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Abstract Large alluvial fan deposits on Mars record relatively recent habitable surface conditions (≲3.5 Ga,
Late Hesperian - Amazonian). We find net sedimentation rate<(4–8) μm/yr in the alluvial fan deposits, using
the frequency of craters that are interbedded with alluvial fan deposits as a fluvial-process chronometer.
Considering only the observed interbedded craters sets a lower bound of >20 Myr on the total time interval
spanned by alluvial fan aggradation, >103-fold longer than previous lower limits. A more realistic approach
that corrects for craters fully entombed in the fan deposits raises the lower bound to >(100–300) Myr.
Several factors not included in our calculations would further increase the lower bound. The lower bound
rules out fan formation by a brief climate anomaly. Therefore, during the Late Hesperian - Amazonian on
Mars, persistent or repeated processes permitted habitable surface conditions.

1. Introduction

Large alluvial fans on Mars record one or more river-supporting climates on ≲3.5 Ga Mars [e.g., Moore and
Howard, 2005; Grant and Wilson, 2012; Kite et al., 2015;Williams et al., 2013] (Figure 1). This climate permitted
precipitation-sourced runoff production of>0.1 mm/h that fed rivers with discharge up to 102 m3/s [Dietrich
et al., 2017;Morgan et al., 2014]. Such large water discharges probably require a water activity that would per-
mit life. The large (>10 km2) alluvial fans with ≲2° slopes correspond to a relatively recent [Grant and Wilson,
2011] epoch of Mars surface habitability [Williams et al., 2013]. (Although small (<10 km2) alluvial fans with
>10° slopes formed <5 Myr on Mars [e.g., Williams and Malin, 2008], in this paper we focus on the large
alluvial fans.) Did these large fans result from a single anomalous burst of wet conditions, such as might result
from an impact or volcanic eruption? Or do the fans record persistent or repeated wet conditions, for
example, as the result of a sustained warmer climate regime? Better constraints on the time span of alluvial
fan formation would constrain models of Late Hesperian-Amazonian climate.

Previous work on the duration of the interval of fan buildup used sedimentology to estimate the time over
which sediment transport occurred [e.g., Armitage et al., 2011; Williams et al., 2011; Palucis et al., 2014].
These sedimentologic methods require assumptions about flow intermittency or sediment:water ratio, which
(for almost all Mars alluvial fans) are poorly constrained [Dietrich et al., 2017]. Therefore, the lower limits
obtained from sedimentological methods are short—for example, ~3600 years [Morgan et al., 2014].
Moreover, brief (1–100 years) aggradation intervals have been proposed for deltas on Mars that are similar
to the alluvial fans in age and volume [Kleinhans et al., 2010; Mangold et al., 2012a; Hauber et al., 2013].
Another approach to estimating the interval of alluvial fan buildup is to measure the density of craters super-
imposed on different fans and use the spread of crater-retention ages for the fan surfaces as a proxy for the
range of fan formation ages. This method is not reliable, because crater counts for areas <103 km2 cannot
distinguish between ages of (for example) 2.5 Ga and 3.0 Ga [Warner et al., 2015]. Therefore, the time span
of habitable climates in the Late Hesperian-Amazonian remains an open question.

To get a more accurate estimate of the interval over which alluvial fans formed, we used the embedded-
crater method [Hartmann, 1974; Kite et al., 2013a]. For post-Noachian deposits on Mars, this method works
as follows. Crater density on a stable planetary surface (a surface that is neither eroding nor aggrading) is
proportional to exposure duration. This method may be extended to three dimensions: the total number
of craters interbedded within a sedimentary deposit is proportional to the time spanned by active sedimen-
tation (including any hiatuses) (Figure 2). The greater the volumetric density of craters, the longer the time
span of deposition. Of course, many or most of the interbedded craters may be completely buried
(Figure 2); therefore, a complete count of interbedded craters is usually impossible. However, if an impact
occurs near the end of active sedimentation, then the corresponding crater may be only partially buried.
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Smaller craters are more readily
buried, and larger craters require
more sediment to be completely
obscured. The time needed to accu-
mulate the population of visibly
embedded (synfluvial) craters is

τraw;D ¼ ND= f Dað Þ (1)

where τraw,D is the minimum time
required to build up the observed
population of embedded craters
(with minimum diameter D), ND is
the number of observed embedded
craters, fD is the past crater flux (#/
km2/yr), and a is the count area
(km2). Prefluvial craters (which are
overlain by fan deposits but that
formed before the start of fluvial
deposition [Irwin et al., 2015]) are
excluded. This procedure gives a
strict lower limit on the interval of
fan formation; it does not account
for craters within the deposit that
are fully entombed. To correct for
fully entombed craters, we can

assume steady aggradation and divide fan thickness Z by best fit aggradation rate W to get duration of fan
formation τsteady:

