g

andforms:

we describe the flow of liquids ~ water in the inner Solar
System, hydrocarbons on .'%alurn’s moon Titan - and its
ofects on planetary surfaces, Liquids fall onto, flow
through, and emerge from planetary landscapes. The
wesultant entrainment, transport, and deposition of sedi-
ment are observed in a variety of forms, which can be
wcribed to the variety of surficial and subsurface flow
conditions. As the area within the highest topographic
dlevations surrounding a river network, the drainage
basin provides a natural hydrologic unit for defining
and discussing these various processes. In cratered
landscapes on Mars and Titan, drainage divides are
often obscured by impact craters and by atmospheric
degradation, although in younger terrains the crater rims
themselves often demarcate the drainage divides. River
networks exhibit morphologies based on surface and
subsurface controls on the flow. Whereas networks on
Farth are primarily dendritic (branching in a tree-like
fishion), the majority of network morphologies on Titan
e rectangular, suggesting tectonic influence. Deposits
ffom channelized flow provide data on the flow condi-
tions and sediment load. Fans on Mars and Titan provide
Yidence of subaerial deposition. Deltaic deposits on
those bodies, along with possible shorelines and inferred
fstmami deposits around the northern lowlands of Mars,
Mply deposition and erosion in lakes, seas, and perhaps
E:gfg vast martian ocean. F}uﬁal, al'luvial, 'andt lai‘lﬁtf:::
' se:;m thereb)f provide insights into climate, Surtace
imentologic processes on planetary bodies.

41 Volatile Landscapes

If ;
the confluence of requirements is unusual for aeohax;
“apes (Section 13.1), that description is €ven mor

bl : ;
Pt for hndscapes shaped by flowing volatiles. Earth is,

planetary Fluvial and Lacustrine

broducts of Liquid Flow

once again, a poor example in this regard. Earth is 70 per-
cent covered by vast oceans that have played a controlling
role in the evolution of our planet. In addition to their
overwhelming physiochemical effects on the composition
of terrestrial rocks, they are both source and sink for the
hydrologic cycle, which leaves unmistakable geomorphic
signatures on land surfaces. No other body in our Solar
System has an active hydrologic cycle in which tempera-
ture and pressure conditions permit a vast volatile reser-
voir to change among the three different phases of
matter. So of what use for planetary geology is studying
our planet’s hydrologic landforms?

Exactly because water is so constrained to specific
temperature-pressure conditions, hydrologic landforms
provide distinct clues to changes in planetary conditions
over time. Thus, the existence of ancient river (fluvial),
Jake (lacustrine), and even ocean (marine) deposits pro-
vides unmistakable evidence that Mars has not always
been the cold desert that we see today. And because water
is requisite for life as we know it, correctly interpreting
hydrologic landforms is integral to astrobiological explor-
ation (Chapter 16). Other volatiles besides water can
participate in cycling, as on Saturn’s largest satellite,
Titan. And any cycling of volatiles also involves move-
ment of sediments, which produces fundamental geologic
changes in the distributions and compositions of planet-
ary materials. Thus, for the forensic science of geology,
we study volatile landforms for critical clues in the dis-
cernment both of planetary evolution and the potential
for life.

Farth provides the foundation for this study, so its
hydrologic processes and landforms are the basis for this
chapter. Hydrologic processes also apply to Mars,
whereas the operative volatiles on Titan are
hydrocarbons, compounds like methane that — although
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Table 14.1 Parameters relevant to ﬂuV|aL?$fisj/’_/~ "~ Mars itan
,__——’—"‘_————P#_—ﬁ— - 9 i ce
Earth Basalt H,0O 11;)2 A
a5¢ im? 0 =992 kg/m?
Sediment Quartz 3 a=2900 kg/m Organics
o= particle density o'=2650kg/m 7= 1500 kg/m?
CH,/N,
Water . =450 kg/m?
: ) m
Fluid Water . = 1000 kg/m et 15’/4 y
A . » = 1000 kg/m’ _1x107 Pas 2 ag
p = fluid density f e e =" 1.4m/s
5 = dynamic viscosity n=1x10 Fa:s 3.7 m/s”

9.8 m/s”

Gravity

1 cati11ree At rocsures — are
gaseous at terrestrial temperatures and pressure :

liquid under T itan’s conditions (Table 14.1).

