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2. Scientific/Technical/Management: 
 

2.1 Summary. Despite the recent upsurge in data and analyses for the geologic record of early 
Mars wet climates, many key parameters remain poorly constrained. These include the pressure 
of the CO2-dominated atmosphere, Patm; surface temperature, Tsurf ; and the duration of the wet 
climates, τwet. Patm is a key input for models of climate and atmospheric evolution (Haberle et al. 
2017); Tsurf has implications for both habitability and climate models (Vasavada 2017); and 
determining τwet is crucial for understanding Mars’ habitability and Mars’ utility as a benchmark 
for exoplanets (Ehlmann et al. 2016). Despite the central importance of Patm, Tsurf, and τwet, 
direct constraints on these parameters are few (Wordsworth et al. 2016). Most existing 
methods have degeneracies. For example, because clay-mineral formation proceeds faster under 
warm conditions, clay-mineral constraints on weathering processes record a convolution of time 
and temperature (the time-temperature integral; Tosca et al. 2009, Bishop et al. 2018) rather than 
constraining either parameter directly. In order to obtain improved constraints on these key 
parameters, we will apply our existing method making use of embedded (= syn-depositional, 
ancient) craters (Kite et al. 2013, 2014, 2017; Fig. 1), improving our existing models (Williams et 
al. 2014, Reed et al. 1998).  

Specifically, we will first improve our model of impactor-atmosphere interactions to 
obtain the size-frequency distribution of small embedded craters in order to retrieve Mars 
atmospheric pressure versus time using 4 deposits of known relative age. In previous work we 
have interpreted the atmospheric pressure fits as upper limits. This approach complements the 
estimate that may be obtained from MAVEN-era loss rates, extrapolated back into the past. 
Second, we will apply our existing method relating embedded crater density to paleo-
sedimentation rate for an exceptionally smectite-rich sedimentary deposit at Mawrth; this site is 
the oldest known sedimentary sequence in 
the Solar System (Loizeau et al. 2012), 
and an anchor for interpretations of Early 
Mars climate (Bishop et al. 2018). We 
shall thus obtain a chronometry for paleo-
sedimentation rate – the duration over 
which the Mawrth smectite-rich 
materials were built up. Finally, we will 
combine our chronometry for Mawrth 
paleo-sedimentation with existing 
mineralogical constraints on Mawrth 
temperature-time integrals and existing 
models in a new framework (Fig. 4) to 
break the temperature-time degeneracy 
and thus improve constraints on early 
Mars surface temperature during the 
Middle Noachian. Thus, the proposed 
work will use modeling of a single 
observation – embedded craters – in order 
to provide improved constraints on the 
atmospheric pressure, and surface 
temperature, of early Mars. 
 

 
Fig. 1. Schematic diagram to show how modeling of 
the effects of paleo-atmospheric pressure and 
sedimentation rate on embedded-crater size-
frequency distributions (blue dashed lines and red 
dashed lines respectively) allows both Patm and 
sedimentation rate to be constrained by an embedded-
crater size-frequency distribution (SFD) (thick black 
line) (Kite et al. 2013, 2014, 2017). 
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2.2 Goal of the proposed study. 
 

The goal of the proposed work is to obtain new constraints on early Mars atmospheric pressure 
versus time and on the timescale and surface temperature for surface weathering processes (e.g., 
pedogenesis) on early Mars. Achieving this goal involves the following objectives:- 
 

• Task 1: Improve existing model of atmosphere-impactor interactions; apply improved model to 
measured embedded-crater size frequency distributions at four sites of known relative age in 
order to constrain atmospheric pressure versus time (§2.4.1). Synthesize and compare to other 
observations; 

• Task 2a: Constrain paleo-accumulation rate of sediments by modeling embedded-crater size-
frequency-distribution for a 150m-thick smectite-rich sedimentary deposit at Mawrth, obtaining 
timescale (§2.4.2);  

• Task 2b: Use chronometry from Task 2a to model surface weathering processes using a novel 
framework combining sedimentation dynamics and kinetics in order to constrain temperature 
(§2.4.3). 
 

In order to define a focused, well-posed investigation of appropriate scope for a three-year study, 
we make several simplifying assumptions, which are explained and justified in §2.4.4. 
 

2.3 Scientific background. 
 

2.3.1. The problem:	Early Mars environmental evolution remains unclear, in large part 
because constraints on paleopressure and surface weathering processes are limited. 
Paleopressure: Atmospheric pressure versus geologic time for Mars has been a key unknown for 
over 40 years (e.g. Pepin 1994, Jakosky & Phillips 2001, Catling 2009, Haberle et al. 2017). It is 
believed that the atmosphere was CO2-dominated (so Patm ≈ PCO2), and that Patm was greater in 
the past. However, constraints on atmospheric pressure versus time for Mars are few (Fig. 2), and 
mostly indirect (“*” symbols in Fig. 2). A simple, direct method of constraining paleo-
atmospheric pressure was proposed by Vasavada et al. (1993) and put into action by PI Kite and 
Collaborator Williams in 2014 (Kite et al. 2014). In this method, the minimum size of craters 
serves as a proxy for palaeopressure of planetary atmospheres, because thinner atmospheres 
permit smaller objects to reach the surface at high velocities and form craters (Kite et al. 2014). 
This is because planetary atmospheres brake, ablate and fragment small asteroids and comets, 
filtering out small high-velocity surface impacts and causing meteors/meteorites. Kite et al. 2014 
obtained an upper limit of 0.9±0.1 bar at a single site  (~3.6 Ga) using this technique. The 
potential of our technique is that the 40-year-old prediction of a connection between drying and 
atmospheric decay can be tested by, as we propose to do here, applying the small crater 
technique to sedimentary deposits of different ages – ranging from Mawrth (the oldest 
known sedimentary sequence in the Solar System), through Meridiani, to relatively young 
deposits. This will yield a time series of constraints on the atmospheric pressure of early 
Mars, stratigraphically coordinated to the sedimentary record of Mars’s great drying. Why 
has this has not been done already? Although embedded craters are not uncommon within Mars 
sedimentary deposits (e.g. Fig. 4 in Grotzinger et al. 2011; Fig. 17 in Lewis & Aharonson 2014;  
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 Fig. 26 in Anderson & Bell 2010), 
constraining atmospheric-pressure 
models is difficult with one data point 
per site (Chappelow & Golombek 
2010). Sites with abundant embedded 
craters are hard to find. We have 
located a handful of such sites. We will 
apply a uniform procedure and 
improved model to the 4 sites shown in 
Table 1 and thus obtain a time series of 
Mars atmospheric pressure constraints. 
A strength of the ancient-craters 
method is that it is a direct probe of 
paleoatmospheric pressure (Vasavada 
et al. 1993): if everything breaks 
against us, our limits might be wrong 
by a factor of 2, but not 10. This 
contrasts with indirect methods, whose 
interpretation can be controversial. 
Examples include (a) 40Ar/36Ar analysis 
of ALH 84001, where experts do not 
agree on the sign of the paleopressure 
constraint (Kurosawa et al. 2018 vs. 
Cassata 2012 – points 4 and 8 in Fig. 
2); and (b) mineralogy, where a 
Hesperian upper limit of Bristow et al. 
(2017) has been raised by a factor of 
100 due to new experiments (Tosca et 
al. 2017). Even on Earth, 30 years of 
study of the relationship between pCO2 
and mineralogy for Archean paleosols 
have not yet led to consensus (Kanzaki 
& Murakami 2015). 
 

