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a b s t r a c t
New high-resolution datasets have prompted a mapping-based study of the 2500-km-long Echus Chasma
and Kasei Valles system that utilizes geomorphic details, stratigraphic relations, and cratering statistics
derived from the new datasets. Our results suggest that between the Hesperian and Amazonian Epochs on
Mars (3.7 Ga to Recent), the study area was affected by at least 4 episodes of widespread volcanic activity
and 4 periods of episodic ﬂuvio-glacial activity. This paper discusses the Amazonian (b 1.8 Ga) history of the
study area, during which time the last of the four volcanic episodes occurred between the last two episodes
of ﬂuvio-glacial activity. Highlights of our new ﬁndings from this time period include (1) evidence that
suggests glaciers and near-surface ice may have persisted through Amazonian time in local areas over the
entire length of Kasei Valles; (2) a new widespread platy-ﬂow surface material that is interpreted to be
2100-km-runout ﬂood lavas sourced from Echus Chasma; and (3) a fracture in Echus Chasma, identiﬁed to
have sourced at least one late-stage ﬂood, that may have been the origin for the platy-ﬂow material and
young north-trending Kasei ﬂood water.
© 2009 Elsevier B.V. All rights reserved.

1. Introduction
The largest of the circum-Chryse outﬂow channels is Kasei Valles.
Kasei Valles heads at one of the Valles Marineris troughs: Echus
Chasma. Echus Chasma is a 175-km-wide, 100-km-long, open-ended,
ﬂat-ﬂoored depression centered at latitude 1°S, longitude 80°W.
North from Echus Chasma, Kasei Valles is nearly 2500 km long,
extending about 1600 to latitude 20°N, longitude 75°W (near the
location of the “enigmatic” Uranius Dorsum ridge, whose origin has
long been uncertain, see Chapman and Scott (1989)) where the valley
turns abruptly east and continues for another 900 km to debouch into
Chryse Planitia (Fig. 1).
Numerous mapping studies have included part or all of the Kasei
Valles area (Milton, 1974; Scott and Carr, 1978; Scott and Tanaka,
1986; Chapman and Scott, 1989; Jöns, 1990, 1991; Chapman et al.,
1991; Tanaka and Chapman, 1992, Rotto and Tanaka, 1995, Tanaka
et al., 2005). Previous mapping indicated that (a) the chasma and
valles system cut into Hesperian plains material units Hr and Hsm of
the Lunae Planum, Tempe Terra and Syria Planum bounding plateaus;
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(b) the Kasei channel ﬂoor was mapped as Hesperian plain Hchp or
older channel ﬂoor material Hcch; (c) Echus Montes and Chaos were
either mesas of wallrock material HNu or chaotic material unit Hcth;
and (d) Tharsis Montes Formation lava members At4 and At5 of
Amazonian age covered large parts of the channel, with older,
underlying member Ht2 embaying Tempe Terra north of this massive
valley (Scott and Tanaka, 1986). [Tharsis Montes Formation member
Ht3 does not occur within the study area.] Observations from Viking
datasets indicated that both lava units At4 and At5 postdated ﬂooding
from Kasei Valles (Rotto and Tanaka, 1995). Flows from the older unit
At4 were shown to be sourced east from Tharsis and mapped to cover
most of the northern half of Kasei Valles, and included the enigmatic
northeast-trending ridge of Uranius Dorsum. Lava ﬂows from the
younger unit At5 ﬂow were also shown sourced from Tharsis and
mapped to cover most of the southern half of Kasei Valles to Echus
Chasma. In order to avoid lengthy redundancy, for references to
previous mapping results throughout the text the reader is referred to
those mentioned in this paragraph.
Our study of this system was prompted by the availability of new
high-resolution data from the Mars Express High Resolution Stereo
Camera (HRSC) images and derived digital terrain models (DTMs),
Mars Odyssey Thermal Emission Imaging System (THEMIS), Mars
Orbiter Camera (MOC), Mars Orbiter Laser Altimeter (MOLA), Mars
Reconnaissance Orbiter Context Imager (CTX; Fig. 14), and Mars
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(Fig. 2). So within north Kasei, the once low-lying Hesperian
channel ﬂoor lavas were eroded to form inverted topography now
located on the highest terrace of north Kasei Valles. The ﬂooding
episodes from Echus were either simultaneous with or followed by
a prolonged period of slow erosion that formed theater-headed
channels, narrow sinuous channels, and gullies on alluvial fans.
Capping off the major depositional processes in the valley was a
prolonged period of volcanic eruptions in the Late Amazonian that
produced a massive output of lava from both Tharsis Montes and
Echus Chasma. Using the new data, we have further delineated and
redrawn the contact boundaries of the Tharsis lava units and
mapped a new material: Amazonian platy-ﬂow unit Apf. This
material is interpreted to consist of very ﬂuid, highly mobile ﬂood
lavas that were deposited in Kasei Valles and can be observed from
within Echus Chasma to south of Sharonov impact crater in
northeast Kasei Valles (Fig. 1). Unit Apf is overlain by unit At5
from Tharsis Montes. Finally, we have found evidence within Echus
Chasma that a ﬂoor fracture may have emitted late-stage ﬂuid ﬂows
which ponded within the chasma. Details of these units, the
mapping, our new ﬁndings and interpretations follow in the rest
of this paper. This paper is a summary of all Amazonian units in the
study area, each of which could merit a detailed paper.
2. Methods

Fig. 1. (A) Viking MDIM image showing physiographic features of study area
(EC = Echus Chasma, EM = Echus Montes, ECh = Echus Chaos, UD = Uranius Dorsum
ridge, SM = Sacra Mensa, LM = Labeatis Mensa, 1 = Sharonov impact crater,
2 = Fesenkov impact crater, 3 = Sulak impact crater and streamlined island; narrow
inner gorges of north Kasei Valles in black; north at top); (B) MOLA digital elevation
model of study area; note that narrow inner gorges of northeast Kasei Valles lie at same
elevation as Chryse Planitia.

Reconnaissance Orbiter High Resolution Imaging Science Experiment
(HiRISE; Figs. 8B and 9B). In order to understand the relations
between source and channel, we undertook an integrated examination of this speciﬁc chasma-channel system using the new datasets
and have produced a post-Viking revised map of the entire Echus
Chasma–Kasei Valles system (Fig. 2).
The results of our mapping in this report on the b1.8 Ga history
of the area indicate that during the early Amazonian, Kasei Valles
was inundated by north-directed ﬂooding from Echus Chasma.
Within north Kasei, older Hesperian lavas are eroded on their south
edges and locally (eastward) by this last ﬂooding episode that
carved the lower east-trending terrace level into north Kasei Valles

