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ABSTRACT 26 

Milna Crater, Mars (23.4 S, 12.3 W) exhibits signs of fluvial modification early in Mars history, 27 

including a large multi-lobed fan deposit cut by several sinuous valleys. We describe the past hydrologic 28 

conditions in Milna and the surrounding area, including a potential lake with a volume of 50 km3. We also 29 

introduce new methods (i) to calculate the timescale of sediment deposition by considering fluvial sediment 30 

input into the entire crater while accounting for nonfluvial input, and (ii) to place improved constraints on 31 

the channel dimensions through which sediment was delivered to Milna by comparing to the dimensions of 32 

inner channels found in valleys in the region surrounding Milna. By calculating the flux of fluid and 33 

sediment into the crater, we find that the crater cavity was flooded for at least months and that the time of 34 

active fluvial sediment transport without hiatus is on the order of decades to centuries, with a preferred 35 

timescale of centuries. We also calculate the total amount of water required to transport the volume of 36 

sediment we measure in Milna and conclude that impacts alone are likely insufficient to deliver enough 37 

water to Milna to allow the sedimentary fill we see.  38 

Combining the timescales of fluvial activity in the adjacent Paraná Valles with estimates for global 39 

Noachian erosion rates, we calculate an intermittency factor for fluvial activity of ~0.01-0.1% during 105-40 

106 yr near the Noachian-Hesperian boundary in the Paraná Valles region. These values are comparable to 41 

arid climates on Earth where the majority of fluvial sedimentary transport takes place during floods with 42 

multi-year to decadal recurrence intervals. Our calculations of intermittency help to quantitatively reconcile 43 

the divergent estimates of the short and long timescales of fluvial activity on Mars reported in the literature. 44 

 45 
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 47 

1.  Introduction 48 

 Ancient lake deposits and valley networks on Mars provide strong evidence that its surface was 49 

once modified by liquid water (e.g. discussions in Craddock and Howard, 2002; Gaidos and Marion, 2003; 50 

Moore et al., 2003; Burr et al., 2009; Carr, 2012), but the extent of that modification is still a subject of 51 
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intense deliberation.  One of the most important, and most debated, variables pertaining to ancient 52 

hydrological activity on Mars is the timescale over which it operated.  53 

Over the past several decades the question of timescales of fluvial modification of the martian 54 

surface has been approached from the local, regional, and global perspectives.  Although there is evidence 55 

that both valley networks and outflow channels (e.g., Baker and Milton, 1974; Pieri, 1980; Carr and Clow, 56 

1981) provided water for the formation of lakes (e.g. De Hon, 1992; Cabrol and Grin, 1999), the lakes 57 

sourced by valley networks appear to have formed under conditions that were closer to equilibrium climate 58 

conditions than lakes formed in a different epoch by catastrophic outflow (e.g. Fassett and Head, 2008b; 59 

Carr, 2012).  60 

One approach employed to calculate the time over which fluvial activity redistributed sediment on 61 

the martian surface involves measuring the volume of a sedimentary fan or delta and dividing that volume 62 

by an estimated flux of waterborne sediment into a basin (e.g. Moore et al., 2003; Jerolmack et al., 2004; 63 

Bhattacharya et al., 2005; Kleinhans, 2005; Metz et al., 2009; Kleinhans et al., 2010; Schon et al., 2012; 64 

DiBiase et al., 2013). A number of investigations into fluvial timescales related to valley networks and their 65 

associated lake and fan deposits have yielded a wide range of estimates for the timescales over which fluvial 66 

modification has taken place, from local processes operating over less than years (e.g. alluvial fans: 67 

Kleinhans et al., 2010) to global and regional modification lasting hundreds of millions of years (e.g. 68 

modeling of crater erosion, Craddock and Howard, 2002); see Table 1.   69 

On Earth there are also orders of magnitude difference in timescale for formation of fluvial 70 

landforms, which can be explained both by hiatus in fluvial activity and by the fact that Earth does not 71 

experience constant storm conditions—rather, fluvial modification of the landscape happens periodically 72 

(e.g. Wolman and Miller, 1960). Knowledge of the terrestrial water cycle has led several authors (e.g. 73 

Moore et al., 2003; Jerolmack et al., 2004; Bhattacharya et al., 2005; Fassett and Head, 2005; Kleinhans, 74 

2005; Barnhart et al., 2009; Metz et al., 2009; Schon et al., 2012) to invoke periodic recurrence of fluvial 75 

processes to explain the formation of fluvial landforms on Mars. However, so far, constraints on the 76 

frequency of periodic reworking of sediment on Mars are weak (e.g. Carr, 2012). 77 
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 This study focuses on the problem of constraining the timescale over which fluvial processes 78 

operated to input sediment into Milna Crater (23.4 S, 12.3 W; in the Margaritifer Sinus Quadrangle; Fig. 79 

1). This approach differs from others in that sediment input into the entire crater, rather than just into a fan, 80 

is considered.  We also introduce improved methods for estimating the dimensions of channels inputting 81 

sediment. Finally, the location of Milna Crater near the well-studied Paraná Valles (e.g. Howard et al., 82 

2005; Barnhart et al., 2009) and the presence of a large, well-defined drainage area, allows a 83 

contextualization of the timescale of sediment input into Milna and permits a calculation of the percentage 84 

of the time over which significant fluvial activity took place. 85 

 Milna Crater has been interpreted as an open basin paleolake (see Irwin et al., 2005b; Fassett and 86 

Head, 2008b).  An open basin paleolake is a depression, such as a crater, that has a valley sloping into it 87 

(an inlet valley) and a valley leading out of it (an outlet valley), often accompanied by other signs of fluvial 88 

modification (e.g. Goldspiel and Squyres, 1991; Cabrol and Grin, 1999; Irwin et al., 2007; Fassett and 89 

Head, 2005, 2008b; Buhler et al., 2011).  Evidence for a paleolake in Milna Crater was first discovered by 90 

Irwin et al., 2005b. Unlike most open basin paleolakes (see Carr, 2012), Milna contains a fan deposit with 91 

several lobes that are incised by several sinuous valleys, akin to Eberswalde (Malin and Edgett, 2003; 92 

Wood, 2006) and Jezero (Fassett et al., 2005) craters.  This deposit allows us to qualitatively demonstrate 93 

that the sedimentary fan records a multi-stage history and to quantitatively calculate the timescales of fluvial 94 

activity in Milna.  95 

In this paper we first make the case that Milna once housed an open basin paleolake and 96 

qualitatively describe its history (Section 3).  Second, we enumerate the techniques we employ to calculate 97 

the timescales of sedimentary fill construction, contrasted with the time to simply flood the crater with fluid 98 

(Section 4).  Third, after considering the impact of non-fluvial modification of Milna (Section 5), we present 99 

numerical estimates of the minimum and maximum timescales of fluvial activity (Section 6), including 100 

calculations of hiatus timescales and recurrence intervals (Section 7).  Finally, we contextualize our findings 101 

within the discussion of the ancient global climate on Mars (Section 8). 102 

 103 
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2. Methods 104 

Orbital missions to Mars in the past decade have supplied us with detailed information on the 105 

topography and morphology of the martian surface.  For topographic information, we made use of Mars 106 

Orbiter Laser Altimeter (MOLA) 1/128 pixel per degree gridded data (463 m/px) (Smith et al., 2001). 107 

Geomorphic information was primarily derived from the Context Camera (CTX) (Malin et al., 2007) image 108 

data at resolution ~6 m/px.  To augment CTX data, we used Thermal Emission Imaging System (THEMIS) 109 

(Christensen et al., 2003) VIS (~18 m/px) and IR (100 m/px) images, and nadir HRSC (Neukum et al., 110 

2004) data (up to 12.5 m/px). High Resolution Imaging Science Experiment (HiRISE) (McEwen et al., 111 

2007) images (0.25m/px) were also used in available locations.  The data were compiled and co-registered 112 

in the ArcMap GIS environment using the USGS ISIS software package. 113 

 We used a combination of morphologic data and topographic data to identify inlet and outlet valleys 114 

and determine the direction of their local slope.  The maximum surface area and volume possible for a 115 

paleolake in Milna Crater, with the current geometry of the crater, was obtained by finding the highest 116 

elevation closed contour in the crater.  The topography within this closed contour was then extracted to 117 

enable direct measurement of the surface area at, and volume of the crater below, a surface constructed at 118 

the elevation of the inlet and outlet valleys.  All values given for elevations refer to the height above the 119 

current lowest point Milna, which corresponds to -1040 m relative to the mean global martian surface 120 

elevation derived from the MOLA dataset. 121 

In order to determine the amount of post-impact fill in Milna, theoretical fresh crater dimensions 122 

were calculated using the equations found in Garvin et al., 2002 (see Section 4.1).  The theoretical values 123 

obtained from these equations were checked by comparison to two fresh craters that are approximately the 124 

same diameter as Milna, centered at (5.0 S, 53.0 E, 26.2 km diameter) and (5.7 S, 35.9 E, 25.4 km diameter). 125 

The current cavity volume, VC, was calculated by constructing a reference surface over Milna at the 126 

elevation of the surrounding plains and then calculating the volume between the current crater floor and 127 

that surface. We created a high resolution digital terrain model (DTM) using the Ames Stereo Pipeline 128 

(Moratto et al., 2010) of CTX images P01_001586_1563 and P01_001388_1563 that provides high 129 
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resolution topography over the fans, but did not cover the entire crater; thus we use MOLA DTMs for 130 

calculations of the geometry of the whole crater. 131 

Fans are identified by their convex, rounded scarps (e.g. Williams and Malin, 2008; Metz et al., 132 

2009; Carr, 2012).  The drainage basins were determined in ArcMap GIS environment using the ‘Basin’ 133 

tool, after creating a flow direction raster using the ‘Flow Direction’ tool based on the MOLA gridded 134 

dataset and eliminating spurious sink points with the ‘Fill’ tool. Valley versus inner channel ratios were 135 

calculated by measuring both the valley width and the inner channel width at 15 evenly spaced locations 136 

from the first point at which the inner channel is resolvable until the inner channel was no longer resolvable, 137 

along the midline between the valley walls for the valley and the midline between the channel walls for the 138 

channel, using the Measure tool in ArcMap GIS.  The mean of each of these measurements were taken, and 139 

the ratio is given by the mean channel width divided by the mean valley width.  Average valley slopes were 140 

calculated by measuring the length of the valleys along a line centered between the walls of the valley, and 141 

then dividing that length by the difference in elevation—obtained from the MOLA 1/128 pixel per degree 142 

gridded dataset—between the two ends of the valley. Slopes in this paper are generally smooth and reported 143 

for elevation changes of tens to hundreds of meters over valleys with lengths ~10 km or greater. Since 144 

MOLA has a vertical accuracy of ~1 m (Smith et al., 2001), we estimate that errors of the slope estimate 145 

are a few 10-4 and so measurement error should not significantly impact the slope estimates. Calculations 146 

of timescale estimations, channel dimension, crater fill, and intermittency are given in Sections 4-7. 147 

 148 

3. Description and Interpretation of Milna Crater 149 

3.1 Post-impact Modification and Evidence for a Paleolake 150 

 Milna Crater is centered at (23.4 S, 12.3 W), in the Margaritifer Sinus Quadrangle, just south of 151 