Surface weathering processes: Mars’ 
largely basaltic surface (Edwards & 
Ehlmann 2014) shows outcrops of 
surface weathering profiles that are critical to understanding Early Mars climate. During the 
Noachian, widespread and perhaps global surface weathering processes (plausibly pedogenesis) 
altered a 1-200m thick near-surface layer on Mars (Carter et al. 2015; Bishop et al. 2008, 2013, 
2018; Noe Dobrea et al. 2010, 2011). In contrast to the low-W/R crustal clays (Ehlmann et al. 
2011), these likely formed at high W/R from a basaltic protolith. Mawrth is the thickest and best-
exposed record of this surface alteration event (e.g. Bibring et al. 2006, Bishop et al. 2013). 
Mawrth has a complex mineral stratigraphy (Fig. 3) recording multiple intercalated depositional 
episodes and top-down wetting events (Horgan et al. 2013, 2017a; Loizeau et al. 2015, Bishop et 
al. 2011, 2013, 2018).  We focus on the thickest, most ancient layers, which are smectite-rich. 
The smectite-rich layers are draped onto regional topographic highs, strongly supporting a 

(8)*

MAVEN + MEX (9)

??

??

??

(10)*

“Great drying”
of Mars

Proposed site
for investigation

 
Fig. 2. How the proposed retrieval fits in the context of 
existing constraints (most of them indirect, denoted by 
“*”). Black symbols show result of Kite et al. 2014. 
The proposed work will use a direct method to 
constrain paleopressure at times bracketing the 
“great drying” of Mars using four sites (red triangles). 
(1*) cosmochemical estimate; (2*) prehnite stability; 
(3*) carbonate Mg/Ca/Fe (van Berk et al. 2012); (4*) 
40Ar/36Ar (Cassata et al. 2012); (5) bomb sag (Manga et 
al. 2012; n = 1 data point); (6) modern atmosphere; (7) 
modern atmosphere + buried CO2 ice; (8) 40Ar/36Ar 
(Kurokawa et al. 2018); (9) modern escape-to-space 
extrapolated into past (Lillis et al. 2017, Brain et al. 
2017). (10*) bedform wavelengths (Lapotre et al. 2016). 
Approximate and model-dependent implications for 
climate are shown by background colours. Chronology: 
Hartmann (2005). 
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pedogenetic interpretation (Velde & Meunier 2008, Loizeau et al. 2012, Bishop et al. 2013). The 
thick smectites would imply rainfall and Tsurf ≳ 300K if we were to apply criteria that are 
standard on Earth (Velde 1995, Baker & Strawn 2014, Chadwick & Chorover 2010), broadly 
consistent with Mars ALH 84001 carbonate Δ47 (Halevy et al. 2011). Interestingly, such high 
temperatures would indicate that almost all existing models for Early Mars wet climates are 
incorrect, because they can only just reach 273K even with multiple optimistic assumptions 
(Wordsworth 2016). However, the case for high temperatures is not certain. Alternatives include 
alteration by cold low-pH fluids (modeled by e.g. Zolotov & Mironenko 2016, Peretyazhko et al. 
2018), or very prolonged weathering at low temperatures (modeled by e.g. Fairén et al. 2011, 
Bishop et al. 2018). It is not possible to tackle this wide range of possible processes by Earth 
analogy alone, and so reaction-transport modeling is required (Fig. 4). 

 
Fig. 3. (a) Mawrth Vallis mineral stratigraphy from Loizeau et al. (2012); Task 2 focuses on the 
layer marked ‘Fe/Mg-smectites.’ (b) HRSC color mosaic showing the focus area for Task 2, 
centered near ~24.4°N 21.2°W in the Mawrth region - the smectite-rich material is highlighted in 
the red/brown tones near the center of the rectangle. 
 

Geochemical modeling for Mars near-surface processes is a large field (e.g. Catling 2009, 
Bulllock et al. 2004); we focus on modeling of the process most relevant at Mawrth, pedogenesis. 
For Mars pedogenesis, geochemical modeling has been carried out by many groups (e.g. Milliken 
et al. 2009, Zolotov & Mironenko 2016, Schieber et al. 2017), including kinetic factors calibrated 
against both terrestrial-analog observations and laboratory experiments. These methods clarify 
origin scenarios. However, existing work has two limitations. The first, and most basic, barrier 
to progress is the temperature-time degeneracy. This cannot be resolved by modeling alone, 
and more data on timescale is needed. A second barrier to progress is that no existing model 
considers wetting events intercalated with sediment deposition events, due to limitations in the 
reaction-transport codes. But this model limitation is in contradiction to terrestrial analogs (e.g. 
Retallack et al. 2000, Sheldon & Tabor 2009). It is also in contradiction to the numerous 
synsedimentary impact craters in Mawrth that show that sediment input was extended over a long 
time period. We propose to vault both barriers (Fig. 4). 
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Fig. 4. Plan for improved modeling of Mars surface weathering processes. The core of our 
approach – the dissolution model and the R-T model – is shared with previous models (Fig. 5). 
The new element – sedimentation-timescale constraints – uses a previously published approach 
(Kite et al. 2013, 2017). The novelty of the approach is to combine these two well-established 
methods. Blue arrows correspond to top-down fluid input, favored by geologic context for the 
Mawrth smectites. A sequence of paleosols too closely-spaced to be resolved from orbit (which 
we refer to as ‘alter-as-you-accumulate’) is strongly favored by geologic evidence (e.g. Bishop et 
al. 2018, Retallack et al. 2000), but has not been previously modeled.   
 