WD≈1:33Dφ=τD (2)

τsteady;D ¼ Z=WD (3)

The numerator in (2) corresponds to the required burial depth for obliteration. The amount of burial that is
required is constrained by the geometry of small impact craters [Melosh, 1989;Watters et al., 2015]. The para-
meter φ is the obliteration depth fraction for a given crater, expressed relative to crater diameter. (In this
paper, we define a crater as “obliterated” if it can no longer be identified in a high-resolution optical image
[Kite and Mayer, 2017].) The factor of 1.33 corrects for the fact that, for any minimum-diameter D, the median
diameter in a count will exceed D—thus, Dφ is an underestimate of the required burial depth. This correction
depends on the crater production function used. The correction is relatively small (1.3 times to 1.5 times) in
our size range of interest, because crater frequency falls off steeply with increasing diameter, and we repre-
sent it by a fixed factor. Postdepositional erosion of fan deposits does not affect the validity of (2) and (3). A
randomly oriented cut through the crater-containing volume intersects each crater with a probability propor-
tional to that crater’s size; the sample of craters partially exhumed at an erosional surface is biased toward
larger impacts. Just as with partial burial, the number of craters that are exposed is proportional to the
volumetric crater density (and inversely proportional to aggradation rate). Thus, the volumetric density of
interbedded craters may be estimated from surface counts both on pristine fan surfaces and for fans that
are deeply eroded [Kite et al., 2013a]. Therefore, embedded-crater counts can be used as a Mars fluvial
process speedometer.

2. Methods and Results

In order to set a lower bound on the time span of alluvial fan formation, we searched 1.7 × 104 km2 of
previously catalogued fans (corresponding to most of the surface area of large alluvial fans on Mars
[Wilson et al., 2012]) using 6 m per pixel CTX images to scout for candidate embedded craters. Candidate
craters show possible evidence of interbedding with paleochannels or other fan deposits. Each candidate
feature was reviewed by three of the authors (E.S.K, D.P.M., and J.S.) for final classification. Where available,

Figure 1. Large alluvial fan deposit on Mars (28°S 333°E). The ≲3.5 Ga age of
the fans is shown by their relatively low crater density. Aeolian erosion
exposes layers and channels within the deposit.
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25 cm per pixel HiRISE images and
anaglyphs, plus CTX Digital Terrain
Models (DTMs) were used to inspect
candidates flagged in the initial CTX
survey. Each candidate feature was
categorized as quality level 1, 2, 3
(representing decreasing confidence
that the crater was embedded), or it
was discarded. A total of 25
embedded craters were found at
<30° latitude (D = 0.08–5.0 km;
Figure 3, Figures S1 and S2 in the sup-
porting information). The latitude cut
was selected to avoid glaciated cra-
ters. Those embedded craters were
then classified (usually with the aid
of CTX DTMs) as “synfluvial,” “uncer-
tain,” or “prefluvial.” These craters
constitute a small fraction of the total
number of craters on the surfaces of
the fans, most of which appear to be
postfluvial [Grant and Wilson, 2012].

A supplementary HiRISE-only survey
(570 km2) was carried out to check
for resolution effects. Thirteen
embedded craters were found
(D = 0.05–0.22 km; Figure S3). For
0.08 km < D < 0.16 km, HiRISE
embedded-crater densities ND/a are
the same (within Poisson error) as
CTX embedded-crater densities.
Therefore, the HiRISE check provides
no evidence that our conclusions
would be changed by a HiRISE resur-
vey of the full area covered by our
CTX survey.

Diameter measurement error was
estimated by blindly remeasuring
craters and found to be negligible.
Crater diameter change during
degradation is ignored.

The contribution of false positives to our catalog is likely small. Although polygonal faulting in Earth mar-
ine sediments can produce crater-like concentric layering [Tewksbury et al., 2014], this is unlikely for Mars
alluvial fan deposits. For example, embedded craters are isolated (not space filling) and frequently show
preserved rims. However, there are certainly false negatives in our survey area: resurvey of a crater of
interest found several additional candidates with scores ≤3 on panel inspection. It is possible that many
embedded craters are easily identifiable as impact craters in CTX imagery but have an expression that is
indistinguishable from postfluvial craters at CTX scale. Therefore, our embedded crater densities are
lower limits.

We estimated fan thicknesses by differencing CTX DTM profiles across fans and analogous profiles across
parts of the same fan-hosting craters (n = 17) that lacked fans [Palucis et al., 2014] (Table 1). We found
maximum fan thickness of 1.1 km, with thicknesses ~1 km common.