Paraná Valles (Fig. 1).  There is a valley that slopes into Milna from the southeast, and a valley that slopes 152 

out of Milna toward the northwest; we interpret these as an inlet and an outlet valley, respectively, because 153 

of the inferred direction of water flow based on the average valley slopes (Fig. 2). Also, in addition to the 154 

inlet and outlet valleys, there is another, less incised valley to the west of Milna that slopes into the crater, 155 
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which we interpret as a secondary inlet valley because it is less deeply cut than the other two valleys (Fig. 156 

2D). The highest closed contour around Milna is 275 m (Fig. 2D); correlatively, the lowest open contour 157 

around Milna is 280 m, which is opened by its intersection with the outlet valley to the west. 158 

 Milna has been extensively modified since its formation.  The crater rim is eroded and incised; in 159 

addition to the outlet valley, main inlet valley, and secondary inlet valley, there are smaller valleys 160 

modifying the rim (Fig. 2D). Milna crater also likely contains a large amount of fill based on a comparison 161 

of the present topographic profile across Milna and the ideal cavity shape for fresh craters (Fig. 3; see 162 

Section 4).  Sedimentary fill sources in Milna are discussed in greater detail in Section 5.  There are also 163 

several lobate features and sinuous valleys in the interior of the crater (Fig. 4). Since the elevations of the 164 

outlet valley breach, the top of the sedimentary deposit, and the inlet valley breach correlate well (Fig. 2), 165 

and we assume that the current crater topography is similar today to the crater topography when the breaches 166 

formed, we conclude that water flowed in and out of the crater simultaneously and thus there was a lake in 167 

Milna (cf. Fassett and Head, 2008b). 168 

To the south of Milna there is a broad basin with several shallow incisions leading into it (Fig. 5A). 169 

We interpret this basin as a location where surface water ponded (Fig. 2B).  A short, well-defined sinuous 170 

valley leads to a broad valley that slopes downhill and becomes more tightly confined to the north, 171 

eventually leading to the sharp scarp that marks the beginning of the deep valley that leads into the Milna 172 

cavity (Fig. 2, 5A).  These valleys suggest that this southern basin, together with Milna, formed a chain of 173 

two paleolakes. 174 

 175 

3.2 Paleohydrology 176 

 Using the maximum closed contour as the maximum water surface level, measurements of the 177 

geometry of Milna in its current state, partially filled with sediment, show that it has the capability to hold 178 

50 km3 of water, with a surface area of 410 km2 (see Table 2).  In its early state, prior to infilling with 179 

sediment, it would have been able to hold up to 316 km3 of water, as calculated from theoretical fresh crater 180 

dimensions (see Table 2, Section 4).  These volumes are not unusual when considered against estimates of 181 
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volumes of other martian paleolakes (e.g. Grin and Cabrol, 1997; Malin and Edgett, 2003; Bhattacharya et 182 

al., 2005; Ehlmann et al., 2008; Fassett and Head, 2008b; Di Achille et al., 2009; Buhler et al., 2011).   183 

We assume that the fluvial modification of Milna took place contemporaneously with the fluvial 184 

activity in nearby Paraná Valles since Milna is located in the catchment of Paraná Valles (see Barnhart et 185 

al., 2009; Fig. 1), which terminated at approximately the Noachian-Hesperian Boundary (Fassett and Head, 186 

2008a). Thus Milna provides insight into the fluvial activity leading up the Noachian-Hesperian Boundary. 187 

 188 

3.3 Reconstruction of Fluvial Sedimentary Deposition 189 

 Milna Crater exhibits a sedimentary deposit with many lobes and several valleys that incise into 190 

these lobes (Fig. 4).  We map five distinct depositional lobes; this is a minimum because we group some 191 

depositional lobes into the same unit and other lobes may be buried or modified beyond recognition by 192 

erosion (Fig. 4).  Although the lobes are spatially distinct depositional units, care must be taken not to 193 

necessarily interpret temporal separation between units or differences in climate during their deposition, 194 

because that cannot be determined solely from the presence of multiple lobes (for instance, the Mississippi 195 

delta on Earth has formed six lobes during the Holocene under a fairly stable climate and sea-level; see 196 

Roberts, 1997). The inlet and outlet valleys of Milna exhibit sinuous morphology and monotonic slope 197 

(.011 and .005, respectively); the outlet valley is partly inverted (Fig. 5A; cf. Williams et al., 2009). The 198 

co-occurrence of sinuous valleys leading into the crater and multiple depositional lobes indicate that fluvial 199 

erosion and deposition significantly modified Milna (cf. Goldspiel and Squyres, 1991). 200 

 There is a region of high topography in the southeast corner of Milna, where the inlet valley 201 

terminates.  We interpret this as a spatial concentration of sediment deposited into Milna as the result of 202 

focused deposition from a river within the inlet valley as that river debouched into Milna. The maximum 203 

elevation of this large southeast sedimentary deposit is ~280 m, which is approximately the same elevation 204 

as the floor of the outlet valley (Fig. 2). The timing of fluvial activity through the secondary inlet (Fig. 2) 205 

relative to the timing of fluvial activity through the main inlet cannot be well-constrained, but the secondary 206 
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inlet becomes unconfined by valley walls at a valley floor elevation of ~290 m, similar to the elevations of 207 

the outlet valley floor and the top of the southeast sedimentary deposit. 208 

 Much of this sedimentary deposit does not record identifiable, spatially discrete deposition lobes. 209 

However, there are five regions that we identify as depositional fans because of their generally lobate shape 210 

and steep scarp margin, and some of these have multiple lobes (Fig. 4). The following observations and 211 

interpretations are based mainly on the information conveyed in Figure 4. 212 

 Fan A is ~50 m thick and its top surface is located at ~280 m. Fan A is incised by Valley V1, which 213 

terminates at the top surface of Fan B (~180 m). Fan B is heavily eroded along its western margin; to the 214 

west of Fan B there is a region of exposed stacked scarps that are not definitively related to any spatially 215 

distinct lobe. We therefore interpret that Fan A was deposited before incision by V1, and that V1 contained 216 

a river that carried sediment that was deposited to form Fan B. 217 

 There is a node where V1 and Valley V2 branch. This node is located downslope from a point at 218 

which Valley V3 undercuts the valley that is the common trunk of V1 and V2.  We thus interpret that there 219 

was a river leading from the inlet valley that avulsed and pirated water away from V1 and V2, into V3, and 220 

that the formation of V3 postdates both V1 and V2. However, it is impossible to determine whether the 221 

formation of V1 predates, postdates, or was contemporaneous with the formation of V2. 222 

 V3 furcates to the west, in the direction of lower topography.  Fan C is approximately 10 km from 223 

where the inlet valley enters Milna and has a top surface elevation of ~180 m. Valley V4 incises Fan C.  224 

We group Lobes α, β, and γ into Fan Complex D because of their stacked spatial relationship; Lobe α has 225 

a top surface elevation at ~70 m, Lobe β at ~90 m, and Lobe γ at ~130 m. Fan E drapes onto V4, which 226 

indicates that Fan E must have formed after V4. 227 

 We interpret that fluid flowing through V3 (as opposed to V1, which terminates at and does not 228 

incise into Fan B, or V2, which is truncated by V3) brought sediment to Fans C-E after the formation of 229 

Fan A and Fan B. However, the margin between the scarps of Fan B and Fan C are not preserved well 230 

enough to clearly determine whether (i) Fan C abuts the scarp of Fan B, or whether (ii) Fan B sits partially 231 

on top of Fan C. In the second scenario (ii), it is also plausible that a proto-V3 was active at the same time 232 
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as V1 and thus that the formation of portions of Fan C are contemporaneous with, or even younger than, 233 

the formation of Fans A-B. Nevertheless, Fan C was deposited before Fans D-E because V4 incises Fan C 234 

but does not continue to the north and incise Fan Complex D.  235 

In Fan Complex D we interpret that Lobe α was deposited before Lobe β, which was deposited 236 

before Lobe γ, because of their elevation relationships. We interpret that the sediment in Fan Complex D 237 

was delivered through a channel in V4. Lobe α is incised by a valley that rapidly widens, which may suggest 238 

that the valley was formed by a channel that incised the lobe when the sediment was not yet lithified. Lobe 239 

β and Lobe γ are stepped fans, which can indicate rising water conditions as they were deposited (De Villiers 240 

et al., 2013; although steps in fans can also indicate changes in water or sediment supply, changes in wave 241 

activity in the basin, or erosion of the fan long after it was formed). 242 

Finally, we interpret that Fan E records the last pulse of fluvial sediment transport capable of 243 

depositing a fan because it drapes onto V4 and no other valleys or fans within Milna appear to postdate Fan 244 

E. In addition, some exposed stacked scarps in the region just west of Fan B indicates that there are layered 245 

deposits under Fans A-E.  This indicates that Fans A-E were deposited in the last stages of fluvial activity 246 

in Milna, but that there may have been other fans that are now covered. 247 

Since the elevation of Fan A corresponds well with the current outlet valley elevation (Fig. 2A), it 248 

is likely that Milna was as an open basin lake during the deposition of Fan A.  However, the valleys leading 249 

to the other fans are significantly below the outlet valley elevation (Fig. 2A). Our favored hypothesis is that 250 

at some time between the deposition of Fan A and Lobes β and γ the water surface level dropped below 251 

~70 m (the surface elevation of Lobe α), possibly completely drying out, before rising again. 252 

 253 

4. Timescale Estimation Techniques 254 

 To estimate the timescale for which there was active fluvial sedimentary deposition in Milna, we 255 

calculate the time to fill the crater with its current volume of sediment.  Although the fill in the crater need 256 

not be entirely deposited as a result of fluvial activity, we focus on fluvial sedimentation timescales in this 257 
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section, and address the role of other potential sources of fill in Section 5.  Quantitative timescale results 258 

for Milna are presented in Section 6.  259 

We assume that the sediment is not supply limited; that is, the source region always has enough 260 

sediment to allow the sediment fluxes predicted by our model.  We make this assumption on the basis that 261 

a ~1-2 km depth of megaregolith (breccias formed by impacts, representing a mobile sediment source) 262 

would have been available for transport (e.g. Wilson and Head, 1994) from the sourcing drainage area (Fig. 263 

6). 264 

 265 

4.1 Initial Crater Dimensions 266 

In order to find the volume of the crater, the curve describing the shape of the crater cavity is 267 

integrated as a solid of rotation. To describe the shape of the crater, the depth of the crater, d, must be 268 

calculated using the diameter of the crater, D (Garvin et al., 2002): 269 

 270 

(1)      𝑑 = 0.36𝐷0.49 271 

 272 

 The shape is then described by (Garvin et al., 2002): 273 

 274 

(2)               𝑧(𝑥) = 𝑏𝑥0.81𝐷0.28
 275 

 276 

Where z(x) is the vertical dimension inside the crater, x is the horizontal dimension of the crater 277 

extending from the center of the crater, and b is a shape fitting parameter. The shape fitting parameter b can 278 

be determined by noting that z (x = 
𝐷

2
) must equal the depth of the crater. 279 

To calculate the volume of the crater, a reference surface must be used. Noticing that crater depth 280 

is defined with respect to the rim height, H, the pre-impact surface corresponds to the difference between 281 
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depth and rim height and is a convenient reference surface (see Fig. 3). The rim height is given by (Garvin 282 

et al., 2002): 283 

 284 

(3)             𝐻 = 0.05𝐷0.60 285 

 286 

 Using the crater depth, shape profile, and rim height, the volume (V0) of a fresh crater (excluding 287 

the central peak) below the pre-impact surface can be found by: 288 

 289 

 (4)        𝑉0 = 2𝜋 ∫ 𝑥(𝑑 − (𝐻 + 𝑧)) 𝑑𝑥
𝐷 2⁄

0
 290 

 Note that Eq. 1-4 use units of kilometers. 291 

 292 

4.2 Sediment Fill and Flux 293 

 Once the original cavity volume (V0) is known, then the amount of sedimentary fill (VS) is calculated 294 

by subtracting the current volume of the crater cavity (VC) from the original fresh volume of the crater 295 

cavity, after taking into account the porosity (𝜑, assumed to be 0.31 throughout this paper, see Mavko et 296 

al., 2009) of the deposited sediment: 297 

 298 

(5)      𝑉𝑆 = (1 − 𝜑)(𝑉0 − 𝑉𝐶)   299 

 300 

The timescale T to build the sedimentary fill in the crater is the volume of sedimentary fill divided 301 

by the sediment flux.  The total sediment flux comprises bedload flux (Φ) and suspended sediment flux, 302 

where k denotes the suspended-to-bedload transport ratio, which yields a calculation of the timescale:  303 