To avoid data gaps, the mapping was digitally compiled on a highresolution shaded MOLA altimetry base. Complex areas were mapped
in greater detail on individual HRSC images and compiled THEMIS
mosaics and this linework was transferred to the altimetry base. Some
map units correspond or are partly equivalent to units from previous
mapping efforts, and the formal terminology of geologic units
proposed by Scott and Tanaka (1986) and revised by Rotto and
Tanaka (1995) was followed where feasible. However, in many places
interpretation and contacts have been revised to reﬂect information
visible on the new higher resolution datasets. The depths of some
channels, thicknesses of some units, and heights of some streamlined
islands were obtained in places using HRSC and MOLA altimetry
proﬁles. The relative ages of geologic units and geomorphic features
were established by observed stratigraphic relations and supported
by new crater counts of surface materials using new high-resolution
data. The ages of units were determined by more than 200 counts of
all craters with diameters N1 km on areas of 15 HRSC orbital images
(resolution approximately 17 m/pixel or m/p), 6 MOC images
(resolution typically about 1.5 to 3 m/p), and 11 THEMIS images
(nominal resolution of IR = 100 m/p and VIS = 18 m/p). Amazonian
data are shown tabulated in this text (Tables 1–4). For these counts
we used the production function coefﬁcients of Ivanov (2001) and the
cratering model of Hartman and Neukum (2001) to derive absolute
ages; some ages were also taken from Werner (2006) who used the
same methods. The geologic units yield 2 types of crater count data: a
unit age that reﬂects the age of deposition and a resurfacing age that
marks the age of erosion.
The cratering age of erosional units represent the time of their
modiﬁcation relative to other units whose statistical age and
stratigraphic position in the sequence reﬂect their time of emplacement. Erosional units may thus consist of older material that is in
place but has been highly modiﬁed by later processes (Milton, 1974).
For example, ﬂood units may not be depositional materials but mostly
erosional units that date from periods of resurfacing. As with the
Pleistocene Glacial Lake Missoula ﬂoods, each mapped ﬂood unit may
be the result of numerous individual ﬂoods closely spaced in time (Alt,
2001; Komatsu and Baker, 2007). In fact, several ﬂoods were
suggested to have formed a material on the Kasei Valles ﬂoor proper,
based on cratering statistics and geomorphic erosional details
observed on Viking data (Neukum and Hiller, 1981; Chapman et al.,
1991). On a ﬁnal note, consistent with numerous studies (for example
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Fig. 2. Geologic map of the study area.

Table 1
Crater count data for degraded unit Ht4, where eroded by narrow channels.
Unit

Imagery

Designation

Area
(km2)

Channel-eroded Ht4

HRSC
HRSC
HRSC
HRSC
HRSC
HRSC
HRSC
HRSC
HRSC
HRSC

3261.000
3261.000
3261.000
3261.000
3261.000
3261.000
3261.000
3261.000
3261.000
3261.000

90.909
146.847
75.305
145.631
229.412
134.752
93.656
112.038
568.707
121.495

Average

N(1)
Unit age
0.000
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001

Age

Error up

Error down

Error ﬁt range

N(1)

0.576
1.116
2.070
1.050
1.056
2.097
1.330
1.237
2.225
1.328
1.41

0.148
0.302
0.565
0.284
0.242
0.458
0.377
0.826
0.585
0.504

0.155
0.332
0.593
0.299
0.257
0.478
0.384
1.030
0.614
0.540

0.15/0.38
0.2/0.4
0.2/0.36
0.18/0.39
0.2/0.47
0.2/0.44
0.2/0.3
0.35/0.45
0.35/0.6
0.25/0.4

Resurfacing age
0.000 0.090 0.027
0.000 0.100 0.021
0.000 0.098 0.074
0.000 0.168 0.023
0.000 0.117 0.015
0.000 0.112 0.022
0.000 0.093 0.026
0.000 0.191 0.037
0.000 0.207 0.026
0.000 0.646 0.164
0.18

Age

Error up

Error down

Error ﬁt range

0.030
0.022
0.083
0.024
0.016
0.023
0.036
0.038
0.027
0.173

0.07/0.13
0.07/0.11
0.09/0.16
0.06/0.14
0.06/0.12
0.06/0.12
0.06/0.15
0.08/0.15
0.1/0.2
0.15/0.3
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Table 2
Crater count data for unit Ach.
Unit
Ach
(NE of Uranius Dorsum)

Average
(SE of Uranius Dorsum)

Average
(NW of Sharonov)
Average

Area
(km2)

N(1)

Imagery

Designation

HRSC
MOC
MOC
HRSC
HRSC

3283.000
E0400068
M0904101
3283.000
3272.000

636.036
18.467
5.523
196.687
403.863

MOC
MOC
MOC
MOC
HRSC
HRSC
HRSC
HRSC
HRSC
HRSC

M0904101
M0904101
M0904101
M1102254
3283.000
3283.000
3283.000
3283.000
3272.000
1235.000

4.682
7.507
1.944
333.227
341.905
447.343
62.276
73.791
283.420
2490.000

0.000
no ﬁt
0.000
0.001
no ﬁt
0.001
0.000
0.000
0.001

HRSC
Total

5239.000

170.400

0.002

Unit age
0.001
0.000
0.001
0.001
0.001

Age

Error
up

Error
down

Error ﬁt
range

1.435
0.813
1.189
1.315
1.428
1.236
0.303

0.282
0.185
0.294
0.253
0.155

0.296
0.193
0.294
0.258
0.155

0.25/0.6
0.09/0.2
0.09/0.2
0.2/0.33
0.2/0.6

0.090

0.090

0.07/0.11

0.401
0.916

0.281
0.172

0.281
0.172

0.11/0.07
0.12/0.2

1.467
0.752
0.620
1.027

0.315
0.132
0.355
0.112

0.331
0.132
0.355
0.112

0.25/0.5
0.13/0.25
0.25/0.3
0.17/0.5

0.784
1.370
1.00

0.170

0.170

0.17/0.45

Christensen et al. (1998)), volcanic ﬂows in the area are all considered
to be approximately basaltic in composition.
3. Geologic history
3.1. Young Kasei Valles materials
The onset of the Upper Amazonian in the study area is marked by
the partial degradation of Tharsis Montes Formation member 4 (unit
Ht4), a Hesperian-age ﬂood lava in the north Kasei area. This
degraded area has an absolute crater model age of 1.41 Ga ± 0.6
(Table 1). The degradation is due to local erosion of the unit by an
internal anastomosing narrow valley cut into unit Ht4 north of
Uranius Dorsum and later disturbance by two 10-km-diameter
impact craters (Fig. 3). The valley is fed by numerous small dendritic

N(1)

Age

Error
up

Error
down

Error ﬁt
range

Resurfacing age
0.000
5.192
3.443

0.026
0.101
0.067

0.026
0.005
0.003

0.026
0.005
0.003

0.09/0.17
0.02/0.04
0.01/0.04

0.584
0.195
0.113
0.813
0.038
0.363
0.683
0.267

0.029

0.029

0.1/0.2

0.007
0.169
0.009
0.024
0.105
0.017

0.007
0.169
0.009
0.024
0.118
0.017

0.02/0.06
0.07/0.15
0.02/0.05
0.05/0.08
0.15/0.4
0.07/0.11

0.023
0.033
0.130

0.023
0.033
0.130

0.08/0.14
0.1/0.17
0.3/0.9

0.000
5.836
0.000
2.281
0.000
0.000
0.000
8.316
0.000
0.001

0.148
0.425
1.370
0.468
0.385

channels that can be traced to unit Ht4 moats around Labeatis Mensa
and around the adjacent Tempe Terra plateau. These lava moats are
hypothesized to have been sites of ice-rich lobate debris aprons that
have been subsequently removed (Lucchitta and Chapman, 1988;
van Gasselt, 2007; Hauber et al., 2008). The dendritic feeder
channels can also be traced to rough and heavily degraded areas of
unit Ht4 near Tempe Terra and to smooth surfaces of Ht4 directly
north of Uranius Dorsum. Perhaps the anastomosing narrow valley
and dendritic feeder channels were fed by melting of the local
remnants of near-surface and surface ice. Therefore formation of
these ﬂuvial features may mark a climate change on Mars (van
Gasselt, 2007; Hauber et al., 2008). This period of climate change
was the beginning of the third and last ﬂuvio-glacial cycle within the
study area (cycles 1 and 2 occurred during the Hesperian; see
Chapman et al., this volume).

