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Introduction:  Steep slopes on Mars effectively 

record the history of fluvial erosion, and therefore, 

climate conditions in the past. We have found [1] a 

strong latitudinal zonality of steep slope occurrence on 

Mars: steep (>25-30°) slopes are almost absent in high 

latitudes We have interpreted this [1] as a result of in-

tensive slope degradation, when the summer day-

average surface temperature exceeds the melting point 

of ice, which, under the Late Amazonian thin atmos-

phere conditions is only possible at high latitudes, and 

only when the spin-axis obliquity and the orbit eccen-

tricity are high; this occurred episodically throughout 

the Late Amazonian. Thus, intensive degradation of 

steep slopes is a good indicator of warm conditions. 

Here we analyze slopes of crater walls in the low lati-

tudes of Mars: in that zone the signature of early ero-

sion was not erased in the Amazonian, while craters 

enable characterization of ages in a statistical way. 

Crater wall slope data:  We used the global cata-

log of impact craters on Mars by S. Robbins [2] and 

measured the steepness of the northern and southern 

crater walls with individual topographic profiles from 

Mars Orbiter Laser Altimeter MOLA onboard MGS. 

We limited our analysis to craters in the 4 km – 32 km 

diameter (D) range, totally ~5.3×104 craters. We im-

plemented an automated algorithm that extracted all 

individual MOLA profiles crossing each crater within 

0.25D from its center and found the steepest center-

facing segment of each profile within the expected 

range of wall distances from the center. For robustness 

of this heuristic algorithm, we excluded non-circular 

craters. Typically, each crater has 2 – 3 profiles or 

more, and the median number of slope measurements 

per crater is 10. The slopes are measured at a 300 m 

baseline (the distance between sequential MOLA 

shots). The measured along-profile slopes were recal-

culated into wall slopes assuming their radial orienta-

tion. Then we calculated the median of all found steep-

est segments in each crater and use the result as a sin-

gle measure of the steepest wall parts, which we refer 

to hereafter as “slope”.  

Crater modification with time involves degradation 

of crater walls through different kinds of erosion and 

creep, as well as accumulation of materials both trans-

ported from the degrading walls and brought from out-

side [e.g., 9]. Usually the steepest parts are located in 

the higher portions of the craters walls and are prone to 

degradation, while accumulation occurs in the lower 

parts of the crater. On this basis we assume that our 

“slope” is an indicator of wall degradation and, there-

fore, of erosion and creep. Of course, our assumption is 

valid only as a first approximation: under some circum-

stances, accumulation may affect the upper steep parts 

of crater walls. 

Age estimates:  Overall, we successfully obtained 

slopes for ~4.3×104 craters, ~81% of the total number 

of craters in the selected size range. To compensate for 

the missing 19%, we divided all measured spatial crater 

densities by 0.81. This correction ignores possible cor-

relation between slope measurement failure and crater 

degradation; our analysis shows that this admits a bias 

in absolute crater densities at a few % level and does 

not affect the results. We formally applied the Neukum 

production function (NPF) from [4] and chronostrati-

graphic period boundaries from [5] to convert the spa-

tial crater density N(4 km)-N(32 km) into chronostrati-

graphic periods. The actual size-frequency distribution 

(SFD) of craters on Hesperian terrains is remarkably 

similar to the NPF shape, therefore our identification of 

the Noachian / Hesperian boundary is accurate. Noa-

chian terrains have a shallower SFD, and boundaries 

between periods within the Noachian may be biased. 

Analysis and interpretation:  For analysis of 

crater degradation on Early Mars, we used the low-

latitude zone between 35°S and 35°N, where Amazoni-

an-age obliquity-driven climate variations are minimal, 

and no crater wall asymmetry is observed either in 

morphology or in statistics. We compared slope-

frequency distributions for craters superposed on geo-

morphologic units of different age; we took the unit 

identification from the digital version of the recent 

global 1:20M geologic map of Mars [3].  

Slope degradation in the Noachian. Fig. 1A com-

pares wall slopes for Early Hesperian terrains (curve 

eH, combined units eHv and eHh from [3] dominated 

by volcanic plains in Hesperia Planum) and Noachian 

highlands (curve Nh, combined units eNh, eNhm, 

mNh, mNhm, lNh from [3]). For comparison, Fig. 1A 

also shows the distributions for circumpolar zones 

(curve P, 60°S – 80°S and 60°N – 80°N combined). 