2.3.2. Proposed solution: Numerical methods for atmosphere-impactor interactions, 
and for surface weathering, have advanced to the point that we can tackle both of 
these problems. Risk has been mitigated via our peer-reviewed publications. 
 

Risk has been mitigated via our peer-reviewed publications describing work that validates two of 
the three elements of our proposed technique. 

Specifically, in Kite et al. 2014, we showed that the paleopressure model can provide 
interesting constraints at one site. Results are shown in Fig. 6 (and Fig. 2). Preliminary inspection 
suggests that the sites chosen for investigation in Task 1 (Table 1) will be no more challenging to 
model.  

In Kite et al. 2013 and Kite et al. 2017, we showed that the sedimentation-rate estimation 
procedure can provide interesting constraints at multiple sites. Example results are shown in Fig. 
8. Preliminary inspection suggests that the site chosen for investigation in Task 2 (Fig. 3) will be 
less challenging to model, due to the high abundance of embedded craters at the Task 2 site. The 
remaining element is reaction-transport modeling. For Earth work, it is now routine to relate clay 
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mineralogy to climate conditions (e.g Velde & Meunier 2008, Sheldon & Tabor 2009, Horgan et 
al. 2017b). On Earth, smectites are associated with annual average temperatures ~300K (rainfall) 
(e.g. Hobbs & Parish 2016). Modeling is needed to test the hypothesis of Mars smectite 
formation under cold conditions. Earth analogs are insufficient because Earth post-glacial 
timescales are insufficient for major smectite formation, and glaciation “wipes the slate” of soil 
formation (e.g. Lee et al. 2004). The exception proves the rule: it is clear that 240-250K mean 
annual temperatures are insufficient to form clays based on Antarctic Dry Valleys post-Miocene 
data. The Antarctic Dry Valleys largely lack pedogenic smectites (Bishop 2014, Gibson et al. 
1983, Priscu et al. 1998). According to Berkley and Drake (1981) “Clay minerals are 
conspicuously sparse” in Antarctic Dry Valleys Drilling Project cores.1 This mis-match between 
the Antarctic record and the mineralogical record at Mawrth is a challenge to cold-wet 
hypotheses for Early Mars (e.g., some versions of the Late Noachian Icy Highlands hypothesis; 
Fastook & Head 2015). Two possible resolutions are: (A) Early Mars really was warm (~300K) 
and wet (e.g., Craddock & Lorenz 2017); (B) the Mawrth record is exceedingly long-duration. 
These hypotheses can only be tested using an independent measure of timescale, which we 
propose here (Task 2a). 
 

 Despite the importance of multiple wetting events in forming accumulations of pedogenic soil 
profiles (e.g. McDonald & Busacca 1990), there has been little modeling effort expended on this 
idea. We will fix this by explicitly tracking alter-as-you-accumulate processes, in which many 
wetting events are intercalated with many sediment deposition events. Throughout this proposal, 
continuously-alter-as-you-accumulate is intended as an approximation that is appropriate to the 
interpretation of orbiter data for the smectite layer at Mawrth. At rover scale, we fully expect that 
the paleosol sequence will show discrete horizons, as on Earth (Retallack et al. 2000). 
 
 

2.4 Technical Approach and 
Methodology. 

Paleopressure is most strongly 
constrained by the smallest impact 
craters (Fig. 1), whereas the 
sedimentation rate is constrained by 
moderately large embedded impact 
craters (Fig. 1). Thus, Task 1 can 
advance independently of Task 2 
because Task 1 involves fitting the 
ratio of small craters to large craters 
(not the absolute flux). Task 2 can 
proceed independently of Task 1 
because sedimentation-rate fits rely 
on >200m-diameter embedded impact 
craters, whose abundance is much 
less affected by atmospheric filtering.  
Finally, Task 2b can proceed 
independently of Task 2a because 
																																																								
1	Laboratory timescales are also insufficient for high smectite yield (≈ concentrations) at low 
temperatures (Kloprogge et al. 1999, Baker & Strawn 2014).	

 
Fig. 5. Our proposed Task 2b in the context of (a small 
subset of) published Mars-weathering-profile models, 
showing that the proposed work is a natural extension of 
long-standing community-wide efforts. 
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Task 2b involves forward modeling of a look-up table for the dependence of smectite abundance 
on accumulation timescale, and Task 2a merely identifies a preferred “row” within that look-up 
table. 
 

The proposed work requires 5 new HiRISE DTMs (Table 2). This will be done using the 
UChicago ASP Scripts (Kite & Mayer 2016), with which we have already generated 83 HiRISE 
DTMs. Based on this experience, we generously allocate 1 week for DTM production. 2/5 DTMs 
will be used only for Task 1, and 3/5 DTMs will be used for both Tasks 1 and 2. Embedded 
craters will be counted for each DTM. Examples of embedded impact craters are shown in Table 
1. Cross-checking of our embedded-crater identifications is consistent with a false-positive rate 
of zero (Kite et al. 2014). This project will require inspection of 3 CRISM cubes (to be chosen 
from the 7 listed in Table 2) by the Co-I. 
 