Table 3
Crater count data for unit Apf.
Unit
Apf
(Echus Chasma)

Average
(Near Echus Montes)

Average
(Mid-channel)
(South gorge)
(North gorge)

Average
(South of Sharonov)
Average

Area
(km2)

N(1)

Imagery

Designation

HRSC
HRSC
THEMIS
THEMIS
THEMIS
THEMIS
THEMIS

2182.000
2182.000
V11686009
V11686009
V18425016
V18425016
V09815001

89.670
50.93
57.820
106.9
254.500
127.200
183.700

Unit age
0.000
0.000
0.000
0.000
0.000
0.000
0.000

HRSC
HRSC
HRSC
HRSC
HRSC

3283.000
3283.000
3283.000
3283.000
3283.000

356.200
313.300
412.100
324.300
316.200

0.000
0.000
0.000
0.000
0.000

HRSC
HRSC
HRSC
HRSC
HRSC

3272.000
1202.000
1224.000
3261.000
3261.000

99.73
1153.000
402.600
155.300
125.3

0.000
0.000
0.000
0.000
0.000

HRSC
HRSC

5239.000
5239.000

215.6
243.200

0.000
0.000

Age

Error
up

Error
down

Error ﬁt
range

Age

Error
up

Error
down

Error ﬁt
range

0.054
0.219
0.092
0.523
0.088
0.155
0.303
0.205
0.673
0.228
0.160
0.147
0.198
0.281
0.254
0.155
0.131
0.119
0.150
0.133
0.141
0.114
0.128

0.012
0.097
0.021
0.130
0.014
0.032
0.060

0.012
0.097
0.021
0.130
0.014
0.032
0.060

0.08/0.13
0.15/0.25
0.08/0.15
0.17/0.35
0.1/0.2
0.11/0.2
0.15/0.2

0.000

0.188

0.037

0.037

0.1/0.15

0.300
0.061
0.026
0.067
0.049

0.300
0.061
0.026
0.067
0.049

0.35/0.4
0.16/0.25
0.12/0.2
0.2/0.3
0.17/0.33

0.000

0.188
0.164

0.018

0.018

0.11/0.3

0.047
0.047
0.022
0.028
0.026

0.047
0.047
0.022
0.028
0.026

0.11/0.16
0.25/0.5
0.13/0.25
0.12/0.2
0.1/0.2

0.000
0.000

0.164
0.07
0.076

0.011
0.007

0.011
0.007

0.06/0.11
0.11/0.25

0.024
0.024

0.024
0.024

0.12/0.35
0.1/0.2

0.035
0.023

0.035
0.023

0.14 0.35
0.12/0.25

N(1)
Resurfacing age

0.000
0.000

0.086
0.126
0.094
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Table 4
Crater count data for unit At5.
Unit
At5
(SE of Fesenkov)

Average
(West of Kasei midpoint)

Average
(Middle Kasei)

Average
(NW of Echus)

Average

Imagery Designation Area
(km2)
THEMIS
THEMIS
THEMIS
THEMIS
THEMIS
THEMIS
THEMIS
THEMIS
THEMIS

V14232008
V14232008
V14232008
V14232008
V17639017
V17639017
V13608010
V13608010
V13608010

HRSC
HRSC
HRSC
HRSC
HRSC
HRSC
HRSC

0097.000
0097.000
0097.000
0097.000
2957.000
2957.000
2957.000

235.3
122.1
215.2
151.9
141.0
161.4
93.81

HRSC
HRSC
HRSC

3272.000
3272.000
3272.000

215.2
171.2
110.4

HRSC
HRSC
HRSC
HRSC
HRSC

2957.000
2957.000
0920.000
0920.000
0920.000

792.602
904.977
735.874
630.408
175.123
353.941
809.524
885.714
1294.120

187.0
145.3
140.4
44.72
202.7

N(1)

Age

Error up Error down Error ﬁt range N(1)

Unit age
0.000 0.626 0.293

0.297

0.4/0.5

0.002 1.986 1.238
0.001 0.816 0.431
0.000 0.450 0.449

1.794
0.432
0.446

0.7/1
0.45/0.5
0.3/0.4

0.001 0.775 0.309
0.000 0.163 0.052
0.803
0.000 0.172 0.036
0.000 0.116 0.022
0.000 0.188 0.028
0.000 0.206 0.038
0.000 0.217 0.026
0.000 0.207 0.032
0.000 0.196 0.034
0.186
0.000 0.147 0.021
0.000 0.118 0.023

