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Introduction: The martian valley networks (VN)
[1] and associated open- and closed-basin lakes (e.g.
[2,3]) are related fluvial features indicative of the
flow of liquid water in the southern highlands and
adjacent areas during the Late Noachian and Early
Hesperian [4]. Also, highland impact craters from
this period are highly degraded, possibly due to flu-
vial activity. In the Amazonian, liquid water is unsta-
ble in the atmosphere [5] and metastable on the sur-
face [6], but the LN-EH climate was potentially
much different.

However, due to a younger and 25% less lumi-
nous Sun [7], recent climate models show that the
mean annual temperature (MAT) of LN-EH Mars
was unable to reach the triple point of water solely
by incoming solar radiation [8,9], even with addi-
tional greenhouse gases in the atmosphere [8-15]
when considering reasonable source, sink, and at-
mospheric pressure constraints. Additionally, the
formation of the fluvial features observed on Mars
may not require continuous clement conditions
throughout the Noachian, suggesting that transient
warming could be responsible for runoff and subse-
quent VN formation. This conundrum has led to two
candidate end-member early climate scenarios: 1)
“warm and wet” [16], during which MATs were
consistently high enough to permit rainfall, or 2)
“cold and icy” [9] during which the southern uplands
of Mars were dominated by snow accumulation,
mean annual temperatures were significantly <273 K,
and transient melting was required to form the VNs.

In a “cold and icy” climate, MAT is ~225 K, so it
is likely that external forcing would be required to
produce transient conditions >273 K. A major candi-
date for periodically raising atmospheric and surface
temperatures is impact cratering [17-20].

One can anticipate the importance of impact cra-
tering in the Noachian: the intense Kinetic energy
transfer from the projectile collision is predicted to
cause vaporization, melting, and ejection of all of the
projectile and some of the target material, heating the
atmosphere and surface to produce conditions appro-
priate for significant rainfall and runoff [17,18,20].
The higher impact cratering flux in early planetary
history not only increased the frequency of events,
but also increased the number of large-magnitude
(basin scale) events. The abundance and diversity of
Noachian impact craters coupled with their intense,
punctuated, and widespread effects makes this mech-

anism an attractive candidate for temporarily induc-
ing climate change throughout the history of Mars.

Regardless of the background climate, impact
cratering would lead to rainfall and runoff, contrib-
uting to surface fluvial activity. An in-depth under-
standing of the implications of impact cratering on
the Noachian climate is critical to the overall climate
scenario, but the process has not been sufficiently
studied in detail.

Analysis of the impact cratering mechanism:
In this work, we explore the effects of impact crater-
ing on the atmosphere and surface, documenting the
“Impact Cratering Atmospheric/Surface Effects”
(ICASE) scenario as originally put forth by [17-18].
We highlight the important steps in the mechanism to
create an illustrative timeline for qualitative under-
standing of the sequence (Fig. 1) while discussing the
geological implications predicted by ICASE at each
step. We illustrate the schematics of these steps and
discuss the global or regional implications through a
series of descriptive diagrams (Fig. 2). The critical
contributions of this work are (1) putting the climatic
effects of impact cratering in the Noachian into geo-
logic context, then (2) analyzing the predictions from
previous workers [17,18] with respect to our geolog-
ic understanding to draw conclusions about the role
of impact cratering on martian fluvial and lacustrine
activity and VN formation.

Important Factors: Previous work has used 1-
dimensional column models to interpret the effects of
impact cratering on the atmosphere and surface with
respect to formation of the VNs [17,18]. Parameters
which should be considered when modeling ICASE
include impactor size, impacting velocity, and angle
of incidence because they correlate directly with the
amount of energy transferred by the impacting event,
influencing the amount of vaporized projectile and
target material and, thus, the amount of water vapor
available for subsequent rainfall.

Understanding ICASE: In Figs. 1 and 2, we
highlight the important climate-related steps in
ICASE and make predictions on the geologic effects
of each step, including impact-induced rainfalls.