 304 

(6)              𝑇 =
𝑉𝑠

𝛷(𝑘+1)
  305 

 306 
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The suspended-to-bedload transport ratio is estimated by using values obtained on Earth, which 307 

range from ~1 to greater than 10 (e.g. Duck and McManus, 1994; Pratt-Sitaula et al., 2007; Turowski et al., 308 

2010); this is discussed further in Section 6.4. 309 

The volumetric bedload flux Φ is determined using the equation derived by Fernandez Luque and 310 

Van Beek, 1976, in which the quantity 𝜏∗, the Shields stress (the basal shear stress normalized by the 311 

submerged grain weight per unit area), must be greater than 0.045 for bedload flux to occur: 312 

 313 

(7)              Φ = 5.7𝑊[𝑔 (
𝜌𝑠−𝜌

𝜌
) 𝐷𝑆

3]1/2[(𝜏∗ − 0.045)3/2] 314 

(8)         𝜏∗ =
ℎ𝑆

𝐷𝑆(𝜌𝑠−𝜌𝑓) 𝜌𝑓⁄
 315 

 316 

Equations 7 and 8 depend on the width of the channel (W), the slope of the channel (S), gravity (g), 317 

the sediment density (ρS), the fluid density (ρf), the sediment diameter (DS), and the depth of fluid in the 318 

channel (h).  The values we use for these inputs are summarized in Table 3.  319 

 320 

4.3 Channel Dimensions  321 

 Even though the valley dimensions in Milna can be clearly measured, the channel dimensions 322 

cannot. It is imperative to understand how the size of martian valleys reflects their potential for fluid 323 

transport. The difficulty in this assessment stems from the fact that many valleys on Mars date back to ca. 324 

the Noachian-Hesperian boundary (e.g. Fassett and Head, 2008a), and have thus been subject to billions of 325 

years of aeolian erosion. Even at the slow erosion rates measured for Mars (e.g. Golombek et al., 2006), 326 

resolvable signs of ten-meter to hundred-meter scale inner channels can be erased (see Craddock and 327 

Howard, 2002).  This problem is compounded by the pervasiveness of dunes that accumulate in martian 328 

valleys, further obscuring the morphology of valley floors (e.g. Fig. 4).  Additionally, many terrestrial 329 

valleys contain channels that are smaller than their host valley, such as the particularly striking example of 330 

the Grand Canyon in the western United States. 331 
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Although simply equating valley geometry to channel geometry is inappropriate (see Wilson et al., 332 

2004), Penido et al., 2013 have found that valley width is a valid indicator of channel width.  We conducted 333 

an independent survey of inner channels within the Margaritifer Sinus Quadrangle (0 S, 0 W to 30 S, 45 334 

W), which contains some of the inner channels identified by Irwin et al., 2005a.  We find that the average 335 

ratio of channel to valley width, with one standard deviation, is 0.18 ± 0.08 (Table 4), which is similar to 336 

the ratios obtained by Penido et al., 2013 for inner channels derived from measurements over many 337 

locations on Mars. 338 

Finally, the resolution at which topography can currently be measured from orbit is not high enough 339 

to determine the depths of inner channels, and the presence of sand dunes in many of these channels stymies 340 

attempts even as higher resolution images become available.  Thus, we use channel depth-to-width ratios 341 

derived from terrestrial observations to estimate channel depths (Table 3; Schumm and Khan, 1972; 342 

Finnegan et al., 2005). 343 

 344 

4.4 Sediment Diameter 345 

 The sediment size distribution is not well constrained at Milna, which makes flux estimates difficult 346 

(e.g. Kleinhans, 2005).  We thus calculate bedload sediment flux using a range of potential sediment 347 

diameters: 1.2 cm to 12 cm, the D84 estimated from the sediment distributions at Gale Crater and Ares 348 

Vallis, respectively, spanning the entire range of sediment distributions known from Mars so far (Golombek 349 

et al., 2003; Wilson et al., 2004; Williams et al., 2013; see Table 5). The Ares Vallis distribution likely 350 

represents material moved in discharges much larger than those that would have entered Milna (cf. fluxes 351 

calculated by Komatsu and Baker, 1997) and thus represents a reasonable maximum value. HiRISE images 352 

definitively constrain the upper bound, because blocks of half-meter diameter and larger (the limit of 353 

resolution) are not observed in fan scarps. 354 

To confirm that sediment is in bedload as sediment diameter is varied, we calculate the shear 355 

velocity u*: 356 

 357 
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(9)             𝑢∗ = √𝑔ℎ𝑆 358 

 359 

 We also calculate the terminal settling velocity wS (Ferguson and Church, 2004): 360 

 361 

(10)            𝑤𝑆 =
𝑅𝑠𝑔𝐷𝑠

2

𝐶1𝜈+(0.75𝐶2𝑅𝑠𝑔𝐷𝑠
3)0.5

 362 

 363 

Where Rs is the submerged specific gravity of the sediment, ν is the kinematic viscosity of the fluid 364 

(we use a range of ν from 1.8 × 10-6 to 8.0 × 10-7, corresponding to a temperature range of 0-30°C), and C1 365 

and C2 are constants that represent grain shape (C1 = 18-24 and C2 = 0.4-1.2, a range from smooth spheres 366 

to natural particles, Ferguson and Church, 2004). We then compare u* and wS each time that the bedload 367 

flux is calculated.  Sediment in the 1.2 to 12 cm size range is always in bedload over the entire range of 368 

channel geometries investigated. However, the sediment size distribution has been found to be bimodal at 369 

the martian landing sites (e.g. discussion in Kleinhans, 2005), so there is a significant proportion of sand in 370 

addition to the larger sediment just discussed, with sand diameters ranging from ~0.1-1.7 mm; these 371 

diameters are estimated from the distributions found at Meridiani Planum and Gusev Grater (Grotzinger 372 

and Athena Science Team, 2004; Herkenhoff et al., 2004; see Table 5).  373 

We find that for all channel dimensions considered in this paper, over the entire range of grain 374 

shapes and kinematic viscosities, that sediment in the sand size range (~0.1-1.7 mm) is always carried in 375 

the suspended load.  The sand is accounted for by using k, the suspended-to-bedload transport ratio (Section 376 

4.2). 377 

 378 

4.5 Fluid Filling Timescales 379 

 The time, Tmin, to flood a fresh crater cavity with fluid, the minimum condition required to form an 380 

outlet valley (e.g. Fassett and Head, 2008b), can also be calculated (cf. discussions in Matsubara and 381 
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Howard, 2009; Matsubara et al., 2011).  To do this, the fluid flux, Q, must be calculated, which relies on 382 

the mean fluid velocity in the channel U: 383 

 384 

(11)             Q = UWh 385 

(12)                          𝑈 = √8𝑔𝑅𝑆 𝑓𝑐⁄  386 

 387 

We make use of the Darcy-Weisbach equation to calculate the mean fluid velocity, as 388 

recommended by Komar, 1979 and Wilson et al., 2004 (see also the discussion by Kleinhans, 2005). We 389 

determine the Darcy-Weisbach friction factor (fc) using the treatment described in Wilson et al., 2004, 390 

which adapts the equations of Bathurst, 1993 under terrestrial conditions to use under martian conditions 391 

(see channel-type dependent values for fc in Table 3). The hydraulic radius of the channel (R) is determined 392 

from our calculations of channel dimensions (Section 4.2). Tmin is calculated by dividing the cavity volume 393 

by the fluid flux through the inlet channel. The timescales calculated for flooding Milna are always at least 394 

two orders of magnitude smaller than the timescales needed to construct the sedimentary fill under the same 395 

conditions (see Table 6). 396 

 397 

5. Nonfluvial Sources of Crater Modification 398 

 There are several potential sources of fill in Milna, not just from fluvial transport. Additionally, 399 

post-impact modification can change the geometry of the crater, including its diameter (e.g. Forsberg-400 

Taylor et al., 2004). These processes complicate calculating timescales of fluvial sediment emplacement 401 

into Milna. 402 

 403 

5.1.1 Backwasting 404 

 While backwasting adds no net fill to the crater, it does expand the diameter of the crater, 405 

complicating the estimate of the original volume of the crater and thus also the estimate of the volume of 406 
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sedimentary infill.  Highly degraded craters, such as Milna, can have their diameters increased by as much 407 

as 20% (Fig. 3; Forsberg-Taylor et al., 2004).  If the diameter of Milna has increased 20% compared to its 408 

original diameter, then the original crater diameter would be approximately 22.5 km; this is also consistent 409 

with the observation that the outlet valley incises fill material for several kilometers before exiting the crater 410 

(Fig. 2D).  This scenario requires less fill to achieve the current topography seen in Milna. If one assumes 411 

no backwasting has occurred (a poor assumption), Milna has been filled with 266 km3 of sediment; 412 

however, assuming the diameter has been increased by 20%, Milna has been filled with 145 km3 of sediment 413 

(see Table 2). 414 

 415 

5.1.2 Rim Erosion 416 

 We estimate the amount of fill due to rim erosion by calculating the depth of a crater that has been 417 

filled in with eroded rim material (drm) (derived from Craddock et al., 1997): 418 