0.312
0.053

0.4/0.5
0.25 0.35

0.036
0.022
0.028
0.038
0.026
0.032
0.034

0.14/0.35
0.09/0.13
0.12/0.35
0.1/0.3
0.09/0.15
0.11/0.25
0.1/0.2

0.021
0.023

0.1/0.2
0.09/0.17

0.133
0.000 0.095 0.014

0.000 0.089 0.028
0.000 0.083 0.032
0.089

This suggested climate change was followed by the well-known
catastrophic ﬂooding and/or glacial erosion from Echus Chasma that
formed the scoured surface of the Kasei channel ﬂoor (Milton, 1974;
Masursky et al., 1977; Scott and Carr, 1978; Baker and Kochel, 1978,
1979; Carr, 1981; Baker, 1982; Lucchitta, 1982; Chapman and Scott,
1989; Robinson and Tanaka, 1990). We agree with the catastrophic
ﬂood interpretation, but add more detailed mapping and accurate age
dating for this erosion event, that we now ﬁnd to have occurred in the
Amazonian (Fig. 4). For example, grooved Kasei Valles ﬂoors from
Uranius Dorsum to near Sharonov impact crater (Fig. 5) produce an
average crater retention age of 1.00 Ga ± 0.22, allowing us to now
determine that the majority of the channel ﬂoor erosion was
Amazonian in age, rather than Hesperian (Table 2). Similar to
terrestrial analogs (see Method section, above), the channel ﬂoor
material unit Ach, a mostly erosional unit that occurred in ﬂuvioglacial episode 3, shows terraces that may have formed by numerous
periods of ﬂooding closely spaced in time. [The study area also shows
evidence of 2 earlier episodes of east-trending Tharsis-sourced
Hesperian ﬂoods that occurred only in north Kasei Valles (see
Chapman et al., this volume).] Fig. 5 shows how we can now produce
better age brackets for this erosion, as new images clearly show highstanding preserved Hesperian impact crater Sharonov ejecta (Hc) on a
mesa in north Kasei Valles with its ejecta away eroded by the later
Amazonian ﬂoods (unit Ach; see Table 2) to produced grooved terrain
that is superposed by younger Amazonian crater ejecta (Ac). Dating
better-resolved materials with clear stratigraphic hierarchies introduces a level of accuracy not available for earlier Viking-based
calculations. These late-stage ﬂoods from Echus cut the northtrending portion of Kasei Valles, formed large north-trending
streamlined islands in this same area (colored red on Fig. 4), cut the
grooves and ridges in the Kasei Valles ﬂoor, turned sharply east at
latitude 20°N, longitude 75°W to follow the older Hesperianestablished east-trend of Kasei, and eroded and removed parts of
lava unit Ht4 and many areas of Hesperian channel unit 2 (unit Hch2)
on a ﬁnal path to Chryse Planitia (Fig. 2; see Chapman et al., this
volume).

0.014

0.028
0.032

Age

Error up Error down Error ﬁt range

Resurfacing age
0.000 0.083 0.017
0.000 0.114 0.018
0.000 0.105 0.020
0.000 0.085 0.023
0.000 0.118 0.021
0.000 0.116 0.017
0.000 0.108 0.015
0.000 0.106 0.014
0.000 0.057 0.006
0.099

0.018
0.018
0.021
0.024
0.021
0.017
0.016
0.014
0.006

0.13/0.25
0.13/0.3
0.14/0.25
0.15/0.24
0.09/0.13
0.09/0.12
0.11/0.45
0.12/0.2
0.09/0.17

0.00

0.017

0.017

0.08/0.2

0.000 0.095 0.015
0.000 0.111 0.022

0.015
0.022

0.09/0.15
0.10/0.25

0.12
0.12

0.09/0.2

0.09/0.2
0.14/0.2
0.10

The longitudinal grooves and ridges on the ﬂoor of Kasei Valles
were suggested to have formed by ﬂuvial, mudﬂow, or glacial
processes (Fig. 19A; Baker and Kochel, 1978; Thompson, 1979;
Lucchitta, 1982; Komar, 1983). Similar-appearing features occur
within catastrophically ﬂooded and glacially eroded areas on Earth
(Baker and Milton, 1974; Kehew, 1982; Lucchitta, 1982). The current
(and probably past) frigid climate of Mars suggests that the most
likely explanation for the origin of Kasei Valles ﬂoor features is a
combination of catastrophic ﬂooding and glacial erosion (Chapman
and Scott, 1989). Water and even brines (Brass, 1980; Burt and
Knauth, 2003; Chevier and Altheide, 2008) erupted at typical Martian
temperatures would quickly develop frazil ice (Baker, 1979), which
would eventually consolidate and move downstream like glaciers
(Lucchitta, 1982). Grooves and ridges can be observed eroded into
impact crater ejecta on the Kasei Valles ﬂoor with no observable
damage to the impact crater rims and pits (Fig. 4A); perhaps
suggesting inﬁlling ice that protected the crater pit and rim from
erosion (Chapman and Scott, 1989). Unit Ach also includes rectilinear
crevices perpendicular to the trend of the grooves, some of which may
have been enlarged by later spring sapping processes (Fig. 4A). These
crevices, which presumably formed by hydraulic plucking via ﬂood
processes (Carr, 1981) only occur within the mapped area of Unit Ach
and not on older units that were also eroded by Amazonian ﬂoods
(units Hch2 and Ht4; Fig. 2).
Another interesting observation to note is that although our
mapping now indicates the existence of additional streamlined
islands associated with unit Ach, none of these islands occur south
of about 13°N (Fig. 4B), strongly suggesting that ﬂooding processes
were conﬁned to the channel ﬂoor area that lies north of this latitude.
Streamlined islands (all standing higher than 100 m above the Kasei
ﬂoor), unlike low-lying ridges, grooves and crevices, are too high to be
buried by later lavas. Areas of the channel ﬂoor south of about 13°N
latitude are the location of topographically high-standing plateaus,
mesas, and hills of Echus Montes and Echus Chaos (Fig. 4). Some areas
of these chaotic terrains have lower elevations than the streamlined
islands farther north, yet these locales are unburied by lavas,
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Fig. 3. Fluvial erosion of Tharsis Montes Formation member 4 (At4); (A) Geologic map showing narrow ﬂuvial valley and dendritic feeder channels carved into unit Ht4 (location
marked by star on Fig. 13 of Chapman et al., this volume), box denotes location of ‘B’ and ‘C’; (B) enlargement showing narrow valley; (C) THEMIS photomosaic base for ‘B’.

indicating that topographically-higher streamlined islands are not
likely located buried south of 13°N latitude. Previously mapping
indicated that Echus Montes and Chaos were surfaced by Hesperian
chaotic materials that formed by Lunae Planum collapse. No collapse
features are located north of approximately 13°N latitude. New
mapping indicates that these hills are fairly coherent blocks of Lunae
Planum material that have been faulted, down dropped, partly eroded
by ﬂooding, and embayed by lava ﬂows. The resurfaced areas were
mapped as Amazonian chaotic material unit Act (Fig. 6). Locally the
mesas exhibit some high-standing levels of relatively undisturbed
plateau material mapped as Hesperian ridged plains (unit Hr),
underlying layered material mapped as Hesperian–Noachian undivided material (wallrock unit HNu), and younger embaying lavas
(Fig. 6). MOLA topography indicates that Echus Montes and Chaos

collapse features are located within a ﬂat-ﬂoored horseshoe-shaped
depression bound by concave-inward scarps on the east and west side
and streamlined islands and grooved material on the north side
(Fig. 4B). The horseshoe-shaped depression may mark the northernmost extent of Lunae Planum collapse and perhaps the locus of release
for some catastrophic ﬂoods (and source of subsequent glacial ice)
that carved southern Kasei Valles. Younger lavas now bury most of the
hypothetical depression source area for Ach.
Theater-headed channels (marked in blue on Fig. 7) are cut into
unit Ach, and incise wallrock of the plateaus or unit HNu near Echus
Chasma (see Fig. 17A in Chapman et al., this volume). These channels
are erosional features that expose much older materials (like unit
HNu). Locally, drainage from these channels formed gullies on alluvial
fans that extend out from plateau remnants and overlie unit Ach in
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Fig. 4. Geologic map showing channel ﬂoor unit Ach in blue, streamlined islands from this erosion in red, chaotic material unit Act in green, older units lightly colored, SC = Sharonov
crater, black arrow marks inset ‘A’ location, and boxes denote Figs. 5 and 6 locations; (A) THEMIS VIS V26599030 (18 km wide) showing northeast-trending longitudinal grooves and
ridges on Kasei ﬂoor (white arrow marked ‘g’), nearly perpendicular rectilinear crevices (black arrow marked ‘rc’), and pre-existing impact craters (marked ‘c’) with eroded ejecta
and almost pristine crater rims and ﬂoors, blue polygon outlines presumed spring sapping enlargement of rectilinear crevices; (B) stretched versions of MOLA digital elevation model
of south Kasei Valles, dotted red oval marks topographic depression bound by concave-inward scarps on east and west sides, containing chaotic material, lacking streamlined islands,
and partly ﬁlled by young lavas.

