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Introduction: Ravi Vallis is an outflow channel that
emerged from Aromatum Chaos, a region of collapsed
ground in Xanthe T erra, M ars. T he me gafloo d that
carved Ravi V allis incised the crust >700 m. W e prop ose
that this erosion penetrated the cryosphere and triggered
the genesis of secondary chaos zones in the deep est parts
of Ravi Vallis (Figure 1). Iamuna* and Oxia* Chaotes
(IAU provisional names) represent a class of chaotes that
can form solely in response to fluvial incision. W e
estimate the cryo sphere thickness and depth to groundwater as the sum of the incision depth and the thickness
of rock beneath the channel floor that could be disrupted
by artesian pressure [Coleman, 2005 ]. Figure 2 show s a
MO LA profile across the deepest channel of Ravi V allis.
At this location, fluvial erosion incised ~730 m into the
upper crust and created an inner channel more than 200
m deep. Iamuna Chaos formed just downstream of the
profile in Figure 2. The inner ch annel leads d irectly into
the deepest part of the chaos, which we interpret as the
point of initial groundw ater outbreak.
Discussion: The hypothesized mechanism for chaos
initiation and groundwater release is illustrated in Figure
3. Prior to the flooding, groundwater in Xanthe Terra
was confined beneath a thick layer of permafrost, with a
potentiometric surface that was higher than the land
surface. Eventually, at the present-day location of
Aromatum Chaos, the cryo-confining layer was disrupted

by a tectonic, geo thermal, or imp act eve nt. Groundwater
erupted onto the surface, flowed torrentially downslope,
and rapidly eroded the land surface to the E-NE. Flow
would have readily maintained itself because re-freezing
of the cryosphere would have been inhibited by the initial
high discha rge rate, relatively warm groundwater temperatures, the high heat capacity of water, and physical erosion
of the aquifer and confining layer. A lake would have
filled Aromatum Chaos during the flooding, with the lake
level controlled by the overflow elevation (-1230 m) of
the channel floo r to the east.
The critical condition for groundwater breakout
occurred as the flood discharge waned and the inner
channel attained its maxim um depth. As long as water
flowed in the cha nnel, overpressure from b elow would
have been partly offset by the floodwater depth. As the
floodwaters receded, the overpressure would have increased until it overcame the overburden load and rock
strength and broke through the channel floor, initiating a
new groundwater discharge area. With pressures being
relieved downstream at Iamuna Chaos, flow from
Aromatum Chaos would have slowed and stopped. Flow
from Iamuna further incised the northern branch of Ravi
Vallis and spawned another secondary outbreak at the site
of Oxia Ch aos.
The former cryosphere and groundwater depth at
Iamuna Chaos can be estimated over a relatively narrow
range. The minimum depth is the estimated depth of
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channel incision (i.e., ~730 m) relative to the pre-flood
surface. The maximum depth is estimated by analyzing
the pressure differences that existed at the channel floor.
The channel floor would have ruptured fro m be low if the

confined hydraulic pressure exceeded the overburden
pressure of the residual confining layer. Given that
pressure equals the product of average fluid (or rock)
density, gravitatio nal acc eleratio n, and height o f the fluid
(or rock) column, the condition for groundwater breakout occurs when D r g hr # D w g hw [equation 1] where D r
is the average rock density beneath the channel floor, g
is the acceleration of gravity on M ars (3.7 m s-2), h r is the
thickness of the confining layer between the channel
floor and the top of the aq uifer, D w is the groundwater
density, and h w is the po tentiom etric head above the top
of the aquifer. Note that h w is the sum of h r and h p
(height of potentiometric surface above the channel floor
- see Fig. 2). We simplify equation 1 and introduce h p
to obtain Equation 2, where

hr # (D w @ hp ) / (D r ! D w)

[Coleman, 2005].
The critical thickness for the rock layer be neath the
channel was analyzed using a b ulk density D r that represents basalt (>2500 kg m -3), a groundwater density D w
that represents a strong brine (~1200 kg m -3), and h p ~
276 m. These values yield an upper limit for the layer
thickness that could be ruptured by overpressure. W e
solve for h r using equation 2 to find that, beneath the
channel floor, strata #255 m thick would have been
ruptured by the maximum confine d hydraulic pressure of
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2.4 × 10 6 N m -2 [2.4 MPa or 23 atm]. Adding 2 55 m to
the incision depth (~730 m) yields a maximum groundwater depth and cryosphere thickness of ~985 m. Our initial
analysis of Oxia Chaos yields similar results.
Near Iamuna Chaos the cryosphere thickness and
groundwater depth was 700 to 100 0 meters at the equator,
indicating a cold, long-term climate trend. The cryosphere
thickness can be used to constrain crustal heat flow . We
app ly the steady-state equation for 1-D conduction [see
Clifford, 1993] using parameters that should yield a
minimum value for the heat flux. We used a columnaveraged thermal conductivity (k) for the upper crust of
$1.0 W m -1 K -1 [lower limit of Clifford, 1993], a mean
annual surface temperature [MAT] #220 K, a cryosphere
thickness of #1 km, and a melting isotherm [T mp] of $252
K to represent a dense groundwater brine at the base of
the cryosp here. W e obtain a minimum crustal heat flux of
~32 m W m -2 at the time of the Ravi Vallis flood . This
estimate would increa se significantly using other parameter values. For example, new geochemical evidence from
Meridiani [Squyres et al., 200 4] suggests that sulfate salts
might have dominated the hydrosphere of M ars. A strong
brine of MgSO 4 has a freezing point depression of only 3
to 4 K. Therefore, in the above calculation, increasing
T mp to ~270 K would yield a crustal heat flux of ~50 mW
m -2. Mixed salt solutions would somewhat lower the
calculated heat flux.
If corre ct, our evidence for a thick cryosp here w ould
place limits on the former pervasiveness of exotic groundwater brines with T mp ~210 K [lower limit of Clifford,
1993]. Such brines would not freeze unless the prevailing
MAT at the eq uator was less than ~2 10 K .
Conc lusions: The fluvial incision and groundwater
breakout model described here can fully account for the
inception of Iamuna and Oxia Chaotes. A locally elevated
geothermal flux was not req uired. In the ep och of Ravi
Vallis, the groundwater depth and cryosphere thickness
was 700 to 1000 m at the equator in the vicinity of Iamuna
Chao s. W e estimate a minimum crustal heat flux of 30 to
5 0 m W m -2.
References: Clifford, S., JGR, 98, 10973-11016, 1993;
Coleman, N., submitted to JGR, 2005; Squyres, S. et al.,
Science, 306, 1709-1714, 2004. To obtain GRIDVIEW [2004]
and MOLA data grids [GS FC, 2004], visi t
http://core2.gsfc.nasa.gov/.
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