 419 

(13)      𝑑𝑟𝑚 = 0.71(0.072𝐷.792) 420 

 421 

  The difference between the depth of the fresh crater (Eq. 1) and the filled in crater yields the depth 422 

of the fill material obtained from rim erosion alone.  For Milna, this is a depth of 570 m of fill.  Then, 423 

applying appropriate bounds to Eq. 4 yields the volume of the solid of rotation of the fill material due to 424 

rim erosion.  For Milna, this is 37.6 km3, or 19% of the original volume of the cavity, assuming that the 425 

original crater diameter was 22.5 km. 426 

 427 

5.2 Other Fill Sources 428 

 Several other sources of fill could contribute to the sedimentary volume in Milna, in addition to 429 

fluvial transport and rim erosion.  The volume taken up by the central peak, volcanic surface flow, volcanic 430 

ash-fall, aeolian transport, and ejecta from younger craters could all add to the fill volume (e.g. discussion 431 

in Forsberg-Taylor, 2004).  However, thermal or volumetric expansion of sediment or the crater walls are 432 
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unlikely to significantly impact the amount of fill calculated for Milna crater (see discussion in Craddock 433 

et al., 1997).  434 

 The volume of the central peak was calculated as a cone with central peak height and central peak 435 

diameter calculated from the equations found in Garvin et al., 2003.   In Milna, the central peak volume 436 

accounts for approximately 2 km3 (1%) of the volume of fill needed to create the current topography, 437 

assuming that the original crater diameter was 22.5 km. Significant volcanic ash-fall, ejecta, and aeolian 438 

contributions after the fluvial emplacement of the fans are inconsistent with the deflational post-439 

emplacement modification of the fans and inverted morphologies observed in Milna (Figs. 4, 5; discussion 440 

in Williams et al., 2009).  441 

 442 

5.3 Test of Assumptions of Non-Fluvial Fill 443 

As a further test to determine a plausible amount of non-fluvial crater fill, we measured the 444 

amount of fill in an adjacent, 30 km diameter crater (labeled ‘Control’ in Fig. 3). The drainage area 445 

surrounding the control crater is essentially limited to the crater perimeter itself, and there are no 446 

channels entering into the control crater.  We thus assume that all of the fill in the control crater is 447 

due to non-fluvial sources. Since the inlet valley to Milna is not disrupted by this adjacent crater, 448 

we assume that this crater impacted prior to the fluvial activity in Milna. Although precise 449 

constraints on the age relationship between Milna and the adjacent control crater are not possible, 450 

the fill in the adjacent control crater still acts as a useful test of our assumptions for non-fluvial 451 

fill. 452 

The initial volume of the control crater was calculated as prescribed in Section 4.1. Due to 453 

the heavily modified rim (see Fig. 3) we assume that the crater has also experienced 20% 454 

enlargement due to backwasting, and so the initial volume is calculated assuming an original crater 455 

diameter of 25 km. The impact that created the control crater hit partially into an older crater, 456 
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complicating the geometry (see Fig. 3). However, to calculate the maximum possible fill in the 457 

control crater, we use the lowest elevation in the surrounding topography (-260 m, see Fig. 3) to 458 

constrain the current volume of the control crater. We calculate an initial volume of 232 km3 (see 459 

Section 4.1) and measure the current volume as 187 km3, which means that the volume of fill is 460 

45 km3, or 19% filled. The value of 19% fill is commensurate with the volumes we calculate based 461 

on eroded rim material and central peak volume combined in Milna (20%), with negligible 462 

additional non-fluvial fill. We thus proceed assuming 20% non-fluvial fill in Milna Crater. 463 

 464 

5.4 Fluvial Transport 465 

 Based on the numerous, discrete fans and sinuous valleys in Milna (Fig. 4), and our calculations of 466 

non-fluvial fill, fluvial transport likely accounts for the other 80% of the fill in the crater.  The spatial 467 

distribution of sediment also argues for extensive fluvial deposition because the fill in Milna is built up 468 

preferentially near the inlet valley (Fig. 2).  The total volume of fill in Milna is 145 km3, which yields 20 469 

km3 of nonfluvial sediment and 80 km3 of fluvially derived sediment (after taking an assumed porosity of 470 

0.31 into account), assuming that the diameter of Milna has been enlarged by 20%. Fluvial erosion of the 471 

inlet valley accounts for 4 km3 of fill, meaning that the remaining fluvially transported sediment budget (76 472 

km3) comes from the erosion of the surrounding drainage area.  The drainage area around Milna is 3.5 × 473 

104 km2 (Fig. 6). 474 

 475 

6. Timescale Results for Milna Crater 476 

 Using the geometry of the inlet valley, the minimum and maximum timescales for the formation of 477 

the fluvial sedimentary fill can be estimated under the assumption of continuous flow and sediment 478 

transport (Sections 6.1 and 6.2).  These estimates are improved by a comparison to a calculation of fluid 479 

flux through the outlet channel (Section 6.3) and then incorporated to construct a preferred hypothesis for 480 

the timescale to deposit the fluvial fill in Milna (Section 6.4). To perform these calculations, we assume 481 
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that the walls of the inlet channel are composed of gravel because the flow rates estimated through the inlet 482 

channel entrain all sand particles into suspended flux (see Section 4.3) and a bedrock channel is 483 

incompatible with our assumption of non-limited sediment supply (see Section 4). The choice of a gravel 484 

bed is consistent with the grain-size distribution we assume. 485 

 486 

6.1 Minimum Timescale from Inlet Channel Flow 487 

 The absolute minimum timescale is calculated assuming the sediment size is as small as possible 488 

(though still remaining in bedload, see Section 4.3, Eq. 6) because our model predicts that sediment flux is 489 

higher when composed of particles of smaller diameter.  Thus we choose the sediment size distribution with 490 

the smallest D84 diameter that remained in bedload, 2.2 cm (slightly larger than values from Gale Crater, 491 

Williams et al., 2013, Table 5).  We assume a channel width of 250 m because that is the width of the 492 

narrowest portion of the inlet valley (Fig. 5).  Since the average width of the inlet valley for Milna is 1100 493 

m, this ratio is 0.23, within one standard deviation of the ratio we measured from our survey of the 494 

Margaritifer Sinus Quadrangle (Table 4).  We assume a high suspended-to-bedload sediment flux ratio of 495 

10:1 so that the total flux is maximized (Table 6).  We assume that the original crater diameter has been 496 

expanded by 20% (cf. Forsberg-Taylor et al., 2004) and that nonfluvial sources account for 20% of the 497 

sedimentary fill (see Section 5).   498 

Using these assumptions and equations 5-12 means that 80 km3 of the fill is attributed to fluvially 499 

transported sediment and that the sediment flux is 1.7 × 102 m3 s-1.  This gives a minimum timescale of 15 500 

terrestrial years for continuous fluvial deposition of sediment and requires 2.2 m of erosion averaged over 501 

the drainage area (Fig. 6; Table 6). 502 

 503 

6.2 Maximum Timescale 504 

The absolute maximum timescale is calculated assuming the sediment size is large because our 505 

model predicts that sedimentary flux is lower when composed of particles of larger diameter.  We therefore 506 

assume the grain-size distribution from the Ares Vallis landing site, with D84 of 12 cm, which has the largest 507 
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reported grain-size distribution of the martian landing sites that are interpreted to record fluvial modification 508 

(see Golombek et al., 2003; Wilson et al., 2004; Williams et al., 2013). We assume a channel-to-valley ratio 509 

of 0.09 because this is the smallest ratio we measured in the Margaritifer Sinus Quadrangle (Table 4).  We 510 

assume a low suspended-to-bedload sediment flux ratio of 1:1 so that the total flux is minimized.  We 511 

assume that the original crater diameter has not been expanded and that nonfluvial sources account for 20% 512 

of the sedimentary fill (see Section 5).   513 

Using these assumptions and equations 5-12 means that 147 km3 of the fill is attributed to fluvially 514 

transported sediment and that the sediment flux is 1.0 m3 s-1.  This gives a maximum timescale of 4.7 × 103 515 

terrestrial years for active fluvial deposition and requires 4.2 m of erosion averaged over the drainage area 516 

(Fig. 6; Table 6). 517 

 518 

6.3 Comparison of Inlet and Outlet Channel Flow  519 

The outlet channel of Milna continues northward, leading to a kilometers-long, sinuous ridge with 520 

a hummocky texture, which we interpret as an inverted channel formed by flowing water (cf. Williams et 521 

al., 2009; Fig. 5B). The presence of an inverted channel affords another opportunity to check the sediment 522 

transport conditions by placing independent constraints on the fluid flux through the system. The inverted 523 

channel has km-length regions where its edges are parallel or sub-parallel, and other regions where the 524 

planform of the ridge bulges outward.  We measure the width of the inverted channel along the regions 525 

where the edges are approximately parallel and find that the width of the channel ranges between 280-320 526 

m wide.  We assume that this width corresponds to the bankfull width of the channel at which maximum 527 

work on the landscape was accomplished; i.e. at the discharge that, over time, is most effective at 528 

redistributing sediment (cf. Wolman and Miller, 1960). We also measure that the slope of the inverted 529 

channel is 0.005, and we assume that this is representative of the slope of the channel when it formed. Note, 530 

though, that estimation of width and slope of an inverted channel can be complicated both by depositional 531 

effects, e.g. channel migration leaving a wider channel body deposit than the true width of the channel, and 532 

post-depositional effects, e.g. narrowing of the inverted channel by erosion (see DiBiase et al., 2013). 533 
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Given these measurements of slope and width, and using Eq. 12-14, we can calculate a range of 534 

fluid fluxes through the channel, assuming a channel with gravel banks. To calculate the maximum spread 535 

in fluid flux, we use a large grain size (12 cm) for the narrow channel (280 m) and a small grain size (1.3 536 

cm, the smallest that remains in bedload) for the wide channel (320 m). We obtain fluid fluxes between 4.9 537 

× 103 and 9.4 × 103 m3 s-1 correspond to the bankfull flux through this channel (see Table 7). Noting the 538 

discussion in Kleinhans et al., 2005, we assume an error of approximately a factor of three when using the 539 

Darcy-Weisbach equation and thus have a preference for scenarios in which flux through the inlet valley is 540 

between ~2 × 103 and ~3 × 104 m3 s-1. This range of fluid fluxes is also compatible with the results when 541 

fluxes are calculated using the values of the valleys incised into the fan deposits (S = 0.0067, W = 250 m), 542 

which should record the true typical width of the channel when most of the sediment is transported (Wolman 543 

and Miller, 1960). 544 

 545 

6.4 Preferred Hypothesis 546 

 Given the discussion in the previous section, we describe our preferred hypothesis. The 547 

assumptions are summarized in Tables 3, 5, and 6. Following the discussion in Section 5, we assume that 548 

the crater diameter has been 20% enlarged (cf. Forsberg-Taylor et al., 2004). 549 

 We favor a gravel channel with a channel-to-valley ratio of 0.15-0.23, which gives fluxes 550 

commensurate with the flux calculated for the outlet valley and the valleys incising into the fan complex 551 

(namely, between ~2 × 103 and ~3 × 104 m3 s-1; see Section 6.3), and is near the mean channel-to-valley 552 

ratio in the Margaritifer Sinus Quadrangle (Table 4).  Gravel is also a bed texture compatible with the grain-553 

size distributions spanning from Gale Crater to Ares Vallis and the sediment size we assume (Section 4.4).   554 

Several authors have found that during flood conditions or when averaged over long time periods, 555 

the terrestrial suspension-to-bedload ratio is about 1.25:1 (Duck and McManus, 1994; Pratt-Sitaula et al., 556 

2007; Turowski et al., 2010).  Thus we assume a suspension-to-bedload ratio of 1.25:1, which gives 557 

compatible calculations of suspended sediment load as compared to those measured in terrestrial rivers in 558 

arid and semi-arid environments (Alexandrov et al., 2002).  Finally, we have little to constrain grain-size 559 
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distributions further than in Sections 6.1 and 6.2, but using the full range described in those sections (2.2 – 560 

12 cm) we obtain a range of 75-365 terrestrial years for continuous fluvial deposition. 561 

 An alternative hypothesis, that of fluvial transport through a narrow (channel-to-valley ratio ≤ 562 

0.09), rough (roughness coefficient, r = ~0.5 meter, see calculation of friction factor in Table 3), bedrock 563 

channel carrying large (~0.5 m diameter sediment), a scenario that minimizes fluid flux, yields fluid fluxes 564 

around ~3 × 104 m3 s-1, which is barely compatible with the fluid fluxes calculated for the outlet channel 565 