Expansion of the vapor plume (Figs parts A and
B). Immediately following the impact, the vaporized
material, comprised mostly of silicate and water,
expands as a plume releasing no heat until the plume
cools through expansion to transparency temperature
of the surrounding atmosphere. The amount of water



vapor in the plume increases with increasing amount
of water in the impactor.

Vapor plume growth (global/regional/none) will
depend directly on the amount of energy transferred
by the impact event. Previous work [e.g. 17-20] us-
ing 1-dimensional models has assumed global growth
of the plume under all circumstances. However, a
major limitation of 1-dimensional modeling is the
inability to determine lateral motion. Additionally,
smaller, less energetic impacts will likely produce
regional effects, local effects, or vaporize no material
at all. We suggest that 3-dimensional modeling of
plume growth is necessary to quantify this variable
and make reliable predictions on an impactor size to
global plume growth relationship under early Mars
atmospheric conditions.

The final size of the plume is directly correlated
to the distribution of impact related effects. Howev-
er, our initial analysis of plume growth as a function
of impactor size implies that global plume growth
[17-20] is an overestimate of the distribution of
plume effects, including impact-induced rainfall.

Cooling of the plume (Figs parts B and C). Upon
reaching transparency temperature, the plume con-
tinues to grow and release heat through expansion
and thermal radiation, decreasing temperature within
the plume and increasing temperature in surrounding
areas in the atmosphere and on the surface. The
plume will cool sufficiently for the vaporized rock
silicate to condense and rain down at extreme tem-
peratures, possibly ~1600 K [17,18]. At this point,
the water vapor will still be in the atmosphere due to
the much lower condensation temperature.

The condensed rock silicate material will produce
a layer at the surface by following ballistic trajecto-
ries from the atmosphere to the surface, implying a
global layer regardless of final plume size. The geo-
morphology of regions adjacent to craters can pro-
vide insight into the nature of the rock silicate layer.
The material may rain down in a molten state, form-
ing a solid layer, trapping heat underneath and forc-
ing the heat to escape through specific conduits. Al-
ternatively, the material may rain down in spherules,
creating a porous layer and allowing buried heat be-
neath the layer to escape to the atmosphere. In either
case, we expect geomorphological effects from this
layer. Interactions between the rock silicate material
and surface should be considered in future studies.

Rainfall (Figs parts D-G). Following the global
rock silicate fallout, the plume will cool to the con-
densation temperature for water, producing global
[17,18] or regional rainfall, surface runoff, and a
temporary hydrologic cycle (for impacts above a
certain size threshold). The hydrologic cycle is de-
scribed through the following steps (see Fig. 2 part
F): (1) rain falls onto and seeps into the hot rock lay-
er; (2) water vaporizes from buried thermal energy in
the layer; (3) water vapor is injected back into the
atmosphere; (4) the atmosphere cools through radia-

tion and the water rains back down on the surface.
This process repeats until the rock silicate layer cools
below an average 373 K or the thermal energy is
buried inaccessibly deep in the layer. At this point,
the climate returns to its ambient state and the
ICASE process has been terminated.

Previous predictions on rainfall totals that do not
account for a hydrologic cycle have found a total 0.5-
6 km GEL of water from all Noachian impacts [18],
which is much higher than the predicted 3-100 m
GEL required to form the VNs [22]. Additionally, a
temporary hydrologic cycle introduces the possibility
for the impact-induced water to interact with the sur-
face multiple times, increasing the water total and
producing more erosion.

The nature and distribution of the rainfall and
hydrologic cycle is not well constrained. Previous
workers [17-20] have assumed global effects, but it
is likely that this assumption would not hold true for
smaller, less energetic, impacts. A better understand-
ing of ICASE requires further studies regarding the
rainfall, hydrologic cycle, and interactions between
the water and surface. Future work should introduce
a water vapor profile of correct concentration and
lateral extent into a 3-dimensional general circulation
model to study the rainfall patterns, rainfall distribu-
tions, and duration of the induced hydrologic cycle.

Relationship to VN Formation: Could ICASE
be responsible for the correct magnitude of erosion
and fluvial/lacustrine activity responsible for the
formation of the VN and OBL?