14.2 Liquid: Falling Down, soaking In, Flowing
over, Flowing Through, Coming Out

Liquids and landscapes interact through various means.
This interaction starts with liquid falling onto the land-
scapes, soaking in - to a greater or Jesser degree — and
eventually leaving the fluvial landscape unit, also called
the drainage basin or watershed. These processes leave
geomorphic signatures that can provide evidence for
fluvial flow.

14.2.1 How Liquids Interact with Landscapes
As a starting point for our discussion of hydrologic (or
volatile) cycling, we'll begin with rainfall. The first effect
of rain on a land surface is rainsplash, in which the
impact of the droplets loosens or even ejects surface
material. In cohesive sediments or where the rain was
limited in duration, the imprints of the raindrop impacts
can be seen gigayears after the fact. Where the surface
material is less cohesive or the rain drops bigger or
longer-lasting, the loose material is transported preferen-
tially downslope, which smooths the surface. Rain on
early Mars, during its heyday of a thicker atmosphere,
may have been relatively ineffective on the surface,
whereas, as the atmosphere thinned over time (Chap-
ter 12), rainsplash would have become more geomorpho-
logically effective. During this transition period,
precipitation likely occurred preferentially as snow, until
the current aridity shut down rain entirely. On Titan, rain
drops might grow several times the size of those on Earth,
although the slow descent under Titan’s low gravity and
thick atmosphere likely limits the effect of rainsplash.
Whereas rain occurred only on ancient Mars, present-
day ral'n has been inferred remotely for Titan from the
formation and dissipation of clouds.

The next process, at least on a porous surface, is infil-
tration. The infiltration rate decreases with time (even for
a constant rainfall rate) as near-surface pores become

b loosened sediments and/or filled with water,
at doesn’t infiltrate into the subsurface generates
off, either because the rainfall rate exceeds the
(of a low-porosity bedrock surface, for
example) or “saturation excess oYerland ﬂow”'where pore
spaceihas become saturated W}th water ('Flgure 14.1).
Runoff promotes the redistribution or erosion of surface
material. In fact, one piece of evidence for present-day
rain on Titan was a change in surface albedo associated
with clouds and interpreted as removal of sediments by
runoff. Surfaces with high infiltration rates are relatively
immune to erosion compared to surfaces with low infil-
tration rates. Thus, land surfaces with low infiltration
rates tend to form networks as overland flow coalesces
downslope into channels, which promotes deeper flow
and therefore enhanced landscape incision. This positive
feedback mechanism leads to the formation of channel
networks, which move water to streams quickly. On Mars
and Titan, fluvial networks, composed of river channels
within wider river valleys, provide persuasive evidence for
rainfall in the past and present, respectively, of those
planetary bodies.

Besides overland flow on the surface, liquid may flow
through the porous subsurface (Figure 14.2). Shallow
subsurface flow tends to move water to streams relatively

filled wit
Liquid th
surface run
infiltration rate

) )

Excess

overland

flow Excess
overland

Infiltration

Dry soil

Saturated soll

Figure 14.1 Dj i
inzhmﬁo 1. Diagrams showing excess overland flow with
N into dry soil (a) and soil saturation (b).