2.4.1. Task 1: Modeling of paleo-atmospheric pressure using ancient impact craters. 
Paleopressure Model: The method for the 
paleopressure model is as follows (Paige et 
al. 2007, Kreslavsky 2011). Following 
Collaborator Williams et al. (2014, 2017) and 
Kite et al. (2014), we will build a synthetic 
impactor population by drawing randomly 
from a size distribution constrained by 
satellite observations, and an estimated 
initial-velocity distribution of meteoroids at 
Mars’ orbit. Distributions of material types, 
densities, and ablation coefficients are set 
based on terrestrial fireball network 
observations (the model assumes the same 
fractional distribution at Mars) (Ceplecha et 
al. 1998). We advect these populations to the 
surface through atmospheres with scale 
height 10.7 km. The atmosphere drains 
kinetic energy from impactors via drag (∝
velocity2) and ablation ( ∝ velocity3). 
Particles braked to <500 m/s would not form 
hypervelocity craters and are removed from 
the simulation. Model output is not very 
sensitive to the details of how fragmentation 
is parameterized (≲10%), nor to target 
density (≲25% for range 1500-2500 kg/m3), 

nor to reasonable variations in the mix of impactor strengths and densities. Crater sizes are 
calculated using π-group scaling (e.g. Holsapple et al. 1993), for which the most important 
uncertainty in this size range is target properties. Target properties are set based on facies 
analysis of the target rocks; in the worst case, facies-interpretation uncertainty can lead to a 
pressure uncertainty of up to a factor of 2 (Dundas et al. 2010, Collaborator Williams et al. 
2017). We do not track secondary craters, because meter-sized endoatmospheric projectiles are 
likely to be braked to low speeds for the relatively thick atmospheres we are evaluating. In other 

 
Fig. 6. Comparison of model crater size–
frequency distributions to observations at Aeolis 
Dorsa (from Kite et al. 2014). Solid black line 
corresponds to definite embedded craters. 
Dashed black line additionally includes rimmed 
circular mesas. Colored lines show model 
predictions for atmospheric filtering of small 
impactors at different pressures. Grey hatched 
regions correspond to 2-sigma statistical error 
envelopes around the best-fit palaeopressure to 
the data (best fits shown by thick grey lines). 
Survey incompleteness leads to overestimates of 
median crater size, so best fits are upper limits.  
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words, if wet-era small craters are secondaries, then early Mars’ atmosphere was thin.2 The size 
distribution of our synthetic impactor populations follows Brown et al. (2002); the initial-velocity 
distribution follows Davis (1993). Each population contains 3% irons, 29% chondrites, 33% 
carbonaceous chondrites, 26% cometary objects, and 9% “soft cometary” objects (following 
Ceplecha et al. 1998) with densities and ablation coefficients also set following Ceplecha et al. 
1998. These settings will be altered for the proposed work, as described below. Fragmentation 
occurs when ram pressure exceeds disruption strength. Disruption strength is set to 250 kPa; 
much lower or much higher values would be inconsistent with the observation that more than 
half of craters observed to form in the current 6 mbar Martian atmosphere are clusters (Daubar et 
al. 2013). This strength is within the range reported for Earth fireballs (Ceplecha et al. 1998), and 
our model is insensitive to distruption-strength variations within the Ceplecha et al. (1998) range. 
We adopt an impactor entry angle distribution that peaks at 45°. The ratio of the final rim-to-rim 
diameter to the transient crater diameter is set to 1.3 
(Melosh 1989). The excavation efficiency decreases as 1/(v 
sin θi) where θi is the impact angle (Pierazzo & Melosh, 
2000). Finally, we limit the computational cost of the model 
by only injecting impactors at the top-of-the-atmosphere 
that are larger than a cutoff diameter. Up to 106 impactors 
are injected, as needed, to build up statistics. The best-fitting 
atmospheric pressure will be obtained by bayesian fitting of 
the normalized embedded-crater size-frequency distribution 
observations to cratering-model normalized size-frequency 
distribution output, treating the impacts as a Poisson process 
(Kite et al. 2014, Michael 2016, Wall & Jenkins 2012, 
Robbins et al. 2018). The normalization means that our 
results are insensitive to uncertainties in the ancient crater 
flux. Local-column atmospheric pressures will be corrected 
to the MOLA datum using site-averaged topography and 
assuming a scale height of 10 km. Because of unavoidable 
sampling bias in favor of larger craters, we interpret our best 
fits as upper limits (Kite et al. 2014, §2.4.4). 
 
Paleopressure Model Improvements: We will make the 
following changes to the paleopressure model. (i) We will 
include improvements to knowledge of the size-frequency 
distribution of Mars-crossing objects (e.g. JeongAhn and 
Malhotra 2015). (ii) We will test the sensitivity of the model 
output to the alternative crater production function of 
Daubar et al. (2013). Applied to ancient craters, this will 
lead to a lowering of our upper limit. (iii) Currently, the 
code does not track planet curvature; we do not allow 
																																																								
2 	Early interpretations of HiRISE results suggested that unrecognized secondary craters 
significantly contribute to all counts of D < 1 km Martian craters (McEwen et al. 2006). However 
subsequent work, for example the synthesis by Hartmann & Daubar (2017), shows that once 
‘field secondaries’ are included, the crater SFD of Hartmann (2005) remains valid over long 
timescales for small craters.	

	
Fig. 7. (from Williams et al. 
2014.) (a) Initial velocity versus 
final velocity, and (b) the ratio of 
initial and final projectile mass 
versus initial velocity, for a range 
of projectile diameters (10 cm – 1 
m) where objects have properties 
of ordinary chondrites. Smaller 
faster objects are more effectively 
decelerated and ablated. 
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impactors to skip back to space. We will incorporate this effect, following Chappelow & 
Golombek (2010). (iv) We will include an “all irons” test case, corresponding to (hypothetically) 
stronger projectiles during the Late Heavy Bombardment. (v) Although our fiducial forward 
model will use the chronology function and crater production function of Hartmann (2005), we 
will also forward-model changes in the size distribution of impactors with time by extrapolating 
the model of Strom et al. (2005). We expect that change (v) will reduce our upper limits on 
paleoatmospheric pressure. Although collectively significant, we do not expect that these 
improvements will take long relative to the Task 2b code. This is because Collaborator Williams 
wrote the code, and PI Kite is experienced at making major changes to the code.  
 