Figure 2. Idealized cross section through an alluvial fan deposit. Crater
density within alluvial fans may be estimated using the frequency of visi-
ble interbedded craters at the exposed surface. (a) If fluvial sediment
accumulation was modest, some craters that formed late in the history of
alluvial fan aggradation are only partially buried and are visible today
(though outnumbered by postfluvial craters; not shown). (b) If fluvial
accumulation was rapid, the temporal window for partial crater burial was
correspondingly brief, and few interbedded craters are visible at the
exposed surface. (c) 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. In either erosional or well-preserved
fan scenarios, assuming steady aggradation, a count of interbedded craters
constrains the fan aggradation rate.
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3. Analysis

The usual procedure for estimating crater-counting error is to use Poisson statistics [Michael et al., 2016]. The
results of this procedure are shown by the blue lines and blue error bars in Figure 4. To generate these results,
we assumed a fixed crater flux [Michael, 2013], no change in atmospheric screening from today’s Mars, a
strong-rock target strength, and a fixed obliteration depth fraction φ = 0.1.

The true error is larger than this because of uncertainty in the following: true crater flux [Hartmann, 2005;
Johnson et al., 2016]; target strength [Okubo, 2007; Grindrod et al., 2010]; filtering by a potentially thicker past
atmosphere [Kite et al., 2014]; the time of formation of the fans; 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 CTX resolution. Therefore, we adopted conservative prior probabilities on these parameters in a Monte
Carlo simulation of our lower bound that also includes Poisson error (details are given in the supporting infor-
mation). Specifically, we assumed (1) a factor-of-4 uncertainty in crater flux (log-uniform uncertainty between
0.5 times and 2 times theMichael [2013] fluxes); (2) log-uniform uncertainty in target strength between limits
of 65 kPa and 10 MPa [Dundas et al., 2010]; (3) log-uniform uncertainty in paleoatmospheric pressure
between limits of 6 mbar and 1000 mbar; (4) a uniform uncertainty between fan formation 2.0 Ga
(low-end fan crater retention age) and 3.6 Ga (ages of large craters that host fans); and (5) a log-uniform
prior for obliteration depth fraction (expressed as a fraction of D) from 0.05 (rim burial [Melosh, 1989])
and 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

Figure 3. Embedded synfluvial craters within alluvial fans on Mars from our catalog (Figure S2).

Table 1. Alluvial Fan Thickness Estimates (Crater-by-Crater Maximum Estimated Thickness)a

Crater Name Estimated Maximum Fan Thickness Comments

46°W 0°N Orson Welles 900 m Flat floor approximation.
45°W 24°S Degana 200 m
37°W 18°S Luba >200 m Conservative estimate
34°W 26°S Holden 1.1 km Flat floor approximation.
28°W 26°S Ostrov 1 km Flat floor approximation.
27°W 28°S “SE of Ostrov” >300 m Conservative estimate
15°W 25°S - 150 m
67°E 22°S Harris 300 m
73°E 22°S Saheki >1.1 km Flat floor approximation
74°E 23°S “SE of Saheki” 500 m Flat floor approximation.
76°E 26°S Runanga 250 m Alternative control gives max. thickness 450 m.
84°E 29°S - 900 m
84°E 33°S Majuro 300 m–400 m Taken from Mangold et al. [2012b]
134°E 1°N - >500 m
142°E 12°N Eddie 250 m
170°E 19°N Kotka 300 m
180E 5°S - 200 m

aThicknesses ~1 km are shown in bold.

Geophysical Research Letters 10.1002/2017GL072660
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size bin. These probabilities are summed
over 103 Monte Carlo trials and normal-
ized. Results are shown by the gray
bands and black stars in Figure 4.

The best fit lower limit on the time span
of fan aggradation (Figure 4a) increases
with increasing diameter, as expected.
Bins ≥1.4 km contain only one crater,
and the Poisson uncertainty constitutes
most of the total uncertainty in the lower
limit. For the smaller diameters, the
counting statistics error is small com-
pared to the total uncertainty in the
lower limit, but systematic undercount-
ing of embedded craters is most likely
for craters that are smaller (and thus
more easily buried and modified). For
example, for 10 m diameter craters,
the nominal time span to build up the
observed craters is ~1 Myr, but the
amount of burial needed to obliterate
the crater is only ~1 m, and given fan
thicknesses ~1 km (Table 1), it is very
unlikely that there are zero craters
entombed within the lower 99.9% of
the fans. The largest >1 km diameter
bin contains two embedded craters and
yields a 95% lower limit of >17 Myr,
which we round to >20 Myr. Using the
single ~5 km crater found in our survey
gives a > 54 Myr lower bound.