///_—\ TR R e P“]\-‘}SS\',“‘:; that hannelize the Flow of LiqUid

Ao \ N
S

\\\\\\\ A E s
vaporation

Precipitation / /

Infiltration

exce

overland flow osﬁs
rock surfaces

Saturation
exces
overland flow =

ghallow 3
surtace floW Base flow

are 14.2 Diagram of the drainage basin including subsurface
and surface flow. Modified from Charlton (2015).

flow
rapidly because the path length is short and the topog-
raphy provides a downslope gravitational pull. Where
this shallow groundwater flow intersects the land surface
hefore encountering a stream (termed “return flow”), it
fows out of the hillside. This re-emergence of liquid
arries sediment with it, thereby undermining the
overlying material. The result is localized collapse of the
hillside, which produces steep-sided, rounded (“amphi-
theater-shaped”) depressions or cliff-faces that tend to
incise backward into the land surface with each new
rainfall. This erosional process that forms amphitheater-
headed valleys through headward migration in response
tofluid discharge is termed “sapping.” It occurs on Earth,
occurred on ancient Mars, and is hypothesized to occur
foday on Titan, where the liquid would be methane and
other hydrocarbons rather than groundwater. The
stubby, amphitheater-headed channels formed by sap-
ping are morphologically distinct from the channels
formed by the coalescence of overland flow, whose initi-
ation point may be hard to determine and whose width
increases with distance downstream (Figure 14.3,
Table 14.), Nonetheless, determining an exclusive or
Uniquely sapping genesis for a channel or channel net-
Vork is challenging, as any rainfall needed to supply the
?haHOW subsurface groundwater flow likely also resulted
Mt least some overland flow.

Deep subsurface flow, or base flow, is the continual
slow delivery of stored groundwater to a stream. In con-
teg '10 overland or shallow subsurface flow, which are
mponses to discrete rainfall events, base flow l.<€eP5
]%:ms flowing between rain events and, for' a while a:;
gTOunzven duﬁng droughts. In large, deep aquifers, ?torfe

Water may be thousands of years old, as is, 1o

Slam

: ?le’ the water in the Ogallala Aquifer that supplies
dﬂnhng Water to cities in central North America.

:14'.2'_2 The Drainage Basin as the Fundamental
NIt in Hydrology

S t}]e basis of the above discussion, we can now define
e m“fi"unellml unit in hydrology: the drainage basin,
also referred to as the watershed. Because liquid flows
downhill, even in the subsurface (Figure 14.2), the topog-
raphy of the land surface controls liquid flow. On Earth,
e drainage basin, circumscribed by the highest topo-
graphic elevations surrounding an enclosed area, is that
portion of the surface within which all surface water from
rain, snow, or ice flows inward to lower elevations.
Through branched networks of river channels, this cen-
tripetal flow converges at the basin exit, beyond which the
Wwaters join another body of water, such as another river, a
lake, a sea, or eventually an ocean.

Because of its defined area and single outlet, the drain-
age basin provides a convenient means to evaluate the
liquid budget of a landscape. Fundamentally, terrestrial
water budgets are built on the principle of conservation of
mass for a closed system, so that water entering the
system (precipitation) minus water leaving the system
(evapotranspiration and stream flow) equals the change
in mass stored in the system (groundwater). This equa-
tion requires that the drainage basin be a closed system. If
it is not, for example when shallow subsurface flow
follows dipping strata that outcrop in an adjacent drain-
age basin, adjustments to the equation are required.

Drainage divides must have existed during the warmer,
wetter climate of early Mars (Section 12.4.1), but have been
largely erased by the pervasive pounding by impactors. The
degraded or breached rims of older martian craters — and
almost all craters on Titan - illustrate the concomitant
atmospheric effects. In younger landscapes, where craters
have experienced less degradation, it is the crater rims
themselves that demarcate the drainage divides. Drainage
divides, separating the flow of liquid hydrocarbons, must
also exist on Titan, as evidenced by the numerous distinct
fluvial networks observed there. However, the relative low-
resolution and incomplete surface data make the delinea-
tion of Titan drainage divides challenging.