(see Section 7.3). This scenario is less favorable because the sediment concentration is lower than would 566 

be expected for floods in semi-arid environments (Alexandrov et al., 2002) and requires a large roughness 567 

scale. This scenario gives timescale estimates for the construction of the fluvial fill in Milna on the order 568 

of decades. 569 

  570 

7. Intermittency of Fluvial Activity 571 

 In Section 6 we explored the total integrated time required to construct the fluvial fill in Milna 572 

Crater, assuming continuous flooding conditions. We found that the timescale most compatible with the 573 

crater morphology, valley morphologies of the inlet valley, outlet valley, and valleys in the interior of Milna, 574 

is hundreds of years. This can now be put into regional and global context by (i) considering the fluvial 575 

history of Paraná Valles (e.g. Hynek and Phillips, 2003; Irwin et al., 2007; Barnhart et al., 2009) and (ii) 576 

the rates of drainage area erosion as compared to average Noachian erosion rates (see Golombek et al., 577 

2006). Since Milna is located within the catchment of Paraná Valles (see Barnhart et al., 2009), the fluvial 578 

histories of both locations are likely to be intimately tied. Taking a cue from the fact that the majority of 579 

the shaping of the landscape by fluvial activity on Earth takes place during periodic pulses (Wolman and 580 

Miller, 1960) and the fact that the morphology of the nearby Paraná Valles has been found to be 581 

incompatible with conditions of constant fluvial activity (Barnhart et al., 2009), we explore the likelihood 582 

that periodic, non-constant, fluvial events acted to construct the fluvially derived fill in Milna Crater. 583 

We consider timescales of 105-106 yr as the total epoch of time over which intermittent fluvial 584 

activity occurred, the timing calculated for the formation of Paraná Valles (e.g. Irwin et al., 2007; Barnhart 585 
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et al., 2009). To check whether timescales of this magnitude are reasonable, the erosion rate (E) can be 586 

calculated by dividing the total volume of fluvially derived sediment (Vs, see Table 6) minus the volume of 587 

the inlet valley (Vinlet) by the surface area of the drainage area sourcing Milna (A; Fig. 6) and the total epoch 588 

of erosion (Te): 589 

 590 

(14)                               𝐸 =
𝑉𝑠−𝑉𝑖𝑛𝑙𝑒𝑡

𝐴𝑇𝑒
 591 

 592 

For the preferred hypothesis the volume of fluvially derived sediment in Milna is 80 km3, the 593 

volume of the inlet valley is 4 km3, and the drainage area is 3.5 × 104 km2, so eroding that material over an 594 

epoch of 105-106 yr corresponds to erosion rates of ~10-5-10-6 m/yr (see Table 8). These rates are 595 

commensurate with the average Noachian erosion rates of 10-5-10-6 m/yr reported in Golombek et al., 2006, 596 

although these erosion rates were unlikely to have been constant (cf. Farley et al., 2013). Erosion was also 597 

likely higher during periods of fluvial activity and on steeper than average slopes.  598 

Using the preferred timescale for the total integrated time to construct the fluvial fill in Milna, 75-599 

365 yr, and considering that Paraná Valles experienced fluvial reworking over a period of 105-106 yr, then 600 

the majority of sedimentary reworking in Milna took place within the bounds of (i) 8 × 10-5 of the time over 601 

106 yr and (ii) 4 × 10-3 of the time over 105 yr (see Table 8).  602 

 603 

8. Discussion 604 

8.1 Scenarios of Intermittency 605 

 In this section we explore two scenarios of intermittent fluvial activity compatible with an 606 

intermittency factor of 8 × 10-5 to 4 × 10-3 (~0.008-0.4%) over a period of 105-106 yr. This intermittency 607 

factor is for the timing between significant sediment transport events, not necessarily between water 608 

transport events. 609 
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Barnhart et al., 2009 suggest that, in order to explain the paucity of crater rim breaches in the Paraná 610 

Valles and the southern highlands in general, enough time had to elapse between fluvial inundations to 611 

allow for evaporation such that craters did not overflow and form rim incisions. Using their findings from 612 

a global hydrologic routing model Matsubara et al., 2011 also find that a single persistent deluge event is 613 

incompatible with global-scale morphology. Thus, these authors invoke moderate and episodic flooding 614 

events during the Noachian to explain the geomorphology of the southern highlands. 615 

 616 

8.1.1 Continuously Wet Conditions 617 

One possible scenario for the formation of the sedimentary features in Milna is a continuously 618 

stable (during 105-106 yr) climate conducive to fluvial modification. An intermittency frequency of ~0.008-619 

0.4% corresponds to a range in which the fluvial activity responsible for the majority of the work on the 620 

landscape recurs between a few days every martian year to about one day every martian decade.  621 

On Earth, bankfull flows in humid to semi-arid environments recur approximately once every 1-622 

2.5 yr. for a few days to a few weeks (several 0.1% to several percent), depending on local climate and 623 

catchment size (e.g. Woodyer, 1968). However, in arid environments channel morphology can be set by 624 

hours-long storms on decadal timescales (a few 0.01%) (Woodyer, 1968; Baker, 1977). The intermittency 625 

we calculate for Milna is compatible with semi-arid to arid environments, or a climate where nearly all of 626 

the sediment transport takes place during short-duration floods with recurrence intervals of years to decades. 627 

Such a long-term climate as we are exploring here would probably require precipitation (e.g. 628 

discussions in Lamb et al., 2006; Andrews-Hanna et al., 2007; Di Achille et al., 2007; Irwin et al, 2007). 629 

We can calculate the depth of precipitation (P) required to generate the fluid flux (Q) required in the 630 

preferred scenario laid out in Table 6, given the percent of precipitation lost to evaporation during runoff 631 

to Milna (L) in the drainage area (A). After choosing a timescale for the precipitation event (tp), we have:  632 

 633 

(15)        𝑃 =
𝑄 𝑡𝑝

𝐴(1−𝐿)
 634 
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 635 

Typical terrestrial loss fractions (L) range from ~10-60% (Gibson and Edwards, 2002). Under our 636 

preferred conditions we find that 0.5 to 5 centimeters of rainfall in an event lasting one day would be 637 

required to generate appropriate fluid fluxes (see Table 9), although flooding could also be caused by other 638 

processes, e.g. melt runoff. 639 

We can subject this scenario to one last calculation. Matsubara et al., 2011 use a global hydrologic 640 

routing model to constrain the ratio of precipitation to evaporation (ε) using what they call an “X-ratio,” 641 

where X is the ratio between net evaporation off a lake and runoff depth in its contributing drainage basin. 642 

By accounting for the ratio of the drainage area to the area of the paleolake (AL) in Milna (AL is about 1.7% 643 

the drainage area), a rearrangement of their equation gives the rate at which evaporation should be expected 644 

from the paleolake, using X and the period of time between bankfull storms (fp): 645 

 646 

(16)     𝜀 =
(1+𝑋(1−𝐿))𝑃

(
𝐴𝐿

𝐴⁄ )
(

𝑡𝑝

𝑓𝑝
) 647 

  648 

 We assume that precipitation during the rest of the time does not, in total, exceed the total 649 

precipitation from storm events and use the range of X-ratios reported for Mars by Matsubara et al., 2011 650 

(X between 3.1-7.7, a range over which lakes would maintain a standing body of water), which are based 651 

on a hydrologic balance within basins that includes runoff, throughflow, evaporation, infiltration, and 652 

intrabasin groundwater flow, but neglect the minor contribution of inter-basin groundwater transfer 653 

(Matsubara et al., 2011). This calculation gives evaporation rates that range from 0.16-17 meters per 654 

terrestrial year (see Table 10), although these evaporation rates do not include transpiration by plants, which 655 

plays an important part in terrestrial evaporation rates. Typical terrestrial evaporative loss rates of lakes 656 

across a wide range of climates are on the order of meters per year (e.g. Farnsworth and Thompson, 1983; 657 

Morton, 1983). Thus the range of water fluxes we obtain for the construction of the fluvial fill at Milna are 658 
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compatible with the evaporation and precipitation rates modeled by Matsubara et al., 2011, assuming that 659 

evaporation rates on Mars during the time that Milna formed are comparable to the range of evaporation 660 

rates we see on Earth today. 661 

 662 

8.1.2 Periodic Flooding from Giant Impacts 663 

An alternative scenario that also fits the regional constraints and the morphology we see at Milna 664 

are moderate floods that occur infrequently and last for longer periods of time, without the need for fluvial 665 

activity in between. The work of Barnhart et al., 2009 and Matsubara et al., 2011 indicate that deluge 666 

conditions should take place for less than about one decade in order to be consistent with the morphology 667 

of the martian southern highlands.   668 

Although the regional constraints and morphology of Milna allow this scenario, further 669 

consideration can be given to the mechanism that would cause such deluges, and we can consider the effect 670 

of environmental conditions created by giant impacts. Giant impacts would create a climate conducive to 671 

precipitation for between (i) tens of days, releasing a total of ~40 centimeters of water, assuming a ~30 km 672 

impactor and (ii) several years, releasing a total of ~10 m total of water per unit area, assuming a ~100 km 673 

impactor (Segura et al., 2008). Segura et al., 2008 suggest that this water comes from vaporized water 674 

originating in the impactor and the impact target site and from global evaporation of water and ice while 675 

vaporized rock created by the impact is in the atmosphere.  676 

The total volume of fluid required to carry the sediment necessary to construct the sedimentary fill 677 

in Milna under conditions of continuous fluid delivery can be estimated by calculating the amount of fluid 678 

involved in the minimum timescale scenarios (Table 6). This calculation indicates that ~4 × 1012 m3 of 679 

water is required (the flux of water times the total duration of the flux). This is a minimum estimate of the 680 

water required to create the fluvial fill in Milna since regimes of flow with lower flux require even more 681 

water because the sediment concentration is lower (e.g. ~an order of magnitude more water, 2 × 1013 m3, is 682 

required for our preferred hypothesis; see Table 6). If we assume that a 100 km bolide triggered a deluge 683 

event under a 1-bar CO2 atmosphere (using the values that produce maximum rainfall of those given in 684 
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Segura et al., 2008), there would be ~10 m of water per unit area over the entire drainage area (3.5 × 104 685 

km2), or ~3 × 1011 m3. This is one order of magnitude lower than the minimum water volume required to 686 

construct the sedimentary fill in Milna, so approximately ten 100 km bolide impacts (corresponding to ten 687 

deluge events) would be required for the construction of the fill in Milna. This is an unlikely scenario since 688 

most of the giant impact basins were formed prior to ~3.8 Gyr (e.g. Roberts et al., 2009), which would put 689 

this mechanism at odds with the ages of martian valley networks (Fassett and Head, 2008a). 690 