Turning to the rate plot (Figure 4b), con-
stant aggradation rates of <(4–8) μm/yr
match our data. Different crater dia-
meters probe different depth ranges
and thus aggradation rate over different
timescales, but our data do not require a
change in aggradation rate with time-
scale [Jerolmack and Sadler, 2007].
Dividing typical fan thicknesses by this
rate gives 125–250 Myr (100–300 Myr
to 1 significant figures). For both plots,
the Monte Carlo procedure gives limits
that are more uncertain and slightly
more permissive (Figure 4).

The time span of liquid water estimated
from steady aggradation (>(100–300)

Myr; Figure 4b) is a more realistic estimate of the true fan-forming interval than the time span estimated from
observed synfluvial craters (>20 Myr; Figure 4a). For example, if the observed embedded craters represent
the total embedded-crater population, then fan aggradation must have started very fast and decreased shar-
ply near the end of fan buildup. Such an accumulation history would favor small-crater preservation relative
to large-crater preservation—opposite what is observed. Furthermore, after fluvial deposition stopped, many
of the fan deposits underwent aeolian erosion (e.g., Figure 1). Because postfluvial erosion would destroy

Figure 4. (a) Minimum time span of sedimentation based on observed
synfluvial craters, 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. Red dashed lines assume a constant aggradation rate
and that burial by 10% of a crater’s diameter is sufficient to obscure the
crater from orbiter-image surveys. (b) Corresponding aggradation rate
estimates for alluvial fans, binned by minimum diameter (cumulative
plot). Error bars are the same as in Figure 4a.

Geophysical Research Letters 10.1002/2017GL072660
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some embedded craters, the observed embedded craters are very unlikely to represent the total population
of craters that formed embedded within the fans.

Results are plotted excluding craters for which synfluvial versus prefluvial status could not be determined, but
including craters of quality score 3. These choices have little effect on our conclusions. That is because the
quality 3 embedded craters, and the craters whose synfluvial status is uncertain, correspond to small
diameter bins for which our counts are probably incomplete.

4. Discussion
4.1. Factors Not Taken Into Account Would Increase Our Lower Limit

By fitting a single time span (and separately fitting a single erosion rate) to the fan deposits, we implicitly
assume that the probability of finding an embedded crater is spatially uniform. However, this assumption
is inconsistent with the clumpiness of the observed spatial distribution of embedded craters. For example,
Crater “W” [Kraal et al., 2008] has 20% of the embedded craters (5 out of 25) even though the fan area at that
site is only 500 km2 (3% of total). This cluster is unlikely to be due to chance (assuming cratering is a Poisson
process): if fan area is divided into (17,000 km2)/(500 km2) = 34 equal-area sites, the expected number of
craters per site is λ = 25/34 = 0.73. The probability of finding ≥5 embedded craters in ≥1 sites is then only
1–(1 � Σx=5

∞f(x|0.73))34 = 3%, where f is the Poisson probability distribution function. To be consistent with
data at the 50% level, we must increase λ by 200%. This might correspond to uniform fan age with spatially
nonuniform detectability of embedded craters. Alternatively, Crater “W” might record anomalously slow
aggradation. In either case, our best estimate of the time span of fan-forming climates is 200% longer than
that in our lower limit.

Spatial staggering of fan aggradation would increase our lower limit. Time-varying orbital forcing would favor
snowmelt [e.g., Kite et al., 2013b] in different places at different times. Localized precipitation would not be
globally correlated [Kite et al., 2011].

If the fan deposits underwent erosion during the period of net aggradation, then this would destroy some
embedded craters. Therefore, if erosion occurred during fan aggradation, our upper limit would
increase further.

Mars crater fluxes are extrapolated from lunar radiogenic ages and corresponding crater densities [Neukum
et al., 2001]. Those crater densities have been argued to be incorrect [Robbins, 2014]. Adopting Robbins’s
chronology would reduce flux uncertainty from (1–12) times modern (Neukum chronology function) to
(1.5–2.2) times modern. Because high aggradation rates in our Monte Carlo runs always correspond to high
crater fluxes, including Robbins’s chronology would raise our lower limit.

4.2. Implications for Paleohydrology and Climate

The D< 100 m embedded craters place an upper limit on paleoatmospheric pressure [Kite et al., 2014]. Since
D < 50 m impact craters are extremely rare on Earth (atmospheric column density 104 kg/m2), the existence
of D < 100 m embedded craters in the Mars fans suggests atmospheric column density <2 × 104 kg/m2, i.e.,
P < 1 bar around the time of fan aggradation (Figure 5).