14.3 Processes that Channelize the
Flow of Liquid

Within the fluvial landscape, liquids coalesce into chan-
nels. This channelized flow leads to movement of sedi-
ment, which can be understood through simple physical
relationships. The processes include both sediment
deposition into bedforms and erosion. The physics-based
nature of these processes means that the same hydraulic
equations can be used to understand how these processes
work on different planetary bodies.
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Surface runoff
scale bars ~100 km

-ARTH

MARS

TITAN

Figure 14.3 Channels formed by surface runoff and by sapping on Earth, Mars, and Titan. Earth: (a) surface runoff networks in
South Yemen, (b) sapping channels on the Colorado Plateau. Mars: (c) surface runoff networks of Warrego Vallis, (d) sapping network

on the Valles Marineris Pleteau. Titan: (e) (radar images) radar-bright surface runoff network on southwestern Xanadu, (f) sapping
networks near the Huygens landing site. NASA images. :
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charge by rivers, hydrologis,

: en:iiitlfnctinn among the modes of nu})ll';(‘;:) (ll.‘-:”m'
fied ‘Ziﬂow velocities, denoted by k, as. using a
[atio
k= Ws/u* (14.4)

re Ws 1S the settling velocity of the particle (its rate f
whethro;.lgh the liquid in the absence of any turbyle ¥
fall # is the shear speed, related to the sheqy Slre:;c:

32,(1/p)l/2* and a proxy for the turbulence that suspends

= e Various studies set the valye of k for thz
bedload_to-suspt_'udcd load transition at 1-1.79 and for
i suspended load-to-washload at 0.05-0.13, By
lecting 2 single value to represent the gradation from
e mode of transport to another, we can plot the condi-
fons under which each mode of transport occurs on each
Janetary body. Such a plot shows that it requires less
energy> OF flow speed, to transport sediment in the vari.
ous modes o1 Titan than on Mars, and less energy on
Mars that on Earth (Figure 14.6b). This difference is a
result of the lower gravity on Mars and Titan than on
farth, and the lower grain densities on Titan.

143.4 Fluvial Bedforms

When the flow velocity falls, perhaps temporarily or
in certain regions of the channel, deposition occurs.
Obviously, perhaps, this process is vital for geologists! It
provides us with evidence — the sedimentary rock record -
by which we can intuit the extent, magnitude, and char-
acteristics of the flow that created them.

Although many processes can affect these in-channel
deposits, their shapes depend primarily on the size of the
sediment and the speed of the flow. Bedform stability
diagrams provide a visual representation of the bedforms
that develop with particular grain size and flow condi-
fions. These conditions can then be adjusted arithmetic-
ally for the lower gravity and the different sediment and
?i‘lmd densities that occur on other planets. A bed stabil-
y diagram for Earth and Titan (Figure 14.7) shows, for
“ample, that dunes on Titan form at a lower bed shear
S’Eress - alower flow velocity - than dunes on Earth. Such

ams enable researchers to make inferences from the
servation of planetary bedforms about the liquid flow
M sediment that created them. Although our current
ages from the surface of Titan are not yet adequate (0
8. W any bedforms (if they exist — recall that'sedlmen’;
S;“ti’celrsal .is probably quite broad on Titan), Hnagecs)rr(l)e
¥Smic outflow channels on Mars show S
"Ples of flood-formed dunes. Modeling Of, thtege
» developed for modeling terrestrial dunes in n‘_f
“rai;lts 2l outflow channels on Earth, PTOV;ded (;lf)w
Ve]ocityo,n the flow velocity that formed them- 111 -
»In conjunction with measures of chann® W
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Figure 14.7 Bedform stability diagram for Earth and Titan.
Adapted from Burr et al. (2013a).

and depth (see Equation 14.1), provides an estimate of
flood discharge.