north gorge of Kasei Valles (see Fig. 7 in Chapman and Tanaka, 1996).
Therefore these small channels appear to postdate (i.e. are younger
than) the Amazonian ﬂooding event. Cut into unit Ach, these channels
also occur at the heads of the narrow north Kasei gorges (Fig. 7 inset),
and in the north Kasei Valles ﬂoor as enlargement of rectilinear
crevices (Fig. 4A) and as small isolated sinuous channels. Most of the
channels cut into wallrock occur to the south and surround Echus
Chasma (Fig. 7). In most cases these relatively young channels follow
pre-existing erosional crevices or structural fractures. On the plateau
east of Echus Chasma, they expose unit HNu and follow the trend of
older Hesperian trunk valleys (fed by old narrow dendritic channels)
that were cut into unit Hsm (see Fig. 11 in Chapman et al., this volume,
where HNu is shown in purple and Hesperian trunk and dendritic
channels are shown in blue). The theater-headed channels have long
main valleys with widths that remain nearly constant and short side
tributaries. Alternatively, all of these features taken together are
consistent with formation by ground water or spring sapping (Laity

and Malin, 1985; Kochel and Piper, 1986). In consolidated rocks, 10 to
100 times more water than volume of eroded material must be
discharged to create spring sapping channels via solution of cement,
salt fretting, ice melt, or freeze thaw (Laity and Malin, 1985). This
implies a fairly slow process compared with precipitation-induced
channel erosion, and as the terrestrial theater-headed channels take
several hundreds of years to form on Earth, on Mars they would likely
require heating of ground water from expansive contributing upland
areas over a long period of time (Laity and Malin, 1985). Alternatively,
on Earth many similar features are formed by valley glaciers, another
source of a relatively slow erosional process, but one that requires
surface ice (Lucchitta et al., 1991; Lucchitta, 1982). Similar theaterheaded channels on the south rim of Valles Marineris have been noted
to be analogous to glacially eroded theater-headed channels on Devon
Island (Lee, 2000). Both spring sapping and glacial erosion mechanisms of origin for the theater-headed channels require a climate very
different from the present conditions on Mars. However, a glacial
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Fig. 5. HRSC image h5239_0000 shows remains of 100-km-diameter impact crater
Sharonov ejecta (Hc) on mesa top (crater rim outside image; image location shown on
Fig. 4), grooved Amazonian channel ﬂoor unit Ach, and overlying younger 20-kmdiameter impact crater rim with ejecta (Ac) on channel ﬂoor; image width
approximately 35 km.

erosion origin would be consistent with grooved channel ﬂoors and
would imply a large ice mass in Kasei Valles south of the theaterheaded channels, feeding into the narrow curvilinear east-trending
gorges of north Kasei Valles.
The ﬂat-ﬂoors of the curvilinear narrow gorges of north Kasei are
topographically as low as Chryse Planitia (Fig. 1B). Many have
suggested that water from channels appears to have pooled in the
northern lowlands, forming an ocean (Witbeck and Underwood,
1983; Lucchitta et al., 1986; Parker et al., 1989, 1993; Jöns, 1990;
Baker et al., 1991; Scott et al., 1992; Lucchitta, 1993). Parker et al.
(1989, 1993) and Jöns (1991) mapped what they interpreted to be
shorelines of this ocean in the northern plains of Mars, showing a
large bay in Chryse Planitia. MOLA data are consistent with
hypotheses that suggest an ocean in the northern lowlands in the
past history of Mars, because a putative shoreline (mostly labeled
contact 2 in Parker et al. (1989)) closely matches a global
equipotential surface with a mean elevation of −3760 ± 560 m
(Head et al., 1999). If Chryse Planitia were a bay of a northern ocean
on Mars, then the east-trending gorges may not be due to ﬂooding,
but could be remnant fjords with glacially-carved theater-headed
valleys at their heads, similar to terrestrial fjords. If a large mass of
Kasei Valles ﬂoor ice fed into Chryse Planitia, then perhaps the
grooved ﬂoor of Kasei, the theater-headed channels, and the narrow
gorges all formed at the same time, rather than the ﬂoor material
being formed ﬁrst and subsequently being cut by later theater-headed
channels. The erosional period that formed the theater-headed
channels marks the end of the third ﬂuvio-glacial cycle within the
study area.
The fourth volcanic cycle in the study area caps off all the major
depositional processes in Kasei Valles. This cycle was a prolonged
period of volcanic eruptions in the Late Amazonian that produced a
massive output of lava from Tharsis Montes and possibly Echus
Chasma. Previously, this volcanic material was mapped as Tharsis
Montes Formation member 5 (Scott and Tanaka, 1986; Rotto and
Tanaka, 1995). We have revised the previous contact boundaries of
member 5 lavas and have delineated and mapped a new material:
Amazonian platy-ﬂow unit Apf. Large areas of this unit display
relatively ﬂat, featureless angular to subangular plates of material
surrounded by topographically-higher rough areas. This texture is

Fig. 6. Geologic map of HRSC h3283_001 showing Echus Montes (location on Figs. 4 and 1A)
and associated material units: Amazonian chaotic material (Act), Hesperian ridge plain
material (Hr), and Hesperian–Noachian undivided material (HNu) all embayed by younger
lavas (At5 and Apf), ancient eroded crater rims in brown, younger eroded craters in yellow;
older ﬂows of At5 shown in darker shade, arrows mark embayment of eroded outcrops of unit
At5 by Apf ﬂows (best seen on THEMIS VIS V17177015 and V26936031); box denotes location
of upper left inset showing material units on THEMIS VIS V09814013, inset lower right shows
HRSC topography of Echus Montes (blue=low).

designated as platy (Chapman et al., 2007; Fig. 8B and C). Although
high-resolution imagery shows a platy-textured surface, this unit
differs from the member 5 lava ﬂows in that on the scales of old lowresolution datasets it appeared extremely smooth compared with the
rough-surfaced, steep ﬂow terminations of the Tharsis ﬂows. Hence
the material's platy appearance was undetected in Viking and Mariner
9 imagery originally used to map Kasei Valles, and the aerial extent of
its smooth, relatively uncratered surface was thought to be young,
mantled parts of the Kasei Valles ﬂoor or Tharsis member 5 lavas
(Rotto and Tanaka, 1995). Unit Apf bears striking similarities to the
distinctive “platy-ridged” surface morphology Cerberus ﬂows in
Elysium Planitia (Keszthelyi et al., 2000). Like lava ﬂow material the
unit locally displays lobate terminations (see dark lobe marked ‘B’ on
Fig. 17A in Chapman et al., this volume) and scalloped margins
(Fig. 11C). Unit Apf can be traced 2100 km from Echus Chasma to
within the southernmost narrow north Kasei gorge, south of Sharonov
impact crater (Fig. 8). Outcrops of this unit can be best observed (1) in
Echus Chasma, (2) on the ﬂoors of theater-headed channels west and
north of Echus, (3) directly south and east of Echus Montes (chaotic
terrain in south Kasei Valles), (4) within amphitheater-headed
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Fig. 7. Geologic map showing Amazonian theater-headed channel ﬂoor unit Acht in
blue, older units lightly colored, and box denoting inset location; (inset) MOLA-shaded
relief showing theater-headed channels (arrows) cut into Kasei Valles ﬂoor and feeding
into north Kasei Valles gorges.