 Same Technique + Improved Method + 4 Sites Spanning A Wide Age Range 
Site SE Aeolis Dorsa  

(Kite et al. Nature 
Geoscience 2014) 
[*Already published*] 

Mawrth  
(proposed) 

East Meridiani, SW of 
Capen 
(proposed) 

Alluvial fans in 
Margaritifer Terra 
(proposed) 

Example  
style of 
preservation  

 
Crater (240m across) 
interbedded with river 
deposits. 

 
Crater (~500m across) 
was infilled by light-
toned smectite-bearing 
sedimentary rocks 

Crater (~160m across) 
was infilled by layered 
sediments, now forms 
outlier 

 
Crater crosscut by fluvial 
trough; now backfilled by 
fan deposits. 

Geologic 
context 

Inverted river channels 
Layered sedimentary 
rocks (Kite et al. 2014) 

Phyllosilicates, some 
inverted channels (Noe 
Dobrea et al. 2010). 
Embedded craters at 
multiple levels. 

Inverted river channels 
Layered sedimentary 
rocks (Hynek & di 
Achille 2017) 

Alluvial fans (Grant & 
Wilson 2011, Kite et al. 
2017b) 

HiRISE 
stereopairs 
(new DTMs 
italicized) 

ESP_019104_1740/ 
ESP_017548_1740; 
PSP_007474_1745/ 
ESP_024497_1745. 

ESP_023633_2050/ 
ESP_023343_2050; 
ESP_016394_2045/ 
PSP_008245_2045; 
PSP_004329_2045/ 
ESP_013282_2045. 
 

ESP_021654_1855/ 
ESP_031212_1855; 
ESP_022221_1850/ 
ESP_039667_1850. 

Crater catalog already 
generated (Kite et al. 
2017b) 

Age  
(source) 

Noachian-Hesperian 
transition (Kite et al. 
2014). 

Middle Noachian for 
selected strata (Loizeau 
et al. 2012)  

Early Hesperian for 
selected DTMs (Hynek & 
di Achille 2017) 

Late Hesperian - Early 
Amazonian (Grant & 
Wilson 2011) 

Model used, 
paleopressure 
inferred 

Old model: ≤(0.9±0.1) bar 
(Kite et al. 2014)  

Using Improved Model: 
  

       T o  B e  D e t e r m i n e d  B y  T h e  P r o p o s e d  I n v e s t i g a t i o n  
 

Table 1: Sites selected for measurement of ancient crater size-frequency distributions. Note that 
the Mawrth site was previously reported by Loizeau et al. (2010). 
 

Paleopressure Target Selection: Embedded (synsedimentary) craters are found in many Mars 
sedimentary rocks. However, a single bolide is hard to interpret (Chappelow & Golombek 2010).  
Therefore, the sites listed in Table 1 are chosen because of the large number of embedded craters 
found at each site, and because these sites span a range in age (Table 1). In addition to the site-
specific ages referenced in Table 1, the wide range in ages for the selected sites is also confirmed 
by published global sedimentary correlations of Grotzinger & Milliken (2012) and Ehlmann et al. 
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(2011). Inspection of anaglyphs for the specific stereopairs selected (Table 1) show that all sites 
have good preservation of crater infill, making embedded-crater identification straightforward. At 
each site, embedded craters are found at multiple stratigraphic levels, and so cannot be 
secondaries resulting from a single secondary impact. 
 

Synthesis of results and comparison to models: After synthesizing our results with other 
published constraints, we will interpret the combined dataset in terms of trends in Mars 
atmospheric evolution. Because many process-based models of Mars atmospheric evolution 
already exist (e.g. Mansfield, Kite, et al. in press; Hu et al. 2015; Manning et al. 2006), we will 
not attempt to add our own in the proposed study, but instead we will accept/reject existing 
models. To complement these process-based models, we will use a very simple process-agnostic 
model dP/dt = k1 × exp(-t/τ1) – k2 × exp(-t/τ2) and report what combinations of {k1, τ1, k2, and 
τ2} can satisfy the constraints. 
 

2.4.3. Task 2a: Modeling of chronometry for Mawrth sedimentation. 
 

HiRISE stereopair Co-located CRISM observations  
(1 to be used for each HiRISE pair) 

ESP_023633_2050/ESP_023343_2050 0001FAAE, 00021E6D, 0001F340 
PSP_004329_2045/ESP_013282_2045 0000672C 
ESP_016394_2045/PSP_008245_2045 0000AA7D, 000109E0, 0037E41 
Table 2. Specific stereopairs and collocated CRISM observations at the selected Mawrth site, to 
be used for Task 2. The pairs will also be used for part of the paleopressure analysis in Task 1.  
 

Task 2 focuses on sedimentary 
deposits in the Mawrth area. 
Mawrth has many embedded 
craters, and because impactor 
flux has decreased over time, 
this is plausibly related to 
Mawrth’s great age. We do 
have some chronological 
constraints on Mawrth (e.g. 
Loizeau et al. 2012), but no 
understanding of the timescale 
of sediment accumulation. 
The accumulation timescale 
sets an upper limit on the time 
available for alteration; 
Mawrth’s smectites are too 
thick to represent a single top-
down alteration event 
(Loizeau et al. 2015, Bishop et 
al. 2018). The key missing 
piece for understanding 
Mawrth is alteration 
timescale. 
 

 
 