14.3.5 Fluvial Erosion
In addition to the entrainment and transport of loose

sediment, channelized flow erodes bedrock. This erosion
may occur through one of three mechanisms. At the lowest
energies, the bedload and suspended load being carried by
the flow abrades the bedrock. This abrasion is more sig-
nificant in faster flows and flows carrying more sediment.
Calculations suggest that, because of the lower gravity on
Mars, water flows more slowly than on Earth under the
same discharge and slope and so may abrade less than on
Earth. The same is likely true on Titan, where the lower
gravity and slower flow cause abra'sion to proceed a.t a
slower rate. At higher energies, pluck@g can occur. Du.rmg
this process, blocks of bedrock are slid or even pulled into
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14.4 Channelized Flow of Liquid: Landscape
Results

The sedimentary processes of channelized liquid flow are
seen across landscapes, both at local scales as channels
and at regional scales as drainage networks. Such net-
works can be seen on Farth and Titan that have active
three-phase volatile cycles, and in ancient terrains on
Mars, evidence of a volatile cycle billions of years ago.

14.4.1 Fluvial Channels

Channelized flow over loose sediment produces alluvial
channels. Alluvial channels have a variety of morpholo-
gies (Figure 14.8), which are a product of the history of
the landscape, the discharge of the river, and the amount
and nature of sediment transport. Thus, channel morph-
ology may change as discharge and/or sediment supply
changes. Channels with high bedload and irregular dis-
charge tend to produce wide, shallow, braided rivers,
where the bedload forms temporary bars or islands that
are remobilized downstream during flooding. On Earth,
this morphology is often displayed, for example, in
coastal regions where rivers exit mountains that were
formerly glaciated and thus have extensive glacial debris

Braided

Meandering

Figure 14.8 Diagram showing plan vi v
by alluvial channels, ng plan view morphologies exhibited

i ——————
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gravity- I l”W" Y&’l ) vw low gravity alone may not explaj,
identified (.m lltd,lj) B ) s,
their seeming absence on P

hannels with high suspended l.oad AIGHUCTCHEEhizs

(,han:l‘t tend to form meandering channels, as dis.
11;1 Earth by the lower Mississippi, Amazon, ang
rs. These rivers have relatively deep and narroy
with stabilized banks. This terrestrial bank
stabilization was greatly enhanced ~0.5 billion years ago
by the rise of vascular (rooted) plants, before Vj/hlch time,
the terrestrial rock record shows less evidence for
meandering rivers. However, the discovery .Of inferred
meandering river deposits on Mars (e.g., Figure 14.9)
indicates that meandering rivers are not uniquely associ-
ated with plants and that other mechanisms can provide
the necessary bank stability. The best current hypothesis
for the source of cohesion for non-vegetated meandering
rivers on Mars is cohesive clays, although permafrost and
geochemical cements are also possibilities. Meandering
rivers have also been claimed for Titan, but the image
resolution is not yet sufficient to distinguish the smaller
river channel from the river valley, so that claim awaits
testing with higher-resolution images.

On Earth, combinations of these braided and meander-
ing morphologies are possible, providing evidence of a
mixed type of sediment load and/or of a mixed fluvial
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1442 Channel Drainage Networks
As channels intersect and grow, they form drainage net-
works that reflect the controls on overland flow, such as
the rate and timing of water delivery to the surface and the
jand surface over or through which the water flows. Thus,
quantitatively characterizing networks provides both rela-
iive and absolute information on a variety of drainage
controls. Networks can be characterized by the numb;‘r
of branches or links in the network. The number of links
in the network reflects the amount of runoff and, because
more porous terrain generates less runoft, provides insight
into the behavior of rain on the surrounding land surface.
Drainage networks can also be characterized by their
planview morphology or pattern (Figure 14.10). Each
pattern forms under a different range of circumstances
and so has different implications for the controls on
overland flow (Table 14.3). The canonical and perhaps
most common drainage pattern on Earth is dendritic, in
which streams intersect at moderate angles, reflective of a
moderate surface slope without significant pre-existing
Weaknesses. Drainages with lower-angle junctions include
Parallel networks, which form when the land surface slope
' steeper or when elongate landforms, such as longitu-
dinal dunes (Section 13.5) affect the direction of flow.
Drainages with higher-angle junctions include rectangular
"etWorks, which form over a landscape with near—ri‘gh“
“igle joints or faults, and trellis networks, which form
108t commonly over dipping or folded rocks, as n the
ey ang Ridge terrain of the Appalachian Mountains:
use the broad river valleys that form drainage pet-
may be visible even in low-resolution data, dnunag:te
g MOrPhology can often be chax?cteﬂzii“‘:g‘r‘l:
Povige morphology cannot. Thus, drainage .
higge _211¥ insights into regional land surface e
‘w and Cmftrols on runoff. For examp}:l etgihat ks
: ﬂf"fdm‘nage networks on Titfm rev -
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Figure 14.10 Drainage network patterns. Table 1.3 lists the
implications of each pattern. Modified from Burr et al. (2013b).