channels of north Kasei Valles, and (5) within the east-trending
gorges on the ﬂoor of north Kasei Valles (Fig. 8). In the southernmost
gorge of north Kasei Valles, these putative ﬂood lavas can be seen
entering and exiting narrow channels (Fig. 9). These narrow channels
may have been in place before the ﬂows and only been utilized by the
ﬂow material, but their association with unit Apf suggests that they
were formed by this unit's heat-induced erosion of underlying friable
or ice-rich materials. These small narrow channels have no tributaries
or distributary fans and appear very similar to lava-formed rills (Guest
and Greeley, 1977, p. 62–68). Unit Apf was interpreted to be possible
mudﬂow deposits (Williams and Malin, 2004) or ﬂoating ice deposits
(Woodworth-Lynas and Guigne, 2004). However, we interpret the
unit to have been very ﬂuid, highly mobile, ﬂood lavas based on the
platy-ﬂow texture, rough surface with a material strength that
supports crisp crater rims (Fig. 11C), large areal extent, and
association with possible rills. Within Echus Chasma this material
may have formed a ponded lava lake, and apparently it ﬁlled and
traversed the shallow topographic depression outlined in Fig. 4.

We cannot determine with certainty whether the platy-ﬂow
material was derived from the Tharsis Montes area or from Echus
Chasma. However streamlined islands and grooves suggest that the
last catastrophic ﬂood was sourced by Echus Chasma, and unit Apf
directly overlies this channel material and is the primary material on
the ﬂoor of Echus Chasma. In addition, platy-ﬂow surfaces have not
been observed on Tharsis material units elsewhere. We suggest that
these relations support the strong possibility that Echus Chasma was
the source of the platy-ﬂow material. Same-source lava ﬂoods
following catastrophic ﬂuid ﬂow is not unique, as sources for several
other outﬂow channels on Mars appear to have emitted lavas after
ﬂood water such as Mangala Valles (Basilevski et al, this volume) and
Athabasca Valles (Jaeger et al., 2007).
Emplacement of unit Apf took tens to a hundred million years.
Numerous crater counts from 6 separate areas of the platy-ﬂow material
indicate average absolute ages from south to north of 205 Ma ± 0.05 (in
Echus Chasma), 281 Ma± 0.1 (near Echus Montes), 254 Ma± 0.13
(channel midpoint), 155 Ma± 0.05 (south narrow gorge), 133 Ma ±
0.03 (north narrow gorge), and 128 Ma ± 0.03 (south of crater
Sharonov; Fig. 10 and Table 3). The age dates for material on the ﬂoor
of Echus Chasma range from 155 Ma to 523 Ma (Table 3). These variable
ages make sense when one takes into account the characteristics of
terrestrial ﬂood lavas (and the possibility of another material on the
ﬂoor of Echus, such as unit Apec; see below). The majority of terrestrial
ﬂood lavas are inﬂated pahoehoe ﬂows transported 100 s of km from
vents underneath an insulating crust (Self et al., 1997; Thordarson and
Self, 1998). The local platy-ridge surface indicates multiple surges of lava
emplacement. Plates form in a 2-stage process: a thick stable crust forms
on molten lava; later a surge in the lava ﬂux disrupts this crust and
transports large pieces as rafts on molten lava (Keszthelyi and McEwen
2007).
Unit Apf is overlain by the youngest ﬂows sourced from the Tharsis
rise: Tharsis Montes Formation member 5 (unit At5; Fig. 10). Material
of member 5 forms relatively thick lobes of material, whose
terminations were clearly observed on moderate resolution Viking
imagery. Emplacement of unit At5 took hundreds of million years.
Crater counts from 4 separate areas of member 5 material indicate
average absolute ages from north to south of 803 Ma (southeast of
Fesenkov crater), 186 Ma (west of the Kasei midpoint), 133 Ma
(within Kasei Valles), and 89 Ma (northwest of Echus Chasma; Fig. 10
and Table 4). The oldest (northmost) ﬂows at 803 Ma may have
occurred during the last stages of Echus Chasma ﬂooding, but as these
older lavas cannot be traced to the ﬂoor of Kasei Valles, the
stratigraphic relation cannot be determined (Fig. 10). However, it is
possible that an older ﬂow may have entered the channel, as thick
lobes of older lobate material can be observed overlying Echus
Montes, eroded by ﬂooding, and embayed by younger ﬂows of unit
Apf and member At5 (Fig. 6). The surface appearance of the Echus
Montes ﬂows is so similar to member 5 that we designated it to be the
same material, but older than local Echus Montes-embaying parts of
member At5. Lavas that date from 186 Ma also did not reach the ﬂoor
of Kasei Valles, but the later younger ﬂows covered large parts of the
south Kasei Valles ﬂoor. Only the youngest ﬂows in the Kasei Valles
channel overlie platy-ﬂow material (Fig. 11). The decreasing ﬂow age
from north to south may mark a shift in the locus of Tharsis magma
chambers with time.
There may have been some subsurface ice present during the
emplacement of member 5 lava ﬂows, as a small sinuous and
anastomosing channel can be observed to arise from a shallow
depression within the unit's outcrop area just south of impact crater
Sulak at about lat. 18.6 and long. − 78.63 (Fig. 10A). Removal of
subsurface ice may also be responsible for tilting (subsidence and
uplift) of lava-covered, relatively thin and coherent plates of surface
material (marked ‘p’ on Figs. 10A and 12). Alternatively, uplift
resulting from rise of magma may have also formed the coherent
plates. These plates may have broken away from the surface along
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Fig. 8. Geologic map showing outcrops of Amazonian platy-ﬂow unit (Apf) in bright orange, other units in light colors and not labeled, letters denote inset ‘A–D’ locations; Fig. 9
locations numbered; (A) THEMIS VIS V21220003 (7 km wide) showing unit Apf in between (overlying) north Kasei Valles ﬂoor grooves; (B–C) denote extents of platy-ﬂow textures:
(B) HiRISE PSP_006625_2075 (2 km wide); (C) THEMIS VIS V02162006 (3 km wide); (D) THEMIS VIS V18425016 (3 km wide).

