim that formed at an earlier age, 4210350 Myr 

[22].  Consequently, the nitrates detected at Cumber-

land were likely formed before and/or during the Gale 

forming impact when the nitrogen fixation rate by bo-

lide impacts was higher (0.3 g cm
-2

 Myr
-1

 to 19.3 g 

cm
-2

 Myr
-1

, see Fig. 2), and gradually accumulated on 

the surface, and later were transported to the bottom of 

Gale crater by alluvial activity.  

 

 
Figure 2. Upper (blue) and lower (red) boundaries of the nitrate 

(NO3) fixation rate by bolide impacts in the Martian atmosphere 

relevant to Gale crater.  
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