derived acrosols, acolian sediments, and other surface
veneers — the crust of Titan is tectonically fractured.

14.5 Deposition from Channelized Flow

The landscape results of channelized liquid flow are not
only in the channels and networks that transport the
tl()\;-ixlg liquid and sediment, but also in depositional
foatures, as seen on Earth, Mars, and Titan,

14.5.1 Subaerial Deposition: Fans and Bajadas

The channelized flow and its sediment may be deposited
cither in a body of water or on land, ie., subaerially.
Landscape-scale subaerial landforms deposited by chan-

nelized running water include both individual fans and
7

coalesced fans or bajadas.
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On Mars, outflow channels apparently originate ix'@j‘n thi e e oldest (Noachian) outflow
(Figure 14.11), whose relative importance has changed '«Wef‘ geoiog e basin lakes fed by runoff
c’natn 1els on Mars date from the era of rivers and resulted f,j‘or.n Oveln. R g ol e
An example of a crater basin overflow flood channel is Ma’adim Ya is, B e it it vl
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Hesperian period, outflow channels originated from the Valles Marineris canyons lig i . A t- i gest
of the martian flood channels originate at chaos terrain, bled blocks inferred to have formed

areas of large jum e
during catastrophic breakout of confined groundwater. The trigger for breakout is suggested to be thinning of
the confining cryosphere, perhaps by fluvial activity, or dr

ainage of canyon lakes following collapse of
sedimentary or ice barriers. The resultant floods may have fed a vast northern ocean. The youngest outflow
channels, which date to the Amazonian Period,

originate at volcano-tectonic fissures (Figure 14.11), fractures
from which lava also originated. The exact age of these youngest water floods is open to question because the
lava embays the channels, but this embaying lava has been dated to just a few million years in age — just last
week in geologic time! And the floods could have occurred around the same time. As with the Hesperian-aged
channels, the storage of water for these Amazonian floods apparently occurred in the subsurface, but the
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mechanism for storing such massive water volumes in the subsurface and releasing them suddenly enough
to form outflow channels is not yet understood. A plot of the change in flood-generating mechanisms on
Mars (Figure 14.11) shows that floodwater storage moved from the surface to the subsurface over geologic time.
Thus, geologically extreme aqueous flooding on
Earth and Mars is a function of the ability of
water to assume the solid phase. The operative +
7 volatile on Titan, which is methane, cannot as § LR Y o
easily assume the solid phase under current S & . Surface waler (Shalow)
conditions. On Mars, the largest floods result = 9 Sreurdua =
from subsurface water storage, followed by some S T
mechanism of tectonic or fissure-fed release, or 26t %
from water storage in crater lakes. Fissures have § = q';’\Q $§ g
not been detected on Titan, and craters are = o {gJ g’
sparse, perhaps due to screening by the -§ 3 Y, Q i g
episodically thick atmosphere. However, £ J 3
precipitation has been inferred on Titan. Thus, g g é
| extreme precipitation events, which have &
‘ produced smaller but more frequent floods on § :
. Earth, are likely to be the most important flood : Hesperian Amazoniar
L generators on Titan in the recent past. Figure 14,14 Causes of oytf] P
on Mars. Adapted fy ow channels over geologic tim¢