enlarged pre-existing zones of weakness such as joints, lava channels,
and cooling cracks within lava deposits. We interpret some of these
fractures to have originated as possible fracturing along unit-conﬁned
zones of weakness, as local fractures can be observed in either units
Apf and At5 that do not continue onto the surface of the adjacent
unit or disrupt plateau wallrock (Fig. 12B). This type of fracture is
another indication of the age difference between units Apf and At5
(Fig. 12B). Other ﬂoor fractures, in north Echus Chasma (Fig. 13A) and
directly northeast of the chasma (on plate marked ‘p’ in Fig. 12), form
the boundary of such large coherent blocks that these fractures could
be better interpreted as bounding fractures on downdropped blocks
of plateau that have been subsequently covered by younger lavas. If
this is the case, later uplift and subsidence must have occurred along
the block edges, as one of these features in north Echus Chasma can be
observed to offset a promontory of wallrock (Fig. 14E) — suggesting
continued faulting occurred along this zone of weakness.
Outﬂow of water (and possibly lava) may have also occurred along
these types of fractures in Echus Chasma, with limited ﬂuid amounts

being emitted after deposition of member At5. Geomorphic relations
that support late-stage outﬂow can be observed within the southernmost, young lava lobe of Tharsis Montes Formation member At5
that ﬂowed into Echus Chasma (Figs. 13A and 14A). This lava lobe is
eroded and dissected by shallow channels, leaving a ring of rubble
marking the former lobate borders of the ﬂow (Fig. 13A). Similarappearing terrestrial analogs of this eroded morphology can be
observed in Iceland, where lava ﬂows have been eroded by being
“washed” by catastrophic ﬂood waters to leave behind shallow
channels, blocky terminus areas, and piles of internal rubble
surrounded by mud-covered or mantled terrain (Fig. 13B). [As
noted in the Introduction, this is a summary paper of all Amazonian
units in the study area, each of which could merit a detailed paper,
such as one devoted to Echus Chasma ﬂoor materials and additional
details regarding Icelandic ﬂood-eroded basalt analogs.]
The shallow channeling can be traced back to a fracture (fossa) on
the ﬂoor of Echus Chasma (Figs. 13A and 14A, and D). Presumably,
water forced upward from a buried aquifer would behave like a
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Fig. 9. Images showing unit Amazonian platy-ﬂow (Apf) material within rills (lava melted channels) or narrow canyons, image locations on Fig. 8; (A) Oblique view of HRSC
image 1202_0000 shows Apf material entering and exiting rill; (B) HiRISE image PSP_007891_1980 (3 km wide) shows Apf material entering and exiting rills on older theaterheaded channel ﬂoor.

Fig. 10. Geologic map showing outcrops of Amazonian platy-ﬂow unit (Apf) in bright orange, Tharsis Montes Formation member 5 (unit At5) in peach, and other units in light colors
and not labeled; MOLA-detected depression marked by black scarp symbol, numbers denote locations of average absolute cratering ages of parts of units Apf (in blue) and At5 (in
black); letter ‘a’ denotes of inset image location and letters ‘b–d’ denote Figs. 11–13 locations; (A) Inset mosaic of THEMIS VIS V13533008 and V17826033 showing narrow channel
eroded into unit At5, letter ‘p’ denotes uplifted platy layer(s) of surface material.

M.G. Chapman et al. / Earth and Planetary Science Letters 294 (2010) 238–255

249

Fig. 11. Nested high-resolution dataset images showing overlying contact of Tharsis Montes Formation member 5 (unit At5) with underlying Amazonian platy-ﬂow unit (Apf)
located at arrow marked ‘b’ on Fig. 10; Oblique broad view of HRSC 3261_0000 shows unit At5 (peach) embaying Kasei Valles grooves, box denotes location of ‘B’; (B) Oblique view of
THEMIS VIS V27510030 shows thick lobate terminations of unit At5, box denotes location of ‘C’; (C) Part of MOC S1202231 shows relatively rough surface texture of lobe of unit At5
overlying smoother Apf surface, note scalloped margins of Apf surrounding embayed ﬂoor ridge (top of image).

magma dike. Dikes utilize pre-existing joints and zones of weakness in
the crust, enlarging these fractures and also creating adjacent,
additional, parallel pathways to the surface (Delaney et al., 1986).
Zones of weakness on the ﬂoor of Echus apparently included the ﬂoor
fracture that was reactivated to cut relatively thick deposits of lava
unit Apf (Figs. 13A and 14A) and a wallrock promontory on the ﬂoor of
Echus Chasma (Fig. 14E). Flood water being emitted from a crack or
fossa is a fairly common scenario on Mars, with prime examples being
Athabasca and Mangala Valles outﬂow channels. However in the case

of the Echus Chasma ﬂood, the source fossa appears to be conﬁned to
Apf lava ﬂows on the ﬂoor of the chasma. In contrast, Cerberus Fossa
that sources Athabasca Valles (Burr et al., 2002; Jaeger et al., 2007)
and Mangala Fossa (Carr, 1981; Tanaka and Chapman, 1990; Zimbelman et al., 1994; Basilevski et al., this volume) are both much longer
graben that cut all the surrounding country rock in these outﬂow
areas.
We interpret this late-stage outﬂow to have been formed by water
based on several lines of evidence, the ﬁrst being the “washed”

Fig. 12. West-looking oblique view of HRSC image 0097_0000 shows lava ﬂows of Amazonian Tharsis Montes Formation member 5 (unit At5) surrounding uplifted plate (p) that is
covered by Amazonian platy-ﬂow (Apf) material, image located directly northwest of Echus Chasma at arrow marked ‘c’ on Fig. 10, box ‘B’ marks location of inset; (B) MOCS0702734
shows lobate terminus of unit At5 where it embays unit Apf on theater-headed side channel ﬂoor, note crack conﬁned to At5 lava ﬂow.
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Fig. 13. Eroded lava ﬂow: (A) Northeast-looking oblique view of HRSC image 0887_0000 showing an eroded lobate ﬂow of Amazonian Tharsis Montes Formation member 5 (unit
At5) overlying Amazonian platy-ﬂow (Apf) material in north Echus Chasma, image located at arrow marked ‘d’ on Fig. 10, blue arrows indicate shallow channels eroded into the At5
ﬂow that can be traced back to an Echus Chasma ﬂoor crack; compare inset high-resolution nadir view of image showing blocky eroded rubble of lava ﬂow with ‘B’; (B) aerial
photograph of eroded “washed” lava ﬂow near Jökulsá á Fjöllum, Iceland, foreground ﬁeld of view approximately 2 km, foreground areas labeled ‘R’ for rubbly lava and ‘M’ for
mantled lava (photographer: M.G. Chapman).