Fig. 8. Idealized cross section through a sedimentary deposit 
containing embedded craters (from a study of alluvial fans; 
Kite et al. 2017). Crater density within the sedimentary 
deposit may be estimated using the frequency of visible 
interbedded craters at the exposed surface. Even if 
postfluvial erosion was severe, the areal density of exposed 
embedded craters of a given diameter is still proportional to 
the volumetric density of those craters. Thus, a count of 
embedded craters constrains the deposit’s aggradation rate. 
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We will obtain a sediment accumulation rate averaged over Mawrth smectite-layer thickness. To 
do this, we will use embedded-crater size-frequency distributions (Fig. 1). In our inversion, we 
propose a systematic scan through the following uncertainties, using a Monte Carlo approach 
(Fig. 9). The parameters to be varied are:- crater chronology function (Johnson et al. 2016); target 
strength; filtering by a potentially thicker past atmosphere; the central time of formation of the 
deposits (which affects crater flux); and the amount of burial or erosion (expressed as a fraction 
of the crater’s diameter) that is needed to prevent the crater from being detected at HiRISE 
resolution. We will adopt conservative prior probabilities on these parameters in a Monte Carlo 
forward model of embedded-crater density. Specifically, we will assume (1) a factor-of-4 
uncertainty in crater flux (log-uniform uncertainty between 0.3× and 3× the Michael et al. 2013 
fluxes)3; (2) log-uniform uncertainty in target strength between limits of 65 kPa and 10 MPa 
(Dundas et al. 2010); (3) log-uniform uncertainty in paleo-atmospheric pressure between limits 
of 6 mbar and 1000 mbar (updated with the 2σ upper limit obtained from Task 1); (4) a uniform 
uncertainty between the range of published ages for Mawrth smectite-layer sediment deposition 
(3.9 - 3.7 Ga; Loizeau et al. 2012) and (5) a log-uniform prior for obliteration depth fraction 
(expressed as a fraction of diameter) from 0.05 (rim burial; Melosh 1989) to 0.2 (original crater 
depth; Watters et al. 2015). For each Monte Carlo trial, the effect of Poisson error is calculated 
analytically. Given the observations and the randomly-sampled parameters, each Monte Carlo 
trial yields an analytic probability for each candidate age (or each candidate aggradation rate) in 
each size bin. These probabilities are averaged over 103 Monte Carlo trials (Fig. 9). Embedded 
crater size-frequency distributions have a shallower size-frequency distribution than the crater 
production function, due to geometric effects (e.g. Lewis & Aharonson 2014), by 1.0 units on a 
log-log plot. This provides an internal cross-check on the results because any false positives (i.e., 
post-depositional, modern-era craters incorrectly classified as embedded) will rotate the SFD 
towards production.	Our crater count areas are ~102 km2, and we get good statistics. Yet Warner 
et al. (2015) showed that count area >103 km2 is required for crater chronology. This apparent 
contradiction can be resolved by noting that rate-measuring (chronometry) studies have prior 
uncertainties that span many orders of magnitude more prior uncertainty than for chronology 

																																																								
3	Even lower fluxes are possible (Bottke & Andrews-Hanna 2017), but this range is conservative 
for the purposes of setting a lower bound on the accumulation time for Mawrth.	

	

Fig. 9. Example of sedimentation-rate 
estimation, from a study of alluvial fans (Kite 
et al. 2017). Embedded-crater data binned by 
minimum diameter (cumulative plot). Blue 
error bars bracket the 90% confidence 
intervals on lower limit (by Poisson 
estimation). Full Monte Carlo fit corresponds 
to the gray band. Black zone is excluded with 
>95% confidence. White zone is excluded in 
<5% of trials. Black asterisks correspond to 
the median outcome of the Monte Carlo 
procedure. Orange lines and associated τwet   
constraints assume a steady aggradation rate. 
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studies. This washes out the error sources identified by Warner et al. (2015). Finally, we will test 
steady vs. unsteady accumulation hypotheses. While in detail sedimentation is always unsteady 
(e.g. seasonal dust-storms), when averaged over long timescales, Mars sedimentation can be 
steady (e.g. Lewis et al. 2008). We will test the following end-member hypotheses: (1) All 
embeds formed at a single stratigraphic layer (unsteady). (2) Embeds formed at a constant flux 
(craters / m2 /  column m) during sediment build-up. In order to carry out these tests, we will tag 
each embedded crater with a best-fit stratigraphic elevation, measured using our HiRISE DTMs 
relative to a local marker bed. Marker bed examples from a site elsewhere in the Mawrth deposit 
are shown in Fig. 13 of Loizeau et al. 2015. The main output from Task 2a will be an 
accumulation timescale, with uncertainty, for the Mawrth deposits. 
 

2.4.3. Task 2b: Improved Mawrth surface-weathering models using 
chronometric constraints. 
In principle a top-down alteration stratigraphy can be produced by a single climate event 
(Zolotov & Mironenko 2016). However, Mawrth geology records multiple, discrete, top-down 
aqueous alteration events (Bishop & Rempe 2016, Loizeau et al. 2015). We will model formation 
and alteration of the oldest part of the stratigraphy, the >150m-thick smectites, by multiple, 
discrete, top-down aqueous alteration events. Smectite formation can be explained by either brief 
warm climates, or exceedingly long alteration at low temperature – a time-temperature 
degeneracy (Bishop et al. 2018).  
 

Using our chronometry from Task 2a and CHIM-XPT, we will model 2 end-member scenarios, 
the “control” and “alter as you accumulate” cases shown in Fig. 4. We will use the CHIM-XPT 
reaction-transport code (Reed et al. 1998, Melwani Daswani & Kite 2017, Kite & Ford 2018). As 
in Melwani Daswani & Kite (2017) and Kite & Ford (2018), we will use the updated 
thermodynamic database SolthermBRGM, which includes data for low-temperature 
geochemistry from the BRGM Thermoddem database (Blanc et al. 2012) among other sources. 
Book-keeping for minerals and aqueous species abundances during multi-layer accumulation-
during-alteration is complicated. To handle this book-keeping, we will break the problem into 2 
parts: reaction-transport calculations for each layer at each time-step, to be done in CHIM-XPT; 
and book-keeping for material supply by dissolution of not-yet-altered minerals plus down-
column transport of aqueous fluids, to be done in MATLAB. A MATLAB control script will 
initiate CHIM-XPT runs. The input rock content for CHIM-XPT calculations will be set by 
dissolving protolith (±any secondary minerals) according to phase-dependent dissolution rates 
using MATLAB, and updating the CHIM-XPT input file accordingly (Milliken et al. 2009). We 
will bracket mineral dissolution-rate uncertainties by using the T-dependent rates from Brantley 
& Olson (2014, their Tables 3 and 5) and White & Buss (2014, their Table 4). Any given CHIM-
XPT run will only have “visibility” of a single regolith layer, and the updating of fluid and rock 
compositions will be done in MATLAB via parsing of the CHIM-XPT output files and editing of 
CHIM-XPT input files4. With the MATLAB wrappers, this is a reaction-transport model even 
though CHIM-XPT will (in effect) be used in batch mode. For each scenario, we will assume 
protolith with the elemental composition of Rocknest soil (Blake et al. 2013), corrected for Cl (as 
NaCl) and S as (MgSO4) (Siebach et al. 2017). Effective grain sizes (= reactive surface areas) 
will be taken from a terrestrial analog, specifically the John Day Fossil Beds (Retallack 2000).  
Sensitivity tests for grain sizes 10× larger and 10× smaller will be carried out for (2×)4 selected 