Previous analyses of the interval over which alluvial fans formed have divided fan volume by the inferred flu-
vial sediment transport flux [e.g., Jerolmack et al., 2004]. This duration is a lower bound on the interval over
which alluvial fans formed, because not all years need produce runoff. Our lower bound exceeds sedimento-
logical lower bounds by>1000 -fold. Many alluvial fans are ~1 km thick. Suppose a fan:alcove area ratio of 0.5.
Typical water:sediment ratios on Earth are 103:1. 2000 km of water at 0.5 m snowmelt/yr gives 4 Myr. These
calculations are highly uncertain. For example, if the amount of snowmelt is limited by snow supply to
10 cm/yr, then the fan formation time is 20 Myr, equal to our strict lower limit on the total time span of alluvial
fan formation. However, given quasi-periodic orbital variability, fine-tuning of Mars’ hydrological cycle is
required to produce small amounts of runoff every year, especially for our preferred lower limit of
>(100–300) Myr. Slow net aggradation rates in areas of steep relief (Figure 1) suggest intermittency.

Intermittency in alluvial fan-forming climate is further suggested by combining our data with other
constraints. The paucity of mineralogic evidence for in situ alteration of fan deposits [McKeown et al.,
2013], the presence of hydrated silica (possibly opal [Carter et al., 2012]), and the persistence of olivine
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[Stopar et al., 2006], when combined with the>20 Myr span of surface liquid water required by our data, sug-
gest that climate conditions were cold and that intermittency further reduced liquid water interaction with
soil. Cold conditions are also suggested by sedimentary-deposit mineralogy at Gale [McLennan et al., 2014;
Siebach et al., 2017]. Intermittency is also suggested by multiple pulses of fan formation at Holden [Irwin
et al., 2015], Gale, and Melas Chasma [Williams and Weitz, 2014].

In summary, the data exclude any explanation that produces a single burst of habitability of <20 Myr
duration. For example, the data exclude triggering by the thermal pulse caused by the impacts that formed
the large craters which host the alluvial fans. The data disfavor fluvial sediment transport every year for >20
Myr. Among other possibilities, the data permit a long-lived habitable environment (snowmelt or rainfall), a
chaos trigger [Baker et al., 1991], or obliquity-paced fluvial intermittency [Kite et al., 2013b].

4.3. Implications for Habitability

The time span of alluvial fan aggradation (section 3) is a proxy for the time span of spatially associated paleo-
lakes. Those paleolakes include candidate playa deposits at the toes of fans [e.g., Morgan et al., 2014], a
>100 m deep paleolake in Crater “P” [Kraal et al., 2008] suggested by a common fan frontal-scarp elevation
of -2700 m (in our CTX DTMs), and the Eberswalde paleolake (which shares a drainage divide with fans at
Holden [Irwin et al., 2004]). In addition, rivers and lakes occurred during the Late Hesperian-Amazonian in
Valles Marineris [e.g., Mangold et al., 2004] and Arabia Terra [Wilson et al., 2016]. Lake deposits have good
biosignature recovery potential [Summons et al., 2015], and biosignature recovery from Proterozoic lake
deposits is routine [Peters et al., 2005]. However, biosignatures would have been destroyed if lake waters
were oxidizing.

5. Conclusions

Explaining young alluvial fans onMars is a challenge to climatemodels. To determine the time span of alluvial
fan-forming conditions, we counted embedded craters. We found a high density of embedded craters, which
requires that the river-permitting climate(s) spanned >20 Myr. If aggradation was steady at <(4–8) μm/yr,
which is consistent with our data, then fan buildup required >(100–300) Myr (Table 1). The data make the
challenge of explaining the alluvial fans more severe, because they exclude a single short-lived anomaly as
the cause of the alluvial fans.

References
Armitage, J. J., N. H. Warner, K. Goddard, and S. Gupta (2011), Timescales of alluvial fan development by precipitation on Mars, Geophys. Res.

Lett., 38, L17203, doi:10.1029/2011GL048907.
Baker, V. R., R. G. Strom, V. C. Gulick, J. S. Kargel, and G. Komatsu (1991), Ancient oceans, ice sheets and the hydrological cycle on Mars, Nature,

352, 589–594.
Carter, J., et al. (2012), Composition of deltas and alluvial fans on Mars, in 43rd Lunar and Planetary Science Conference, LPI Contribution No.

1659, id.1978, The Woodlands, Tex., 19–23 March.
Dietrich, W. E., M. C. Palucis, R. M. E. Williams, K. W. Lewis, F. Rivera-Hernandez, and D. Y. Sumner (2017), Fluvial gravels on Mars: Analysis and

implications, in Gravel-Bed Rivers: Processes and Disasters, edited by D. Tsutsumi and J. Laronne, pp. 755–784, John Wiley, Oxford, U. K.
Dundas, C. M., L. P. Keszthelyi, V. J. Bray and A. S. McEwen (2010), Role of material properties in the cratering record of young platy-ridged

lava on Mars, Geophys. Res. Lett., 37, L12203, doi:10.1029/2010GL042869.