om Burr (2010). 4—/
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Alluvial a6 (Figure 14,12)
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ptdecrease in shear stress (sce Liquation
position of the sediment load (alluvium)
canyon mouth. Over time, repeated events result in
hatural construction of o wedge- or fan-shaped
deposit between the canyon mouth and the floor of adja-
cent plains, In addition to a long-term hydrological cycle,
rally require the flow events to be intermit-
tent in time, in order to allow alluvium to build up in the
catchment, Lastly, to produce the necessary change in
flow confinement, alluyial fans require relief or a sudden
change in elevation, such as occurs at a mountain front
on Farth (Figure 14.12a) or inside impact crater rims on
Mars (Figure 1 4.12b). On Titan, features hypothesized to
be alluvial fans (Figure 14.12¢) are observed in the mid-
to high latitudes, although the poor imaging data makes
their identification somewhat uncertain.

Fans can be formed either through debris flow
deposits, which are poorly sorted, with grains ranging
from mud to boulders in size, or sheetflood deposits,
which consist largely of sand-sized grains. Besides differ-
ences in grain size and sorting, the two types of deposits
have measurable differences in topography, with debris
flow fans exhibiting leveed channels and lobes and sheet-
flood fans exhibiting smoother surfaces and termini.
These differences have been used to distinguish debris
flow and sheetflood fans on both Mars and Titan.

A bajada develops where multiple alluvial fans
coalesce. The lateral spreading is often a function of
repeated side-to-side shifting of the contributing streams.
Like fans, bajadas can form either in arid climates where
flash floods produce repeated sediment depositional
events, or in wetter climates where streams deposit sedi-
ment more continuously. These broad deposits occur
along mountain fronts on Farth and have been docu-

mented within impact craters on Mars.
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Figure 14.12 Images of alluvial fans. (a) Alluvia.l fan,"l"akli.makan
Desert, China. The false-color blue on the I‘eft side of the I'a.n
ndicates water currently flowing. (b) Alluvial fan on Mars in

s IL{ Crater, with the part of the inner crater rim visible in the
ll(::/lzl“l]dl Ec) Elivagar Flumina on 'l“il’a.m, interpreted as a :

; {lation of alluvial fans, which are fed by flow sourcec.i from an
u)m}i -cater off the image to the left. In all images, flow is toward
ii“P:‘(:-}l) ‘;? tLe page and scale bars are ~10 km, NASA images.
the
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eous Deposition: Deltas

Deltas (Figure 14.13) 'dcr!v"» l|h,(’n f ’.””MM'T from g,
. shaped deposit of land at the mouth of the Nile
ar-shaj Greeks understood correctly to look fia

V"I)" or “delta.” Study since that tinr::;

- own that deposits of sediment at the mouth Of"iVer;
has ‘“l“m”, . cens, or ocean have a range of sh
emptying into lakes, s€as : o Tt 1apes,

hich reflect the dmmndﬂF C.(m e dommated
which i ng the Mississippi River delta, form a digitate
i oferred to as a “bird’s foot” shape) ag th,
river switches course over time. Tidau?’ e delta,
<uch as the Ganges /Brahmaputra delta in t.he Bay of Bengy
or the Ely River delta in Papua New Guinea, ShO_W more
disaggregated form with lobes or 1s.lands perpendicular t,
the shoreline and separated by tidal flats or channeg
Wave-dominated deltas, of which the Nile delta is the
end to have smooth shorelines where
wave action has removed sediment (Figure 14.13q),
A fourth kind of delta, named after the geomorphologist
G. K. Gilbert, has a distinctive, coarse-grained, sedimento]-
ogy, such as results from steep mountain streams.