																																																								
4	The PI has completed a conceptually similar MATLAB + CHIM-XPT project (Kite & Ford 2018).	
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runs. Mineral composition will be from Rocknest XRD (Bish et al. 2013), using SAM EGA for 
the S-bearing phases (McAdam et al. 2014). To minimize dust contributions, amorphous/short-
range-order-phase composition will be from Sheepbed mudstone XRD (Dehouck et al. 2014). 
While other protoliths are possible, basalt is very common on Mars (Edwards & Ehlmann 2014). 
The input fluid shall be H2O equilibrated with a CO2 atmosphere with an O2/CO2 ratio equal to 
the present value; both 0.1 bar and 1 bar pCO2 will be considered. Two aqueous-S input cases  
(Farrand et al. 2014, Peretyazhko et al. 2018) will be considered; (1) zero SO2 ; and (2) waters 
equilibrated with 10 ppm SO2.	 The range of Tsurf for the reactions and the dissolution-rate 
calculations will be 0.1°C, 20°C, and 40°C. 20°C is selected to be consistent with ALH 84001 
Δ47 (Halevy et al. 2011), and 40°C is selected as the hottest temperature for subaerial smectite 
formation on Earth. The soil will be divided into layers of thickness 3 m, and sediment will 
accrete in 3 m-increments as the calculation continues, up to a maximum of 50 layers (Fig. 4). 
The total thickness modeled, 150 m, is set to match observations (Loizeau et al. 2012). The 
increment thickness is chosen for numerical convenience, and also because the paleosol sequence 
is likely to consists of discrete horizons based on Earth analogy. Fluids from each layer will have 
pH raised by reaction with surface rocks, and then infiltrate to lower layers. The percentage of 
water that is removed (by assumption, routed to surface runoff or evaporation) at each 3 m-depth 
infiltration step will be varied  {0%, 50%, 99%}. The uppermost value takes account of 
decreased porosity due to illuviation of clays. The accumulation rate will be varied, with 10-fold 
steps, between 10 nm/yr to 10 mm/yr. Bash wrapper scripts and MATLAB control scripts will be 
written to edit CHIM files to reflect the results of calculations in other layers. Solid solutions will 
initially be suppressed (with only end-member compositions included) because runs with solid 
solution require too much human intervention to be used in a CHIM-XPT grid scan.  Sensitivity 
tests for inclusion of solid solutions will be carried out for 10 selected runs. An initial porosity of 
0.3 will be assumed. This will be allowed to evolve as calculation proceeds; we will test the 
sensitivity of the results to the constant-porosity alternative. Rain/snowmelt rates from 0.01-10 
m/yr will be considered in flushing calculations. This range brackets hyperarid through post-
basin-forming-impact “rainout” conditions. We note that the highest rates imply an energetically 
unsustainable planetary energy balance, and are unfavorable for smectite formation (Eberl 1984); 
we will highlight the energetically unsustainable range in our published figures. Seasonality will 
not be explicitly modeled, but can be introduced in the analysis by a multiplicative factor. 
Mineral dissolution will be modeled as a function of time (not rain/snowmelt supply). The 
parameters to be varied lead to a total of 2 mineral-dissolution rates × 3 temperatures × 3 fluid-
rerouting assumptions × 2 SO2 cases × 7 accumulation timescales × 5 rain rates  × 50 
accumulation steps × an average of 25 layers = 1.6 × 106  runs. Each run takes <10 minutes on 1 
core, so the ensemble can easily be run on the PI’s cluster. Alternatively, we have access to 
dedicated nodes on a parallel cluster at the University of Chicago.  
 

The smectite abundances in our ensemble of forward models (a total of 2 × 3 × 3 × 2 × 7 × 5 = 
1260 forward models) will then be compared to Mawrth smectite abundances estimated from 
VNIR and TIR spectroscopy (e.g. Bishop et al. 2018, and references therein), using the 
accumulation timescales obtained from Step 2a. It is unlikely that the accumulation timescale 
from Task 2a will fall outside the range in the forward-modeled grid from Task 2b, but if it does, 
then it wil be straightforward and computationally inexpensive to add the appropriate ‘plane’ to 
the look-up grid corresponding to the Task-2a-output accumulation timescale. We will discuss 
the geologic reasonableness of the parameter combinations that are consistent with data. We will 
report the lowest-T solutions consistent with data, for each combination of SO2 case, mineral-



Constraints on Mars paleopressure and pedogenesis from modeling of ancient impact crater populations 
	

	 14	

dissolution rate, and fluid-rerouting assumption. Thus, the results from from Step 2b will either 
reinforce, or remove, the tension between climate models and mineralogy at Mawrth. 
 