Since smaller craters impact more frequently, we could also estimate the volume of mobile water 691 

created by ‘small’ impacts. A 30 km impactor colliding with Mars under a 150-mbar atmosphere would 692 

produce ~36 cm of rain (Segura et al, 2008). This translates into ~1 × 1010 m3 of water in the drainage area 693 

sourcing Milna, about two orders of magnitude less than the minimum we calculate is required to transport 694 

the sedimentary fill into Milna, implying that ~100 of these impacts would be required to generate enough 695 

water to create the fill in Milna. Segura et al, 2008 calculate that a bolide ≥10 km would impact onto Mars 696 

every 1-10 Myr between 3-4 Gyr ago. Using these values translates to timescales of 100 My to 1 Gyr for 697 

the formation of the sedimentary deposit in Milna, which is 2-3 orders magnitude longer than the estimates 698 

for the formation of nearby Paraná Valles (Barnhart et al., 2009). If the preferred hypothesis (Section 6.4) 699 

is used, the amount of water required to transport sediment diverges by even another order of magnitude 700 

from the estimated amount of water delivered to Milna by impactors. 701 

Thus, it seems improbable that impacts alone would mobilize enough water to create the 702 

sedimentary features observed in Milna.  If discrete, periodic floods were responsible for the deposition of 703 

the sedimentary fill in Milna, then it appears that a mechanism other than (or in addition to) impact 704 

generated climate change needs to be invoked. 705 

 706 

8.2 Additional Regional Context 707 

The other large (>10 km diameter) craters within several hundred kilometers of Milna do not show 708 

the same extent of fluvial modification as Milna (see Fig. 1).  However, this is unsurprising because the 709 

drainage area leading to Milna is much larger than the drainage areas of these other craters (Fig. 6) and 710 



29 
 

therefore does not imply that fluvial processes in this area were locally constrained to affect only Milna.  711 

Indeed, the Margaritifer Sinus Quadrangle (in which Milna is located) has been modified extensively by 712 

fluvial activity (e.g. Craddock et al., 1997; Grant, 2000; Grant and Parker, 2002; Irwin et al., 2005a) and 713 

there are several sinuous valleys within the area captured in Fig. 1, as well as other open basin paleolakes 714 

within the Margaritifer Sinus Quadrant (e.g. Howard et al., 2005; Fassett and Head, 2008a, 2008b). 715 

Additionally, there are numerous filled-in ‘ghost craters’ within a few hundred square kilometers 716 

of Milna (Fig. 1 shows locations of ghost craters identified in this paper; Fig. 7 illustrates how ghost craters 717 

were identified), including in the drainage area corresponding to Milna (Figs. 1, 6).  ‘Ghost’ craters are 718 

shallow, flat-rimmed craters that have been interpreted to be extensively filled-in by a variety of geologic 719 

processes (e.g. McGill and Wise, 1972; Arvidson, 1974; Craddock and Maxwell, 1993; Mangold, 2003; 720 

Tanaka et al., 2003; Howard et al., 2005).  We identify ghost craters in the Paraná Valles region as roughly 721 

circular features with a hummocky texture and little to no topographic relief. Within the Paraná Valles 722 

region some of these ghost craters have an inlet valley and an outlet valley, like open basin paleolakes, and 723 

the texture of the fill is consistent with fluvial deposition (Fig. 7, cf. Irwin et al., 2007).  Unlike other 724 

accepted open basin paleolakes, however, the basins of ‘ghost’ craters have been entirely filled, which can 725 

be expected because infilling is a common limit on the lifetime of lakes on Earth (Cohen, 2003) and 726 

modeling of regional fluvial activity on Mars predicts these ‘ghost’ craters as the result of widespread 727 

sediment redistribution by water (see Craddock and Howard, 2002).  These craters are further indicators of 728 

widespread fluvial activity in the region, and a further study of their distribution may yield useful 729 

information about the fluvial history of at least the Paraná Valles region. 730 

 731 

8.3 Discussion of Timescales 732 

We calculate geologically short timescales both for flooding Milna with fluid and for constructing 733 

the sedimentary fill in Milna. While calculating the flooding time does give minimum estimates for the 734 

timescale of fluvial activity required to construct the inlet and outlet breaches that are indicative of an open 735 

basin paleolake (Fassett and Head, 2008b), we caution that the flooding timescales we calculate are always 736 
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at least two orders of magnitude smaller that the sedimentary fill construction timescales. Also, continuous 737 

flooding conditions are unlikely to be responsible for the formation for all martian paleolakes and are 738 

inconsistent with many of the hydrological signatures on Mars, such as interior channels (e.g. Irwin et al., 739 

2005a; Penido et al., 2013), physical laws governing erosion in valleys by fluids (e.g. Wilson et al., 2004), 740 

multilobed and incised fans (e.g. this paper), layered fan deposits (e.g. Fassett et al., 2005) and the degree 741 

of regional erosion and drainage integration (e.g. discussions in Barnhart et al., 2009). 742 

Our data favor a short (hundreds of years) integrated continuous timing of fluvial activity in order 743 

to form the lake and sedimentary deposit in Milna.  In order to reconcile this timescale with the regional 744 

geomorphology and average Noachian erosion rates, it appears that fluvial activity capable of setting the 745 

geomorphology of the landscape was episodic (Section 7). Intermittency is also consistent with the 746 

morphology of the sedimentary deposit in Milna, whose fan deposits at different elevations and valleys 747 

incising the depositional fans may indicate episodic deposition (Section 3.3). Additionally, the difference 748 

in morphology between (i) the initial, underlying sedimentary deposit that forms the bulk of the volume of 749 

the deposit and lacks discrete, distinguishable features and (ii) the five discrete overlying fans (Fans A-E, 750 

Section 3.3), may indicate a change in depositional regimes culminating with Fans A-E recording the last 751 

several pulses of deposition. Following the discussion in Section 8.1, our preferred hypothesis is that the 752 

sedimentary fill in Milna was delivered by intermittent, possibly seasonally recurring bankfull storms 753 

sourced by precipitation events delivering water at cm/day rates recurring approximately every martian year 754 

to martian decade for 105-106 yr. 755 

 Several authors have made estimates about the timescale of active martian hydrology, ranging from 756 

‘short,’ persistent localized events that take days to hypotheses based on regional trends that argue for ‘long’ 757 

periods of periodic active hydrology on the scale of 108 years (Table 1).  Our results are consistent both 758 

with fluvial processes occurring over short periods of time and long periods of time (up to ~106 yr), and our 759 

calculation of intermittency rates can be used to help quantitatively reconcile the wide range of 760 

measurements of the timescales of fluvial activities on Mars (Table 1). However, it is important to keep in 761 

mind that even the comparatively ‘long’ estimates of millions of years for active hydrologic activity on 762 
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Mars are still just a small blip (~0.1%) in the whole geologic history of Mars (e.g. Kleinhans, 2005) and 763 

that the martian climate may have varied from place to place, as it does on Earth. 764 

 765 

9. Conclusion  766 

 Milna Crater, centered at (23.4S, 12.3W), exhibits a complex set of sedimentary fan deposits 767 

incised by sinuous valleys.  These fans, in conjunction with inlet and outlet channels and the dimensions of 768 

the crater, are evidence that Milna once housed a lake with a volume of at least 50 km3.  The complex 769 

sedimentary deposit indicates that there were several stages of fluvial activity in Milna: deposition of an 770 

initial fan complex, which was then partially dissected by valleys, leading to additional fan deposits that 771 

were emplaced as water levels in the paleolake rose and fell. 772 

   We calculate that 15 to 4,700 yr of total integrated fluvial activity is required to construct the fluvial 773 

sedimentary fill in Milna (taking into account potential other sources of fill). We find that sediment 774 

construction timescales are more than two orders of magnitude greater than the time required to simply 775 

flood the crater cavity with fluid.  By placing the fluvial activity at Milna in a regional and global context, 776 

comparing it to the quantitative calculations of activity in Paraná Valles and Noachian erosion rates, 777 

indicates that the fluvial activity in Milna likely took place over 105-106 yr.  This, coupled with the discrete 778 

fan deposits inside Milna, strongly suggests that periods of fluvial activity were intermittent.  Our preferred 779 

hypothesis is that fluvial activity took place intermittently, possibly with seasonal or decadal storms that 780 

operated to produce significant fluvial deposition ~0.01-0.1% of the time over the 105-106 yr the lifetime 781 

of the system.  782 

 Our findings for the first time provide a quantitative intermittency factor that can help bridge the 783 

gap between the calculations of short and long timescales of fluvial activity on Mars reported in the 784 

literature.  The methods we apply here can be used in other open basin paleolakes to further clarify our 785 

understanding of the timescales of fluvial activity on Mars. 786 

 787 

Notation: 788 



32 
 

 789 
A = drainage area, m2 790 
b = shape-fitting parameter for fresh crater cavity, dimensionless 791 
C = drag coefficient, assumed to be 0.5 (cf. Rhodes, 2008), dimensionless 792 
d = crater depth, km 793 
drm = crater depth after being filled with eroded rim material, km 794 
D = crater diameter, km 795 
D50 = 50% clasts have smaller diameters than this value, m 796 
D84 = 84% clasts have smaller diameters than this value, m 797 
DS = sediment diameter, m 798 
E = erosion rate, m/s 799 
ε = evaporation rate, m/s 800 
fc = Darcy-Weisbach friction factor for channel, dimensionless 801 
fp = bankfull storm event period, s 802 
g = martian gravitational acceleration, m s-2 803 
h = depth of fluid in channel, m 804 
H = rim height, km 805 
k = suspended:bedload flux ratio, dimensionless 806 
κ = channel:valley ratio, dimensionless 807 
L = fraction of precipitation runoff lost to evaporation, dimensionless 808 
P = precipitation depth, m 809 
ρf = fluid density, assumed to be 1000, kg m-3 810 
ρS = sediment density, assumed to be 2800 (cf. Daly et al., 1966), kg m-3 811 
Φ = sediment flux, m3 s-1 812 
𝜑 = porosity, dimensionless 813 
Q = fluid flux, m3 s-1 814 
R = hydraulic radius of channel, m 815 
Rs = submerged specific gravity of sediment, dimensionless 816 
r = element roughness scale for a fixed bed (e.g. bedrock), m 817 
S = slope, dimensionless 818 
T = timescale to build sedimentary fill, s 819 
tp = timing of a precipitation event, s 820 
Te = erosion time, s 821 
Tmin = timescale to flood crater, s 822 
𝜏∗ = Shields stress, dimensionless 823 
U = mean fluid velocity in channel, m s-1 824 
u* = shear velocity, m s-1 825 
VC = current crater cavity volume, m3 826 

Vinlet = volume of inlet channel, m3 827 

V0 = fresh crater cavity volume, m3 828 

VS = volume of sedimentary fill, m3 829 

ν = kinematic viscosity, m2 s-1 830 

W = width of channel, m 831 

wS = terminal settling velocity, m s-1 832 

x = radial distance extending from the center of the crater, km 833 

X = X-ratio comparing precipitation and evaporation rates (Matsubara et al., 2011) 834 

z = vertical distance relative to lowest point in fresh crater, m 835 

 836 

 837 
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 1182 

1. Milna Crater is a crater with a 27 km diameter, centered at (23.4 S, 12.3 W).  It is located just 1183 

south of Paraná Valles and Erythraeum Chaos, and northwest of Novara Crater. Arrows denote the 1184 

locations of ghost craters (see Fig. 7). The locations of Figs. 2A, 7A, 7B, and 7C are indicated. 1185 

THEMIS IR mosaic. 1186 

 1187 

2. (A) The contours are given relative to the lowest point in Milna crater (global elevation of -1040 1188 

m). Context given for Figs. 2B, C, and D. (B) A basin closed by an 820 m contour is connected to 1189 

a broad valley by a small sinuous valley (inset).  The broad valley narrows to become the inlet 1190 

valley to Milna (top right corner). Context for Fig. 5A is given. (C) 50 m contours at Milna Crater.  1191 