Deltas on Mars also span a range of morphologies.
Bird’s foot (Figure 14.13b) and Gilbert deltas have been
hypothesized, along with other more exotic varieties.
Consistent with Mars’ small moons, no tidally dominated
deltas have been suggested. The observation of deltas on
Mars is perhaps a bit surprising. The low gravity on Mars
would cause sediment to disperse farther in the basin
than it would on Earth, so to be recognizable as deltas
the fluvial transport and sediment deposition would take
considerably longer on Mars. An increased timescale for
delta formation should be even more true for Titan,
where both lower gravity and lower sediment densities
would result in even broader sediment dispersal. Broad
dispersal on Titan might account for the relative dearth of

deltas observed to date, although a few suspects have been
noted (Figure 14.13¢).
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14.6 Large Bodies of Standing Liquids

The e.nd result of channelized flowing liquid and sedi-
ment is a standing body of liquid. Such standing liquids
are seen on Earth and Titan, and have been inferred fof
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Mars clearly hosted smaller bodies of water (Cabrol
and Grin, 2010). The geomorphic evidence for lakes
includes deltaic deposits in impact crater basins that are
dosed except for an inflow channel. Other crater basins
were open (or overflow) lakes, having both inflow and
outflow channels. Overflow of some of these crater lake
basins produced considerable floods (see Box 14.1). Sedi-
mentology investigated by the Curiosity rover in Gale
crater suggests subsurface standing water (Section 12.3).

146.2 Hydrocarbon Lakes and Seas on Titan
Cassini orbiter radar images found that Titan is dotted
vith standing bodies (Figure 14.14b) of liquid organic
ompounds (Stofan et al., 2007). The lakes give no radar
return, as appropriate for smooth surfaces, and Ontario
Lacus, in the southern polar region, appears t0 host a
delta. One lake has a measured depth of ~180m, but
Many more have depths of just a few meters; empty
basins, interpreted as dried lakes, have also been detected.
e lakes and seas are clustered in the north POla,r
"lon, apparently a result of orbital control on Titan's
"Olatile cycle. An estimate of the combined volumes of all
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Figure 14.14 Oceans and lakes on other worlds. (a) Artist’s
rendition of a Noachian ocean in the northern plains of Mars. (b)
Colorized radar image of hydrocarbon lakes on Titan. Image is

205 km across. NASA images.

the extant lakes is 300 times that of Earth’s proven oil
reserves. A Titan “boat” - a spacecraft mission that would

float on a Titan sea, taking data of wind, waves, and

composition — is under discussion.

pheric conditions and hugely
their geomorphic results provide clritical clues to ‘
provide constraints on atmospheric models, whereas river
ors that control the flow and serve és data on the material
trine byproducts point to the locations and extents of
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standing bodies of liquid. Because water is necessary f s
for exploration of Mars with a focus on discovering past hab
medium for facilitating organic process
lacustrine landforms is a significant source
astrobiology. Although this chapter has focus
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SUGGESTIONS FOR FURTHER READING

Baker, V.R., Hamilton, C., Burr, D. M., et al. (2015) Fluvial
geomorphology of Earth-like planetary surfaces: a review.
Geomorphology, 245, 149-182. A nice overview of the
effects of channelized surface liquid flow in the Solar

System.

Burr, D. M. (2010) Palaeoflood-generating mechanisms
on Earth, Mars, and Titan. Global and Planetary
Change, 70, 5-13. A synthesis of liquid floods on the
three bodies in the Solar System with present or past
volatile cycling.

Burr, D. M., Perron, J. T., Lamb, M. P., et al. (2013)
Fluvial features on Titan: insights from morphology
and modeling. Geological Society of America Bulletin,
125, 299-321. A description of the morphologic effects
of channelized liquid flow on Titan and how they
could (or could not) be modeled using terrestrial flow
modeling.

Hynek, B. M., and Phillips, R.]. (2003) New data reveal
mature, integrated drainage systems on Mars indicative
- of past precipitation. Geology, 31, 757-760. A short, early
publication on the discovery of fluvial channels within

fluvial valleys on Mars.
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