2.4.4. Assumptions and caveats. 
It is worth emphasizing the limitations and assumptions of these modeling methods. First, this is 
a model-driven proposal whose primary goal is improved constraints on atmospheric pressure 
and surface weathering processes on early Mars. As with terrestrial paleoclimate research, a 
complete understanding of Mars’ long-term climate evolution will require input from extensive 
data analysis, sample analysis including isotopes, and laboratory studies, all of which require 
equipment and personnel beyond the scope of a single Solar System Workings proposal. Second, 
a caveat with the paleopressure method is that we could be measuring periods of atmospheric 
collapse (Soto et al. 2015, Kite et al. 2017). However, global circulation models indicate that the 
total (atmosphere + ice-caps) CO2 inventory must be ≤1 bar for atmospheric collapse (Soto et al. 
2015, Forget et al. 2013). So, even if our measurements probe atmospheric collapse, as is 
possible, then that would still imply a low total CO2 inventory, and thus a low inflated 
atmospheric pressure. Another issue is that our best fits are upper limits on paleopressure and 
sedimentation rate; we cannot rule out the possibility that small craters existed, but were 
obliterated by diffusion (Golombek et al. 2014) or other erosion processes (Jerolmack & Paola 
2010). Therefore, our paleopressure method is not a panacea; rather, it instead complements other 
methods that provide lower limits, such as the bomb sag method (Manga et al. 2012). One 
potential uncertainty with Mawrth modeling is the lab-to-field correction for reaction kinetics. 
However, recent rapid progress on pedogenesis modeling for Earth indicates that pore-fluid-
flushing is the key limiting process on weathering and largely accounts for the lab-to-field 
discrepancy (Brantley & Olson 2014, Maher et al. 2014, Winnick & Maher 2018). Because pore-
fluid flushing is explicitly accounted for in CHIM, our results should account for this uncertainty. 
To mitigate remaining uncertainty, we will also report results for 10× slower and 100× slower 
kinetics. A second Mawrth uncertainty is that we cannot exclude the possibility that the 
sediments were built up over a long time and then swiftly altered at higher temperatures. This is 
unlikely, because terrestrial analogs strongly favor the alter-as-you-accumulate option, which is 
the preferred interpretation of all Mawrth specialists (reviewed in Bishop et al. 2018). 
Nevertheless, by itself our modeling can only establish the plausibility of lower-temperature 
longer-duration alteration (or, alternatively, reject this hypothesis), and cannot by itself prove this 
scenario. Mawrth has a long and presumably complex history; we propose to use models to test 
simple hypotheses about that history, with an eye to enabling richer hypotheses and tests in 
future. 
 

2.5. Perceived Impact of the Proposed Work. 
The paleopressure method is complementary to noble gas studies, and also escape-relevant 
measurements from MAVEN. Mawrth is one of two finalists for the ExoMars rover landing site, 
and as Mawrth was highly ranked as a landing site for MSL and Mars 2020, it is a plausible 
future NASA landing site. Mawrth is important because it is the oldest known sedimentary 
sequence in the Solar System, and has great significance for Mars climate modeling is great 
(Bishop et al. 2018), so breaking the Tsurf -	τwet degeneracy at this site will be useful. Chronometry 
is a key uncertainty and is a MEPAG priority: Investigation A1.1 of the MEPAG Goals (MEPAG 
Goals Document 2015) calls for improved knowledge of “rates […] of weathering.” This 
chronometry complements existing efforts to obtain an absolute chronology, which are vital, but 
have large error bars (e.g. Loizeau et al. 2012). The alter-as-you-accumulate forward model grid 
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can be applied to all Mars top-down weathering profiles, not only Mawrth. Mars climate models 
can just marginally achieve annually average temperatures ~270K (snowmelt). However, the 
further increase to 300K – as would be required to match simple interpretations of the smectites – 
requires a >50% increase in surface Outgoing Longwave Radiation, and this is unattainable with 
all published models. So, which is incorrect, the models or the data interpretation? Our proposed 
work will address this question, which has been referred to as “the great climate paradox of 
ancient Mars” (Hynek 2016). Finally, this work will both benefit from, and also inform, Co-I 
Horgan’s work on cold-climate pedogenesis at Gale which is funded through her MSL 
Participating Scientist Program grant. The Relevance Statement for this proposal is included on the 
cover page as requested in Appendix C.3 of the NRA.  
  

2.6. Work Plan. 
 Activities/milestones. Products. 

Y
ea

r 
1.

 

• Count craters for the 2 new paleopressure sites. 
• Improve model of atmosphere-impactor interactions. 
• Apply newly-improved model to infer paleopressure. 
• Build DTMs for Mawrth. 

✓ LPSC presentation on: Paleopressure 
results and model fits for the 2 new sites.  
✓ GRL-length paper on paleopressure 
versus time including synthesis with results 
obtained by other methods. 

Y
ea

r 
2.

 

• Count craters for Mawrth, one DTM only. 
• Initiate CHIM modeling, train student on CHIM. 
• Interpolate structure contours using CRISM 

mineralogy. 
 

✓ LPSC presentation on: Chronometry of 
sediment accumulation at Mawrth. 
✓ GRL-length paper on chronometry for 
Mawrth.  

Y
ea

r 
3.

 

• Extend stratigraphic workflow to adjacent Mawrth 
DTMs. 

• Conclude CHIM modeling, with sensitivity tests and 
parameter sweeps for Mawrth. 

• Write up results. 

✓ LPSC presentation on: Effect of adding 
new DTMs to Mawrth results. 
✓ JGR-length paper with results from 
improved modeling for Mawrth, including 
details of Mawrth modeling. 

Productivity	on	past	SSW	grants	with	Kite	as	PI	is	as	follows:		
NNX15AH98G,	3	papers	submitted	in	3	years;	NNX16AG55G,	5	papers	submitted	in	2	years.	
	

2.7.		Personnel	and	Qualifications. (For FTE information, see §6 and §8). 
PI Edwin Kite is an assistant professor at the University of Chicago (UChicago). As PI, he will 
participate in all aspects of the proposed work and oversee its implementation. He has been the 
lead author or PI for >20 Mars papers, including papers on the use of small embedded craters for 
paleopressure retrieval and as process chronometers. Co-I Briony Horgan is an assistant 
professor at Purdue University. She has extensive experience interpreting spectral signatures of 
aqueous alteration in Mars visible, near-infrared, and mid-infrared datasets as well as terrestrial 
analog sites. She will be responsible for the mineralogical input to the reaction-transport model, 
and will play a major role in the overall synthesis and interpretation of mineralogical/crater data 
with model output for Mawrth. Co-I Horgan will also assist with manuscript preparation in Years 
2 and 3. Collaborator Jean-Pierre Williams is an Associate Researcher at UCLA. He will 
consult on the application and upgrading of his model of impactor-atmosphere interactions to the 
reconstruction of Mars atmospheric history, and the interpretation of the paleo-pressure results. 
Collaborator Mark Reed is a professor at the University of Oregon, and principal author of the 
CHIM-XPT code; within the last year, he has co-authored on 2 previous papers applying the 
CHIM-XPT code to Mars problems. He will consult on the application of his CHIM-XPT code. 
A University of Chicago graduate student researcher (to be identified) will carry out the 
CHIM-XPT modeling effort and the Mawrth stratigraphic analysis as part of their PhD research.  
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