The contours bulge out on the fans (southeast corner). (D) The highest closed contour around 1192 

Milna is at 275 m (black contour), it is breached by the outlet valley at an elevation of 280 m.  1193 

There are two inlet valleys to Milna; one has a well-developed fan (see Fig. 4), and one (secondary) 1194 

does not have a definitive fan, but the valley becomes unconfined by definite walls at an elevation 1195 

of 290 m.  Note also the knobby rim of the crater and that the outlet valley incises fill material for 1196 

several kilometers before exiting the crater. Image is (A) THEMIS IR mosaic, elevation from 1197 

MOLA, CTX (P01_001586_1563, P14_006465_1582), THEMIS VIS (V19060005, V16614006, 1198 

V16302005); 200m contour interval. (B) THEMIS IR mosaic, elevation from MOLA, CTX 1199 

(P01_001586_1563), THEMIS VIS (V26685008, V15990002, V15079004, V14767002, 1200 

V16614006, V16302005); inset THEMIS VIS (V14767002). (C) THEMIS IR mosaic, elevation 1201 

from MOLA, CTX (P01_001586_1563, P14_006465_1582), THEMIS VIS (V19060005, 1202 

V16614006, V16302005); 50m contour interval. (D) THEMIS IR mosaic, contour from MOLA, 1203 
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CTX (P01_001586_1563, P14_006465_1582), THEMIS VIS (V19060005, V16614006, 1204 

V16302005); inset CTX (P01_001586_1563). 1205 

 1206 

3. (A) Milna Crater and the adjacent control crater; MOLA topographic profiles using 1/128 pixel 1207 

per degree gridded data were taken along the black lines (Fig. 3B, C).  (B) A topographic profile 1208 

with 10x vertical exaggeration along the line from m to m’ is superimposed over the crater profile 1209 

obtained from Eq. 2 (also 10x vertical exaggeration) based on a 20% smaller ‘pre-backwasting’ 1210 

diameter (22.5 km, see Section 5.1.1). Vertical scale is given relative to the calculated initial base 1211 

of the fresh crater. The assumed pre-impact surface, 280m above the current lowest point in Milna, 1212 

as well as the elevation of the current lowest point in Milna are given. The depth to which rim 1213 

material was estimated to fill Milna (Eq. 13) is also given ‘RIM.’ ‘FLUVIAL’ is the cross-sectional 1214 

slice of the volume of fluvial fill bounded by the elevation to which rim material filled the crater 1215 

and the current topography. (C) Same as 3B, but with the topographic profile taken along the line 1216 

from c to c’, over the control crater, which is assumed to have backwasted 20% as well (note 1217 

prominent alcoves on the north rim of the control crater), giving an initial crater diameter of 25 1218 

km, and with an assumed pre-impact surface of -260 m (see Section 5.3). (D) Definitions of H (rim 1219 

height), D (diameter), d (depth), hcp (central peak height), and best fit cavity shape (Eq. 2). Adapted 1220 

from Garvin et al., 2000. Image is CTX (P01_001586_1563, P14_006465_1582), THEMIS VIS 1221 

(V19060005, V16614006, V16302005); profiles from MOLA. 1222 

 1223 

4. (A) There is a large fan with several lobes that are incised by sinuous valleys in the southeast 1224 

corner of Milna just below the inlet valley.  Note the dunes obscuring the floor of the inlet valley 1225 

(bottom right). (B) An annotation of Fig. 4A, which is thoroughly described in Section 3.3.  Note 1226 
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the fan that superposes a valley, the incision of previously deposited fans in several locations, and 1227 

that the valleys are sinuous and branched.  Note also the stacked scarps visible at this (CTX) 1228 

resolution in Fan Complex D, and Fans C & E.  There are also stacked scarps in the dissected area 1229 

west of Fan B not associated with a discrete lobe.  Image is CTX (P01_001586_1563), THEMIS 1230 

VIS (V16302005). 1231 

 1232 

5. (A) The southern basin. Note the channel leading to the broad valley (white arrow) and the two 1233 

short valleys sloping into the depression (black arrows). (B) The outlet valley from Milna becomes 1234 

an inverted channel with a hummocky texture. (C) The prominent impact crater at the bottom 1235 

center of the drainage area sourcing Milna (Fig. 6) has a cluster of small valleys that allow draining 1236 

into the rest of the drainage area. Context for Fig. 7D is given. (D) Inverted craters in the interior 1237 

of Milna. Image is (A) and (C) CTX (P01_001586_1563), (B) and (D) CTX (P14_006465_1582). 1238 

 1239 

6. The drainage area leading to Milna Crater is 3.5 × 104 km2 (translucent white).  All of the 1240 

excluded regions within the drainage area (gray), except the largest, are probably due to impacts 1241 

that happened after the period of heavy fluvial modification around Milna.  The prominent impact 1242 

crater at the bottom center of the drainage area sourcing Milna has been extensively filled in and 1243 

is breached by a cluster of valleys that flows into the rest of the drainage area sourcing Milna (Fig. 1244 

5C). Context is given for Figs. 5B and 5C. The elevation gradient derived from MOLA is given, 1245 

scale: [0 m, white, to 2000 m, red]. Basin divides generated from MOLA 1/128 pixel per degree 1246 

gridded data; background is a THEMIS IR mosaic. 1247 

 1248 
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7. (A) ‘Ghost crater’ in Paraná Valles with a valley sloping into it and a valley sloping out of it.  1249 

Note that the texture inside the crater is hummocky and different than the surrounding texture.  1250 

This crater also appears in figure 15 of Howard et al., 2005.  (B) and (C) ‘Ghost craters’ in the 1251 

drainage area leading to Milna. ‘Ghost craters,’ as they were identified in Fig. 1, are roughly 1252 

circular features with a hummocky texture and little to no vertical relief relative to the surrounding 1253 

terrain. (D) Hummocky texture in the prominent impact crater at the bottom center of the drainage 1254 

area sourcing Milna. Note that the craters that impacted into the hummocky surface have a dune 1255 

texture that is clearly different than the hummocky texture. Images are (A) CTX 1256 

(P21_009049_1580, (B), (C), and (D), CTX (P01_001586_1563). 1257 

 1258 

Table 1. The timescale under which fluvial processes operated, as interpreted by the author (named 1259 

in the ‘study’ column) is listed under ‘timescale.’  A brief description of the features observed and 1260 

methods used to determine this timescale is also given.  The work done by Craddock and Howard, 1261 

2002 models the total timescale under which fluvial processes were active on Mars, while the 1262 

locally formed events refer to timescales under which fluvial processes acted to form specific 1263 

features, such as fans and deltas. 1264 

 1265 

Table 2. The original and filled-in volumes of Milna Crater and the control crater (Fig. 3) are given, 1266 

assuming either that the crater radius has expanded 20% due to backwasting or has not (see Section 1267 

5.1). The difference between the current (filled) volume and the original volume is given as the 1268 

volume of fill. 1269 

 1270 
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Table 3. The variables and assumptions used for each type of channel bed. Width-depth ratio: 1271 

depth of fluid in a channel as a fraction of channel width (see Schumm and Khan, 1972; Finnegan 1272 

et al., 2005). DS: sediment diameter used to calculate the Darcy-Weisbach coefficient of crater 1273 

friction (see Wilson et al., 2004), log is the base-ten logarithm; values of DS are given in Table 5. 1274 

Equations for (8/fc)
1/2 come from Wilson et al., 2004, r is the element roughness scale for a channel 1275 

with a fixed bed. Measured and assumed variables for the constants given in Section 4.1 are also 1276 

listed. 1277 

 1278 

Table 4. Results from a survey of inner channels within Margaritifer Sinus Quadrant (0-30 S, 0-1279 

60 W), which includes three channels mapped by Irwin et al., 2005a.  The location of the inner 1280 

channels is given, along with the image in which they were identified.  The valley and channel 1281 

widths are the mean of 15 evenly spaced measurements perpendicular to the valley walls (for 1282 

valley widths) or channel walls (for channel widths) along the resolvable inner channel for the 1283 

length given in the ‘section length’ column.  Ratio: the channel width divided by the valley width.  1284 

 1285 

Table 5. Sediment distributions from Ares Vallis (Golombek et al., 2003; Wilson et al., 2004) and 1286 

Gale Crater (Williams et al., 2013). Sand distributions are also given from Meridiani Planum 1287 

(Grotzinger and Athena Science Team, 2004) and Gusev Crater (Herkenhoff et al., 2004); see also 1288 

the table in Kleinhans, 2005. 1289 

 1290 

Table 6. Numerical results of timescale estimations based on flux through the inlet channel, listed 1291 

with variable value choices (see Section 6).  Preferred and alternate timing scenarios are discussed 1292 

in Section 6. Sediment sizes for gravel channel model runs were selected based on values given in 1293 
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Table 5; DS = 0.5 m, r = 1 m were chosen for bedrock because these are the largest values possible, 1294 

as constrained by HiRISE imagery. Channel:Valley is the ratio of the channel width to the valley 1295 

width. Suspension:Bedload is the ratio of suspended sediment to bedload sediment flux.  Crater 1296 

size: the increase in diameter due to weathering (see Forsberg-Taylor et al., 2004).  Nonfluvial fill: 1297 

the percentage of fill from nonfluvial sources.  Fluvial fill: the remaining fill not attributed to 1298 

nonfluvial sources. Channel type: encapsulates the assumptions, including Darcy-Weisbach 1299 

friction factor and width-to-depth ratios, in Table 3.  Timescale: the numerical result for timescales 1300 

of continuous flow required to construct the fluvial fill in Milna.  Numerical results for fluid flux 1301 

and sediment flux through the channel are given. The Total Water volume needed to accomplish 1302 

total sediment transport is also given. Sed. Conc. = sediment concentration in the fluid.  Finally, 1303 

the thickness of eroded material from the drainage area required to build the fluvial fill in the 1304 

crater, the rate at which that material would have been eroded given the calculated timescales of 1305 

continuous flow, and timescales to flood the crater with water for both the current geometry and 1306 

the calculated original geometry are given. 1307 

 1308 

Table 7. A summary of the slopes and channel widths used to calculate the fluid flow through the 1309 

inverted channel that continues on from the outlet channel, based on either a sand channel or a 1310 

gravel channel (the assumptions made for these channels, including the Darcy-Weisbach friction 1311 

factor and width-to-depth ratios are given in Table 3). The sediment sizes (which affect the Darcy-1312 

Weisbach friction factor and thus the flow rate) are given and are derived from martian lander 1313 

observations (see Table 5). *The minimum sand diameter, from Herkenhoff et al., 2004. **The 1314 

maximum particle size for which particles are still defined as being sand (Wentworth, 1922). 1315 

 1316 
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Table 8. Based on the scenarios presented in Table 6 (Minimum, Maximum, Preferred), the 1317 

fraction of time under which a significant amount of sediment is transported is calculated.  The 1318 

time fraction for sediment transport is calculated by dividing the continuous sediment transport 1319 

timescales presented in Table 6 by the timescales of regional fluvial activity (either 105 or 106 1320 

years; see Barnhart et al., 2009). The thickness of eroded material from the drainage area (see 1321 

Table 6) is divided by either 105 yr or 106 yr to obtain the long-term average erosion rate of the 1322 

drainage area, to take into account intermittency of fluvial activity. 1323 

 1324 

Table 9. The thickness of precipitation required over the entire drainage area (A) during one day 1325 