Figure 5. Geomorphic history of Mars [Howard, 2007; Fassett and Head, 2011]. FSV = fresh shallow valleys [Wilson et al.,
2016]. RSL = recurring slope lineae. Prevalley network fluvial sediment transport is from Irwin et al. [2013].

Geophysical Research Letters 10.1002/2017GL072660

KITE ET AL. MARS ALLUVIAL FAN AGGRADATION TOOK >20 MA 7

Acknowledgments
We thank Alan Howard, Marisa Palucis,
Becky Williams, Ross Irwin, Jean-Pierre
Williams, Bill Dietrich, and Brian Hynek.
We thank two anonymous reviewers for
their useful recommendations, and
Andrew Dombard for editorial handling.
All data may be obtained by contacting
the lead author (kite@uchicago.edu).
We are grateful for financial support
from the U.S. taxpayer via NASA grants
NNX16AG55G and NNX15AM49G.

https://doi.org/10.1029/2011GL048907
https://doi.org/10.1029/2010GL042869
mailto:kite@uchicago.edu


Fassett, C. I., and J. W. Head (2011), Sequence and timing of conditions on early Mars, Icarus, 211, 1204–1214.
Grant, J. A., and S. A. Wilson (2011), Late alluvial fan formation in southern Margaritifer Terra, Mars, Geophys. Res. Lett., 38, L08201,

doi:10.1029/2011GL046844.
Grant, J. A., and S. A. Wilson (2012), A possible synoptic source of water for alluvial fan formation in southern Margaritifer Terra, Mars, Planet.

Space Sci., 72–44, 52.
Grindrod, P. M., M. J. Heap, A. D. Fortes, P. G. Meredith, I. G. Wood, F. Trippetta, and P. R. Sammonds (2010), Experimental investigation of the

mechanical properties of synthetic magnesium sulfate hydrates: Implications for the strength of hydrated deposits on Mars, J. Geophys.
Res., 115, E06012, doi:10.1029/2009JE003552.

Hartmann, W. K. (1974), Geological observations of Martian arroyos, J. Geophys. Res., 79, 3951–3957, doi:10.1029/JB079i026p03951.
Hartmann, W. K. (2005), Martian cratering 8: Isochron refinement and the chronology of Mars, Icarus, 174, 294–320.
Hauber, E., T. Platz, D. Reiss, L. Le Deit, M. G. Kleinhans, W. A. Marra, T. Haas, and P. Carbonneau (2013), Asynchronous formation of

Hesperian and Amazonian-aged deltas on Mars and implications for climate, J. Geophys. Res. Planets, 118, 1529–1544, doi:10.1002/
jgre.20107.

Howard, A. D. (2007), Simulating the development of Martian highland landscapes through the interaction of impact cratering, fluvial
erosion, and variable hydrologic forcing, Geomorphology, 91, 332–363.

Irwin, R. P., J. A. Grant, and A. D. Howard (2008), The alluvial fan complex in Holden crater: Implications for the environment of early Mars,
39th Lunar and Planetary Science Conference, abstract id.

Irwin, R. P., III, K. L. Tanaka, and S. J. Robbins (2013), Distribution of Early, Middle, and Late Noachian cratered surfaces in the Martian high-
lands: Implications for resurfacing events and processes, J. Geophys. Res. Planets, 118, 278–291, doi:10.1002/jgre.20053.

Irwin, R. P., K. W. Lewis, A. D. Howard, and J. A. Grant (2015), Paleohydrology of Eberswalde crater, Mars. Geomorphology, doi:10.1016/j.
geomorph.2014.10.012.

Jerolmack, D. J., D. Mohrig, M. T. Zuber, and S. Byrne (2004), A minimum time for the formation of Holden northeast fan, Mars, Geophys. Res.
Lett., 31, L21701, doi:10.1029/2004GL021326.

Jerolmack, D. J., and P. Sadler (2007), Transience and persistence in the depositional record of continental margins, J. Geophys. Res., 112,
F03S13, doi:10.1029/2006JF000555.

Johnson, B. C., G. S. Collins, D. A. Minton, T. J. Bowling, B. M. Simonson, and M. T. Zuber (2016), Spherule layers, crater scaling laws, and the
population of ancient terrestrial impactors, Icarus, 271, 350–359.

Kite, E. S., and D. P. Mayer (2017), Mars sedimentary rock erosion rates constrained using crater counts, with applications to organic matter
preservation and to the global dust cycle, Icarus, 286, 212–222.

Kite, E. S., T. I. Michaels, S. C. R. Rafkin, M. Manga, and W. E. Dietrich (2011), Localized precipitation and runoff on Mars, J. Geophys. Res., 116,
E07002, doi:10.1029/2010JE003783.