The rainfall events proposed by the ICASE sce-
nario predict (1) rainfall quantities much higher than
what was necessary to form the VNs and (2) average
global rainfall rates equivalent to that of Earth in
tropical rainforests, approximately 2 m/year, at much
higher temperatures and with no plant life to natural-
ly absorb water. The hotter water will likely promote
higher erosion rates. Additionally, large-scale impact
events will induce a hydrologic cycle, allowing the
intense rainfalls to continue for hundreds of years
after large impacts, permitting multiple water-surface
interactions and more erosion.

For all aforementioned reasons, ICASE water
totals imply a significant deluge effect. We conclude
that the water from the initial rainfall and subsequent
hydrologic cycle predicted by ICASE would produce
too much erosion and surface runoff to carve the
VNs, likely by an order of magnitude. Regardless of
the background climate, impact cratering during this
period was clearly a significant process, and the ef-
fects may have contributed to smoothing of plains
and degradation of crater rims, but the effects seem
too global (for large impacts) and intense to produce
the delicate and widely-spaced VNs. The conditions
produced are in contrast with the transient, moderate
warming required to form snow melt, subsequent
surface runoff, and VN formation in a “cold and icy”
climate.



Argyre as a Reference for ICASE: A study of
geomorphological effects and surface features related
to impact cratering is required for a complete analy-
sis of ICASE. We must consider regions of Noachian
terrain that were likely last modified by a single
event to avoid later Noachian resurfacing. Specifical-
ly, we can map and analyze correlations between a
single, relatively young Noachian crater and nearby
VNs, attempting to further constrain ICASE effects
and validate our prediction that impact cratering can-
not be responsible for VN formation. Additionally,
understanding ICASE through a single impact per-
mits further extrapolation and scaling to understand
all Noachian impacts.

We propose that Argyre basin offers an interest-
ing perspective into martian geologic history, being
the youngest of the large Noachian-era impact ba-
sins. Most of the area surrounding Argyre in the
southern highlands dates to the late Noachian, coin-
ciding with the time of Argyre basin formation. It is
possible that the resurfacing of this region was
caused by the aftermath of the impact event, specifi-
cally the fallout and rainfall from the vapor plume.
Thus, Argyre is an excellent candidate to study the
possible relationship between VVNs and impact crater-
ing. In this portion of the work, we map and analyze
the craters within the ejecta deposit of Argyre to de-
termine which surrounding craters are most likely to
pre-date and post-date Argyre, allowing for an as-
sessment of the relationship between VNs proximal
to these craters produced before and/or after the Ar-
gyre-forming event. We answer questions including:
do all VNs in the region appear to post-date Argyre,
implying either a broad-scale resurfacing by the im-
pact and subsequent, unrelated fluvial activity or, in
contrast to our hypothesis, a correlation between the
event and the formation of VNs? This work also
helps constrain whether the VNs were formed inter-
mittently or from one global fluvial event.

Conclusions: We have undertaken a detailed re-
view and analysis of the pioneering work of [17-19],
which we describe as the ICASE scenario. We clarify
the steps in the process and describe the potential
geologic implications of each step to permit testing
and refining of the ICASE model. We have also test-
ed the applicability of the ICASE scenario as a
mechanism to explain the VVNs, as proposed by [17-
20]. We provide a geologic context and understand-
ing for the impact cratering process and apply our
intuition to a specific study site, Argyre basin, to
reconcile our hypotheses.

Relationship to VN Formation: Revisited. As pre-
dicted by ICASE, we find that impact cratering is a
mechanism which brings heat to the atmosphere and
surface to transiently raise temperatures far above the
triple point of water and produce conditions that
permit rainfall and surface runoff. However, we pre-
dict that the extreme energy transfer typical of larger
impacts and increase in temperature by hundreds to

thousands of degrees will produce rainfall rates typi-
cal of a tropical rainforest on Earth (~2 m/yr) for
hundreds of years after large impacts. Fluvial erosion
is predicted to be more of a near-global deluge for
large impacts, rather than the local to regional and
moderate fluvial activity that appears to characterize
the VNs. Additionally, rainfall totals previously pro-
posed [17,18] are far too high in comparison to geo-
logic observations of necessary VN-forming water
totals. We suggest that impact-induced deluge condi-
tions may be related to degradation of crater rims or
smoothing of plains.