(tp) to obtain the fluid fluxes through the inlet channel (according to the Preferred scenario in Table 1326 

6), given a particular loss rate back to the atmosphere by evaporation off of the drainage area (L). 1327 

 1328 

Table 10. Evaporation rates are calculated using a modification of the equation to derive the X-1329 

ratio, a quantity relating the rates of precipitation and evaporation, from Matsubara et al., 2011. A 1330 

higher X-ratio indicates a relatively higher evaporation rate as compared to the precipitation rate. 1331 

The calculations are placed in two categories, which consider the evaporation implied by the 1332 

precipitation rates given in Table 9 and the X-ratio found by Matsubara et al., 2011: Minimum 1333 

(lower precipitation and lower X-ratio) and Maximum (higher precipitation and higher X-ratio). 1334 

Total precipitation between storm events (twice the total precipitation thickness during a single 1335 

storm event, as given in Table 9; discussed in Section 8.1.1) is given. The loss rate back to the 1336 

atmosphere by evaporation off of the drainage area (L) is tied to the calculations of minimum and 1337 

maximum precipitation shown in Table 9, and is kept consistently as it is used in Eqs. 15 and 16. 1338 

The storm frequency is given in martian years and is required to determine the rate of evaporation 1339 
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relative to the rate of total precipitation. The X-ratios are the minimum and maximum reported by 1340 

Matsubara et al., 2011.  *Evaporation rate is converted to terrestrial years to facilitate comparison 1341 

with terrestrial rates. 1342 

 1343 

 1344 

Table 1. Summary of Timescale Estimates Performed for Mars 

Locally formed events   

Timescale (yr) Method Study 

<1-1 Alluvial fan formation, no hiatus Kleinhans et al., 2010 

101 Stepped delta formation, single event Kraal et al., 2008 

101-102 Paleolakes/Deltas, ~20 yr with no hiatus to a factor of 20 longer, assuming hiatus like 
in humid climates on Earth 

Jerolmack et al., 2004 

101-103 Fluid discharge rates constrained by Jezero crater morphology, similar hiatus 
assumptions to Jerolmack et al., 2004 

Fassett and Head, 2005 

102 Ebeswalde delta formation via fluid bearing a high sediment concentration, 
continuous deposition 

Mangold et al., 2012 

≥102 Delta formation at Aoelis Dorsa (no hiatus) DiBiase et al., 2013 

102-104 Alluvial fans with varying hiatus (101-104 yr) based on comparisons to terrestrial 
turbidites 

Metz et al., 2009 

103-104 Comparison of martian deltas with terrestrial delta timescales Mangold and Ansan, 
2006 

103-106 Eberswalde delta formation with discussion of possible hiatus scenarios Moore et al., 2003 

105 Eberswalde deposit, with major flows occuring every ~102 yrs and assuming mm/yr 
sediment input 

Bhattacharya et al., 2005 

105-106 Computer simulation of valley development in Paraná Valles (near Milna) Barnhart et al., 2009 

105-107 Valley network erosion rates (timescale range from continuous flow to flow 1% of the 
time) 

Hoke et al., 2011 

<~106 Valley development in Paraná Valles (near Milna) Irwin et al., 2007 

<~106-107 Interactions between craters and river channels at Aoelis Dorsa Kite et al., 2013 

106-107 Depositional morphology of the Jezero Crater delta, comparison to terrestrial 
timescales 

Schon et al., 2012 

106-108 Model of alluvial fan formation, with estimation of sediment availability based on 
erosion timescales 

Armitage et al., 2011 

     

Other Comparisons   

<102 Fans in Saheki Crater recording 100s of small flows during the Late Hesperian-Early 
Amazonian 

Morgan et al., 2014 

103-106 Regional outflow rates of valleys compared to sedimentary structures Kleinhans, 2005 

<103-107 Terrestrial lake lifetimes, from dammed lakes (<103) to lakes in tectonic rift zones and 
periglacial environments (107) 

Cohen, 2003 

108 Erosion and crater removal modeling Craddock and Howard, 
2002 

 1345 
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Table 2. Volumes of Craters and Fill 

Feature Volume (No Backwasting, km3) Volume (Backwasting, km3) 

Milna Original 316 195 

Milna Filled 50 50 

Milna Volume of Fill 266 145 

Control Original 419 232 

Control Filled 187 187 

Control Volume of Fill 232 45 

 1346 

Table 3. Effects of channel type 

Type Width-depth ratio DS (8/fc)1/2 

Sand 1.2% Use D50 8.46(R/DS)^.1005 

Gravel 1.7% Use D84 5.75log(R/DS)+4.0 

Bedrock 20.0% .12-.50 m 5.657log(R/r)+6.6303 

Assumed/Measured Variables       

Sed. Density 2800 kg m-3 Gravity  3.71 m s-2 

Fluid Density 1000 kg m-3   

 1347 
 1348 
 1349 
 1350 
 1351 
 1352 
 1353 
 1354 
 1355 
 1356 
 1357 
 1358 
 1359 
 1360 
 1361 
 1362 
 1363 
 1364 
 1365 
 1366 
 1367 
 1368 
 1369 
 1370 
 1371 
 1372 
 1373 
 1374 
 1375 
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Table 4. Channel to Valley Ratios in Margaritifer Sinus Quadrangle 

Location Image Channel Width (m) Valley Width (m) Ratio Section Length (km) 

Survey Within Margaritifer Sinus Quadrangle      

10.17W, 23.66S P03_002285_1562 (CTX) 180 1650 0.11 0.9 

19.30W, 23.60S B01_010091_1541 (CTX) 566 2071 0.27 5 

19.80W, 22.15S E2300216 (MOC) 808 2417 0.33 15 

19.87W, 21.70S E2300216 (MOC) 995 2741 0.36 20 

19.88W, 22.21S P07_003894_1562 (CTX) 347 2028 0.17 15 

21.31W, 19.43S P17_007731_1589 (CTX) 721 2398 0.30 10 

21.63W, 18.81S P02_001982_1611 (CTX) 548 1899 0.29 4 

22.92W, 23.22S B12_014403_1576 (CTX) 243 1754 0.14 10 

22.94W, 23.30S B12_014403_1576 (CTX) 190 1817 0.10 10 

23.00W, 23.43S B12_014403_1576 (CTX) 148 1704 0.09 10 

25.26W, 26.78S P18_008074_1536 (CTX) 503 2242 0.22 10 

25.66W, 26.62S P18_008074_1536 (CTX) 453 2229 0.20 5 

30.21W, 20.02S P05_003090_1578 (CTX) 27 200 0.14 4 

30.22W, 23.33S P05_003090_1578 (CTX) 91 423 0.22 2.5 

30.24W, 23.02S P05_003090_1578 (CTX) 27 281 0.10 1.6 

30.27W, 23.04S P05_003090_1578 (CTX) 33 216 0.15 4 

31.88W, 26.57S B01_009986_1534 (CTX) 58 584 0.10 15 

32.93W, 25.64S P19_008272_1545 (CTX) 34 370 0.09 2 

32.94W, 25.66S P19_008272_1545 (CTX) 38 326 0.12 4 

33.06W, 24.99S P19_008272_1545 (CTX) 51 397 0.13 1.2 

33.94W, 24.04S B02_010408_1548 (CTX) 134 605 0.22 15 

        

Reported by Irwin et al., 2005      

14.63W, 9.56S P04_002496_1686 (CTX) 651 4317 0.15 15 

9.91W, 24.17S P02_002008_1558 (CTX) 228 1420 0.16 8 

2.44W, 22.41S V01686002 (THEMIS) 275 2450 0.11 10 

        

Mean:  0.18, Standard Deviation: 0.08, Interquartile Range: 0.11-0.22 
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Table 5. Sediment Characteristics 

Location D50 (m) D84 (m) D90 (m) 

Gravel       

Ares Vallis 0.05 0.12 0.16 

Gale Crater 0.0044-0.0095 0.0065-0.018   

Sand       

Meridiani Planum 0.0004   0.0008 

Gusev Crater 0.0014   0.0017 
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Table 6. Timescale Results and Input Values 

  Minimum Timing Maximum Timing Preferred Timing 

Variables Value Value Value 

Channel:Valley 0.23 0.09 0.15-0.23 

Valley width (m) 1100 1100 1100 

Slope 0.011 0.011 0.011 

Suspension:Bedload 10:1 ratio 1:1 ratio 1.25:1 ratio 

Crater Size 20% expansion No expansion 20% expansion 

Porosity 0.31 0.31 0.31 

Nonfluvial Fill 20% 20% 20% 

Fluvial Fill (km3) 80 147 80 

Channel Type Gravel Gravel Gravel 

Sediment Size (cm) 2.2 12  2.2-12 

Timescale (yr) 15 4700 75-365 

Fluid Flux (m3 s-1) 7.4 × 103 4.3 × 102 1.7-7.4 × 103 

Sed. Flux (m3 s-1) 1.7 × 102 1.0 × 100 7.0 × 100-3.4 × 101 

Total Water (m3) 3.6 × 1012 6.4  × 1013 1.8-2.0 × 1013 

Sed. Conc. (g l-1) 62 6 11-13 

Eroded Material (m) 2.2 4.2 2.2 

Erosion Rate (m/yr) 1.5 × 10-1 9.1 × 10-4 6 × 10-3-2.9 × 10-2 

Water Flooding Timescale       

Fresh Geometry (yr) 0.83 23 0.83-3.6 

Current Geometry (yr) 0.21 3.7 0.21-0.91 
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Table 7. Outlet Fluid Flux Comparison 

  Minimum Flux Maximum Flux 

Variable Value Value 

Slope 0.005 0.005 

Channel Width (m) 280 320 

     

Gravel Channel Fluid Flux (m3 s-1) Fluid Flux (m3 s-1) 

2.2 cm 6.6 × 103 9.4 × 103 

12 cm  4.9 × 103 7.1 × 103 

Sand Channel Fluid Flux (m3 s-1) Fluid Flux (m3 s-1) 

.04 mm* 7.4 × 103 1.0 × 104 

2.0 mm** 5.0 × 103 7.0 × 103 

 1380 
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Table 9. Precipitation Rates Required for Preferred Scenario 

Precipitation (cm) A (km2) L Q (m3 s-1) tp 

0.5 3.5 × 104 0.1 2 × 103 day 

1 3.5 × 104 0.6 2 × 103 day 

2 3.5 × 104 0.1 8 × 103 day 

5 3.5 × 104 0.6 8 × 103 day 
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Table 10. Evaporation Rate Based on X-Ratio 

Total Precipitation per storm 
event (P, cm) 

L fp (martian years 
between storm event) 

X ε (m yr-1)* 

Minimum Evaporation         

1 0.1 1 3.1 1.6 

1 0.1 2.5 3.1 0.64 

1 0.1 10 3.1 0.16 

Maximum Evaporation         

10 0.6 1 7.7 17 

10 0.6 2.5 7.7 6.8 

10 0.6 10 7.7 1.7 

Years are terrestrial years 1387 

Table 8. Calculating Activity Frequency 

  Minimum Maximum Preferred 

Faster       

Paraná 105 yr 0.02% 4.70% .08-.37% 

Calculated Erosion m/yr 2 × 10-5 4 × 10-5 2 × 10-5 

      

Slower       

Paraná 106 yr 0.002% 0.47% .008-.037% 

Calculated Erosion m/yr 2 × 10-6 4 × 10-6 2 × 10-6 
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