Kite, E. S., A. Lucas, and C. I. Fassett (2013a), Pacing early Mars river activity: Embedded craters in the Aeolis Dorsa region imply river activity
spanned >∼(1-20) Myr, Icarus, 225, 850–855.

Kite, E. S., I. Halevy, M. A. Kahre, M. Manga, and M. Wolff (2013b), Seasonal melting and the formation of sedimentary rocks on Mars, Icarus,
223, 181–210.

Kite, E. S., J.-P. Williams, A. Lucas, and O. Aharonson (2014), Low palaeopressure of the Martian atmosphere estimated from the size distri-
bution of ancient craters, Nat. Geosci., 7, 335–339.

Kite, E. S., A. Howard, A. S. Lucas, J. C. Armstrong, O. Aharonson, and M. P. Lamb (2015), Stratigraphy of Aeolis Dorsa, Mars: Stratigaphic
context of the great river deposits, Icarus, 253, 223–242.

Kleinhans, M. G., H. E. van de Kasteele, and E. Hauber (2010), Palaeoflow reconstruction from fan delta morphology on Mars, Earth Planet. Sci.
Lett., 294, 378–392.

Kraal, E. R., E. Asphaug, J. M. Moore, A. Howard, and A. Bredt (2008), Catalogue of large alluvial fans in Martian impact craters, Icarus, 194,
101–110.

Mangold, N., C. Quantin, V. Ansan, C. Delacourt, and P. Allemand (2004), Evidence for precipitation on Mars from dendritic valleys in the
Valles Marineris area, Science, 305, 78–81.

Mangold, N., E. S. Kite, M. G. Kleinhans, H. Newsom, V. Ansan, E. Hauber, E. Kraal, C. Quantin, and K. Tanaka (2012a), The origin and timing of
fluvial activity at Eberswalde crater, Mars, Icarus, 220(2), 530–551.

Mangold, N., J. Carter, F. Poulet, E. Dehouck, V. Ansan, and D. Loizeau (2012b), Late Hesperian aqueous alteration at Majuro crater, Mars,
Planet. Space Sci., 72(1), 18–30.

McLennan, S. M., et al. (2014), Elemental geochemistry of sedimentary rocks at Yellowknife Bay, Gale crater, Mars, Science, 343(6169),
doi:10.1126/science.1244734.

McKeown, N. K., M. S. Rice, N. H. Warner, and S. Gupta (2013), A Detrital Source for the Phyllosilicates at Eberswalde Crater, 44th Lunar and
Planetary Science Conference, LPI Contribution No. 1719, p. 2302, The Woodlands, Tex., 18–22 March.

Melosh, H. J. (1989), Impact cratering: A geologic process, in Research Supported by NASA, Oxford Monogr. Geol. Geophys., 11, 253, p. 11,
Oxford Univ. Press, New York.

Michael, G. G., T. Kneissl, and A. Neesemann (2016), Planetary surface dating from crater size-frequency distribution measurements: Poisson
timing analysis, Icarus, 277, 279–285.

Moore, J. M., and A. D. Howard (2005), Large alluvial fans on Mars, J. Geophys. Res., 110(E4), E04005, doi:10.1029/2004JE002352.
Michael, G. G. (2013), Planetary surface dating from crater size-frequency distribution measurements: Multiple resurfacing episodes and

differential isochron fitting, Icarus, 226, 885–890.
Morgan, A. M., A. D. Howard, D. E. J. Hobley, J. M. Moore, W. E. Dietrich, R. M. E. Williams, D. M. Burr, J. A. Grant, S. A. Wilson, and Y. Matsubara

(2014), Sedimentology and climatic environment of alluvial fans in the Martian Saheki crater and a comparison with terrestrial fans in the
Atacama Desert, Icarus, 229, 131–156.

Neukum, G., B. A. Ivanov, and W. K. Hartmann (2001), Cratering records in the inner solar system in relation to the lunar reference system,
Space Sci. Rev., 96(1/4), 55–86.

Okubo, C. H. (2007), Strength and deformability of light-toned layered deposits observed by MER opportunity: Eagle to Erebus craters, Mars,
Geophys. Res. Lett., 34, L20205, doi:10.1029/2007GL031327.

Palucis, M., W. E. Dietrich, A. G. Hayes, R. M. E. Williams, S. Gupta, N. Mangold, H. Newsom, C. Hardgrove, F. Calef III, and D. Y. Sumner (2014),
The origin and evolution of the Peace Vallis fan system that drains to the curiosity landing area, Gale crater, Mars, J. Geophys. Res. Planets,
119, 705–728, doi:10.1002/2013JE004583.