“Warm and wet” versus ““cold and icy” condi-
tions. Despite the fluvial and lacustrine surface fea-
tures, uncertainty exists as to the nature of the Noa-
chian climate. In the case of a “warm and wet” early
Mars, rainfall and runoff would occur under ambient
conditions, not only subsequent to impacts, implying
continuous physical and chemical weathering. For a
“cold and icy” early Mars, however, impacts may be
the driving force for surface and near-surface physi-
cal and chemical weathering, implying transient
weathering. Regardless of the background climate,
however, impact cratering will contribute a signifi-
cant amount of rainfall and runoff. Understanding the
nature of weathering can help constrain the back-
ground climate. For example, does the observed
physical and chemical weathering require continuous
water-rock interaction as predicted for a “warm and
wet” climate or transient interaction, potentially
through impact cratering, as predicted for a “cold and
icy” climate?

Future work. It is clear that the ICASE model
must have been operative at various scales through-
out the Noachian, and that the effects could have
ranged from regional to global, depending on the size
of the impact and the nature of the ambient atmos-
phere. We have introduced a physical and geologic
understanding of this process, highlighting that there
is likely not a relationship between VVNs and impact
cratering-induced rainfalls.

In order to improve understanding and further
develop ICASE, we highlight several productive
avenues of future research in the following areas: (1)
An improved assessment of the relationship between
impact energy and final plume diameter; (2) More
refined predictions concerning geomorphological
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to the diagram in Fig. 2 which illustrates these steps.
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effects that might be caused by the immediate
post-impact ~1600 K global condensed-silicate-
rock layer; (3) An improved understanding of
the impact-induced rainfalls through the use of
3-dimensional GCMs to predict the nature of
the rainfall and distribution of resultant pond-
ing; (4) Continuation of a geomorphologic as-
sessment of individual Noachian impact craters
and basins as models for studying the glob-
al/regional effects of large impacts.

References: [1] Hynek et al. (2010), J. Geophys. Res.
Planets 115, E09008. [2] Fassett and Head (2008a),
Icarus 195, 61-89. [3] Goudge et al. (2015), Icarus
260, 346-367. [4] Fassett and Head (2008b), Icarus
198, 37-56. [5] Haberle et al. (2001), J. Geophys. Res.
106, 23317-23326. [6] Hecht et al. (2002), Icarus 156,
373-396. [7] Gough (1981), Sol Phys. 74, 21-24. [8]
Forget et al. (2013), Icarus 222, 81-99. [9] Wordsworth
et al. (2013), Icarus 222(1), 1-19. [10] Kuhn and Atreya
(1979), Icarus 37, 207-213. [11] Kasting et al. (1992),
Martian Surface and Atmosphere through Time, 84-85.
[12] Segan and Chyba (1997), Science 276, 1217-1221.
[13] Johnson et al. (2008), J. Geophys. Res. Atm. 107,
8022. [14] Wolf and Toon (2010), Science 328, 1266.
[15] Halevy and Head (2014), Nature Geosci. Lett. 7,
865-868. [16] Craddock et al. (2002), J. Geophys. Res.
Planets 107, E11, 5111. [17] Segura et al. (2002), Sci-
ence 298, 1977-1980. [18] Segura et al. (2008), J. Ge-
ophys. Res. 113, E11007. [19] Segura et al. (2012),
Icarus 220, 144-148. [20] Toon et al. (2010), Earth
Planet. Sci. 38, 303-322. [21] Horan and Head (2016)
LPSC47, Abstract 1160. [22] Rosenberg and Head
(2015), Planet. Space Sci. 117, 429-435.