The distributions in Fig. 1 are normalized by surface 

area; therefore, the area below each curve is propor-

tional to the mean spatial crater density, a proxy of the 

surface age. The mean crater density for the eH is 

close to the Hesperian/Noachian boundary. We formal-

ly separated the area below the Nh curve according to 

the expected crater density above the Noachian bound-

ary (A+H), in the late Noachian (lN) and earlier (mN) 
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Comparison of curves eH and Nh in Fig.1A illus-

trates the lack of wall degradation since the Early Hes-

perian (the absence of gentle slopes in eH) and notice-

able wall degradation in the Noachian (the presence of 

moderate and gentle slopes in Nh). This is consistent 

with the other morphological indications of fluvial ero-

sion in the Noachian. On the other hand, comparison 

with curve P shows that the total amount of erosion in 

the Late Noachian is tiny in comparison to the circum-

polar regions in the Late Amazonian (a large number of 

slopes as steep as 15 – 25° survived the Late Noachian 

in Nh). We estimated the upper limit of a few Ma for 

the total duration of intensive degradation episodes in 

the poles needed for slope degradation below ~24°, 

therefore, the duration of warm episodes in the low 

latitudes in the Late Noachian was even shorter. This 

conclusion is not compromised by shortage of small 

craters in the Nh: we obtained the same result (with a 

more noisy curves) for the largest (16-32 km) craters 

only. Thus, the crater wall slopes are not consistent 

with persisting warm wet conditions in the in the Late 

Noachian. 

Elevational zonality. While Early Hesperian ter-

rains in the tropics occupy only high elevations, Noa-

chian terrains span a wider range from lower Arabia 

Terra to higher typical highlands. In Fig.1B the Nh 

curve from Fig. 1A is replaced with 2 curves for craters 

and terrains below -1 km and above +1 km elevation 

with respect to the areoid. The observed difference 

(fewer steep slopes at lower elevations) well exceeds 

the formal statistical uncertainty.  

Two curves in Fig. 1C are obtained from the same 

distributions by subtracting the eH curve. If crater em-

placement and wall degradation occurred exactly in the 

same way both on highlands and Hesperian plains since 

the Early Hesperian, then the subtraction result would 

be non-negative and reflect only Noachian-age craters. 

We interpret the small (but statistically significant) 

negative values for the high-elevation subpopulation to 

be due to the difference in the target mechanical prop-

erties: it is likely that craters newly formed in the 

megaregolith of the highlands have somewhat shallow-

er pristine wall slopes than craters formed in consoli-

dated volcanic material of the Hesperian plains. This 

effect, however, should not depend on elevation. 

Therefore, the greater negative values for the low-

elevation subpopulation (Fig. 1C) should be explained 

by additional slope degradation that occurred at low 

elevations in the Hesperian (after eH emplacement), 

but did not occur at higher elevations. In [8] the au-

thors have come to the same conclusion on the basis of 

their qualitative morphological classification of crater 

degradation state, and their crater density (=age) esti-

mates are in good agreement with ours.  

The dependence of degradation cessation age on 

elevation suggests an elevational zonality with a warm-

er climate at lower altitudes. Under current conditions, 

climate elevational zonality is almost absent, because 

the thermal coupling between the thin atmosphere and 

the surface is weak, and surface temperatures are de-

fined by the insolation regime only. For a denser at-

mosphere (above ~100 mbar [6]) the atmospheric lapse 

rate causes elevational zonality of the surface tempera-

ture. Thus, the presence of elevational zonality con-

firms a thicker atmosphere in the Early Hesperian. 

Conclusion:  Our analysis of wall slope distribu-

tion indicates that: (1) Warm climate conditions oc-

curred in the Late Noachian, however, the total dura-

tion of warm episodes was less than ~1 Ma; (2) The 

latest warm episodes at low elevations (in Arabia Ter-

ra) occurred in the Early Hesperian, later than at higher 

elevations; (3) The atmosphere was thicker in the Late 

Hesperian. These inferences are consistent (although 

not uniquely) with the “icy highlands” scenario [6,7]. 
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