Peters, K. E., C. C. Walters, and J. M. Moldowan (2005), The Biomarker Guide, Cambridge Univ. Press, Cambridge, U. K.

Geophysical Research Letters 10.1002/2017GL072660

KITE ET AL. MARS ALLUVIAL FAN AGGRADATION TOOK >20 MA 8

https://doi.org/10.1029/2011GL046844
https://doi.org/10.1029/2009JE003552
https://doi.org/10.1029/JB079i026p03951
https://doi.org/10.1002/jgre.20107
https://doi.org/10.1002/jgre.20107
https://doi.org/10.1002/jgre.20053
https://doi.org/10.1016/j.geomorph.2014.10.012
https://doi.org/10.1016/j.geomorph.2014.10.012
https://doi.org/10.1029/2004GL021326
https://doi.org/10.1029/2006JF000555
https://doi.org/10.1029/2010JE003783
https://doi.org/10.1126/science.1244734
https://doi.org/10.1029/2004JE002352
https://doi.org/10.1029/2007GL031327
https://doi.org/10.1002/2013JE004583


Robbins, S. J. (2014), New crater calibrations for the lunar crater-age chronology, Earth Planet. Sci. Lett., 403, 188–198.
Siebach, K. L., M. B. Baker, J. P. Grotzinger, S. M. McLennan, R. Gellert, L. M. Thompson, and J. A. Hurowitz (2017), Sorting out compositional

trends in sedimentary rocks of the Bradbury Group (Aeolus Palus), Gale crater, Mars, J. Geophys. Res. Planets, 122, 295–328, doi:10.1002/
2016JE005195.

Stopar, J. D., G. J. Taylor, V. E. Hamilton, and L. Browning (2006), Kinetic model of olivine dissolution and extent of aqueous alteration onMars,
Geochim. Cosmochim. Acta, 70, 6136–6152.

Summons, R. E., J. P. Amend, D. L. Bish, R. Buick, G. D. Cody, D. J. Des Marais, G. Dromart, J. L. Eigenbrode, A. H. Knoll, and D. Y. Sumner (2011),
Preservation ofMartian organic and environmental records: Final report of theMars BiosignatureworkingGroup,Astrobiology, 11, 157–181.

Tewksbury, B. J., J. P. Hogan, S. A. Kattenhorn, C. J. Mehrtens, and E. A. Tarabees (2014), Polygonal faults in chalk: Insights from extensive
exposures of the Khoman Formation, Western Desert, Egypt, Geology, 42(6), 479–482.

Warner, N. H., S. Gupta, F. Calef, P. Grindrod, N. Boll, and K. Goddard (2015), Minimum effective area for high resolution crater counting of
Martian terrains, Icarus, 245, 198–240.

Watters, W. A., L. M. Geiger, M. Fendrock, and R. Gibson (2015), Morphometry of small recent impact craters on Mars: Size and terrain
dependence, short-term modification, J. Geophys. Res. Planets, 120, 226–254, doi:10.1002/2014JE004630.

Williams, R. M. E., and M. C. Malin (2008), Sub-kilometer fans in Mojave Crater, Mars, Icarus, 198, 365–383.
Williams, R. M. E., and C. M. Weitz (2014), Reconstructing the aqueous history within the southwestern Melas Basin, Mars: Clues from stra-

tigraphic and morphometric analyses of fans, Icarus, 242, 19–37.
Williams, R. M. E., A. Deanne Rogers, M. Chojnacki, J. Boyce, K. D. Seelos, C. Hardgrove, and F. Chuang (2011), Evidence for episodic alluvial fan

formation in far western Terra Tyrrhena, Mars, Icarus, 211(1), 222–237.
Williams, R. M. E., et al. (2013), Martian fluvial conglomerates at Gale crater, Science, 340(6136), 1068–1072.
Wilson, S. A., J. A. Grant, and A. D. Howard (2012), Distribution of Intracrater alluvial fans and deltaic deposits in the southern highlands of

Mars, 43rd Lunar & Planet. Sci. Conf., abstract id.2462.
Wilson, S. A., A. D. Howard, J. M. Moore, and J. A. Grant (2016), A cold-wet middle-latitude environment on Mars during the Hesperian-

Amazonian transition: Evidence from northern Arabia valleys and paleolakes, J. Geophys. Res. Planets, 121, 1667–1694, doi:10.1002/
2016JE005052.

Geophysical Research Letters 10.1002/2017GL072660

KITE ET AL. MARS ALLUVIAL FAN AGGRADATION TOOK >20 MA 9

https://doi.org/10.1002/2016JE005195
https://doi.org/10.1002/2016JE005195
https://doi.org/10.1002/2014JE004630
https://doi.org/10.1002/2016JE005052
https://doi.org/10.1002/2016JE005052


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