IMPACT EVENT: ALL IMPACTOR AND SOME TARGET MATERIAL VAPORIZES | ROCK AND WIATER VAPOR RICH ATMOSPHERE: RADIATES HEAT TO CoOL

SOME
EVAPORATES
/ 1 L0M)
! EJECTA (frc'ﬂ MLLIS
-SSJ-EE ":f B o Ei L - <SURF, ICE
N . cmDsPH(R: 2 A S CRYOSPHERE
r = Mo Eor(wosnu(n: -
HEAT ‘ROM IMPACT MELTED AND EVAPORATI -
FORCES CRYOSSHERE BESAAD ElF oo™
WET REGOLITH WET REGOUTH
A B L HEAT FROM
| : RADIATION
SILICATE MATERIAL CONDENSES; WATER VAPOR RICH ATMOSPHERE 1. WATER VAPOR CONDENSES; Ram 2. WATER IN TOPOGRAPHIC LOY

WS,
ERDDES AND SEEPS INTO LAYER:

1
I
1
1
I
=~ 1600 K R |
I
I
i
1
I
|

+ GLOBAL ROCK
_ SILICATE LAYER|
k) / W, 7Y
T - N\ A
THERMAL WAVE FROM LAYER -
SOMF SUBSLURFACE WATER 15
VAPORIZED AND INJECTED INTO
THE ATMOSPHERE
WET REGOLITH WET RFGDI ITH
¢ <5 THERMAL WAVE| Ty * THERMAL WAVE

VAPOR INTO ATM, —+ VAPOR INTO ATME

WATER VArOR RICH J\muswin( TEMPORARY HYDROLOBIC CYCLE! CONTINUES. uum LAYER COOLS

Emcfss IIi.nr GAINED IN ROCK LAYER 15 Ranmse outr ¢

|
I
- | .
1) i a)
!)GTRLML TEMPERATURES OF ROCK LAYER
ORCE WATER TO VAPORIZE AND EVAPORATE P | LESS WATER IN
Thkinis SOME THERMAL ENERGY WITH IT 1600 K ATMOSPHERE;
GLOBAL ROCK lint PROCESS 15
— - —lSILICATE LAYER] 4 | ENDING
2 7 = e
AN / & | ) I Y I cnvosv«en(
RN THERMAL WAVE: NS STARTS T
— ETS WEAKER I U
ﬁ5 5 YD, CYCLE | IT';%M\;I{.‘WJ\\‘(;
REa"OUES II(RTI CAUSE FVAP. |
WET REGOLITH + HEAT FROM RAD. WET REGOUITH * HEAT FROM RAD.
E » THERMAL WAVE| F | e i THERMAL WAVE
+ VAPOR INTO ATH . " wwm: INTO ATMI
ATMOSPHERE HAS RETURNED TO AMBIENT STATE 1 2)
I e
WARM SE&SON BrgS

SURFACE ICE AND SNOW.
MIGRATES TO COLD POINT

[PoLES) _— =

INCOMING SOuR
[
MEU GuLLlES

SURFACE ICE: A
Rontist'i‘lIwR‘lsisl.g\r(k UNSTABLE LOCATIONS ey
p ~ unsTABLE,
N . - B CE ! y
A Ly e o —s ." INTERIOR LY
N ! . ' R
- CRYOSPHERE; |’ )
= EVENLY DISTRIBUTED LI 1 1 7
| | L R i
WET REGOUITH .., | M
G H TIME

Fig. 2 (above). ICASE sequence diagram. (A) impact event; the cryosphere
recedes from the impact site from high thermal input, material is pulver-
ized, melted, and vaporized. (B) extremely hot rock and water vapor rich
atmosphere radiates heat to cool, melting surface ice. (C) atmosphere cools
to condensation temperature for silicate, forming a global ~1600 K layer
[20]; thermal wave from layer penetrates beneath it, melting ice and poten-
tially vaporizing water. (D) the water vapor condenses and rains; the ther-
mal wave continues to liberate water from the subsurface into the atmos-
phere; the global rain layer seeps into the porous silicate rock layer and
erodes it. (E) the extreme temperatures of the rock layer vaporize the water,
further cooling the layer. (F) the hydrologic cycle for large impacts begins
and continues until the rock layer has cooled. (G) the atmosphere returns to
its ambient state and ice is on the surface in unstable locations. (H) unsta-
ble ice migrates back to stable locations, e.g. the poles under low obliquity
conditions.