appearance of the At5 lava lobe. Furthermore, where the mouth of the
lava-lobe-conﬁned south shallow channel debouches into Echus
Chasma, the ﬂoor of Echus Chasma is marked by a very straight
dark-albedo boundary (white arrows on Fig. 14A). This dark-albedo
boundary is likely fault controlled/conﬁned because of the straightness that correlates with the bottom edge of an uplifted plate (below
white hachures on plate marked ‘p’ on Fig. 15A). The albedo boundary
is edged by a low terrace on either side of the shallow channel mouth
(Fig. 14B). Internally within the dark-albedo area are local areas of
sinuous ridges that surround pea-shaped depressions, visually similar

to wind-eroded permafrost features (Fig. 14A inset). This boundary
and internal features are similar to the scenario of terrestrial high
latitude lakes bound by terraced material with interbasinal windmodiﬁed ice-wedge polygons derived from frozen lake-fed material
(for example Tangle Lake, Alaska; Péwé and Reger, 1983). In addition,
upstream of this area, the sides of the shallow channel have an
appearance analogous to the ﬂood-eroded edges of lava ﬂow in
Iceland (Fig. 14C). Adjacent to the source fracture the channel displays
internal, streamlined erosional or depositional bars (marked ‘b’ on
Fig. 14D). Finally, where the putative ﬂoods exited north of the

M.G. Chapman et al. / Earth and Planetary Science Letters 294 (2010) 238–255

fracture, there are layered steps or possible lacustrine terraces around
a small island and wallrock promontory (Fig. 14E). These terraces are
very different in appearance from layers within wallrock. While all of
these features could have been produced by a highly ﬂuid ﬂow of lava,
we prefer to interpret them as ﬂuvial and lacustrine features, as no
lava ﬂow textures have been identiﬁed in association with the shallow
channel. In addition, one other high-standing island locale within
Echus Chasma shows a possible lacustrine terrace and another area
shows smoother material on the dark-albedo Echus Chasma ﬂoor
(Fig. 15B). We suggest that ﬂoodwater was ponded within Echus
Chasma and designate the resulting possible thin lacustrine material
(now highly modiﬁed by wind) to be Amazonian Echus Chasma plain
material or unit Apec (Fig. 15C). This material is so thin that it is only
observed locally, and Apf platy-ﬂow materials of the putative lava
lake, which cover most of the Echus Chasma ﬂoor, are observed to
peke-out from underneath its eroded margins. Perhaps the fracture
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ﬂows were sediment poor. At the outer edges of the Echus Chasma
ﬂoor there is a series of nested linear ridges set back from the contact
with the chasma wall material (best observed on MOC R0900520).
These ridges may have formed by cooling and subsidence of the unit
Apf or they may be additional wave terraces formed at the lake
shoreline of unit Apec, equivalent to those noted around islands and
wallrock promontory. Our youngest crater retention ages on the ﬂoor
of Echus Chasma are 54 and 98 Ma (Table 3). Rather than dating the
emplacement of unit Apf, this data may reﬂect the age of this ﬂooding
and therefore the resulting ponded lacustrine deposit may be very
young. This ﬂood and the subsequent pond mark the fourth and last
ﬂuvio-glacial episode.
Because we have found direct evidence that this ﬂoor fossa
emitted a young ﬂood, it is also possible that this fracture system was
responsible for emitting other ﬂood materials including some the Apf
lava ﬂows and some Echus-sourced ﬂoods. Although other fractures of

Fig. 14. Evidence of young Amazonian ﬂoods in Echus Chasma: (A) CTX P08_004173_1812_X1_01N080W shows Echus Chasma area of Fig. 13A, blue arrows indicate shallow
channels traceable to Echus Chasma ﬂoor crack, white arrows mark dark-albedo boundary on chasma ﬂoor, insert shows MOC E1002015 (1 km wide) view of sinuous ridges on
chasma ﬂoor in dark-albedo area, boxes denote Fig. ‘B–E’ locations; (B) dark-albedo area in ‘A’ is marked by a low terrace (arrows) that bounds either side of channel mouth;
(C) compare eroded edge of lava ﬂow (left) to analogous ﬂood-eroded lava ﬂow edge in Iceland (right; photographer: M.G. Chapman); (D) channel (center = blue arrow) traced to
crack on chasma ﬂoor, streamlined bars marked ‘b’; (E) layered step terraces about small island and wallrock promontory.
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Fig. 14 (continued).

this type lie northwest of Echus Chasma and could have emitted water
and lava, none have been positively identiﬁed to have done so other
than the Echus Chasma fossa. Perhaps uplift and subsidence of the
large coherent blocks in north Echus Chasma (and directly outside of
and northwest of Echus) formed in response to these lava-cover
surfaces giving way to rapidly upwelling subsurface surges of
additional molten lava and ﬂood waters.
4. Conclusion
Our new mapping and crater count results suggest that
Amazonian activity began in the study area with the commencement of the third ﬂuvio-glacial cycle that lasted from about 1.8 to
1.0 Ga (Fig. 16). This cycle began by ﬂuvial erosion of a narrow
channel into member 4 of the Tharsis Montes formation in north
Kasei Valles and continued with a long period of episodic (and wellknown) catastrophic ﬂoods sourced from Echus Chasma. We
suggest that the catastrophic outﬂows were triggered by additional
collapse of the Echus Chasma trough (Fig. 16). Theater-headed
channels in the ﬁeld area may have formed after ﬂooding by spring
sapping or via glacial erosion. The connecting narrow gorges in
north Kasei may be late-stage catastrophic ﬂood features or fjords
related to glacial erosion. The fourth and last volcanic cycle in the

study area caps off all the major depositional processes in Kasei
Valles. This cycle was a prolonged period of volcanic eruptions in
the Late Amazonian that produced a massive output of lava from
Echus Chasma and Tharsis Montes (Fig. 16). Amazonian platy-ﬂow
material (unit Apf) is interpreted to be 2100-km-runout ﬂood lavas
sourced from Echus Chasma between 205 and 128 Ma. Member 5 of
the Tharsis Montes Formation (unit At5) is formed from thick lobes
of lava that were deposited between 803 Ma to 89 Ma on the ﬂanks
of Tharsis and into Kasei Valles. Member 5 decreases in age from
north to south and overlies platy-ﬂow material on the ﬂoor of Kasei.
The decreasing ﬂow age may mark a southern shift in the locus of
Tharsis magma chambers with time.
Amazonian activity ended in the study area with the last ﬂuvioglacial cycle, followed by only modiﬁcation from the wind and small
impact cratering. The last cycle occurred at about 70 Ma, with small
volume (relative to Kasei Valles) ﬂoods perhaps emitted from an
Echus Chama fossa (Fig. 16). We suggest that ﬂoodwater was ponded
within Echus Chasma and designate the resulting thin material to be
Amazonian Echus Chasma plain material or unit Apec and interpreted
to be possible lacustrine deposits (now highly modiﬁed by wind). The
source fossa or fracture in Echus Chasma (and others like it to the
north) may have been the vents for the platy-ﬂow material and young
north-trending Kasei ﬂoods.
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The geologic units yield 2 types of crater count data: a unit age and
a resurfacing age. All of the resurfacing ages fall within the error bars
for the average age of Amazonian ﬂood episode 3 or volcanic episode
4. This resurfacing of most units at this late stage is a testament to the
extremely widespread and voluminous nature of Amazonian ﬂood
lavas and catastrophic ﬂuid ﬂows. Hesperian fractured material (unit
Hf) has resurfacing ages from 1.8 Ga to 190 Ma that range from the age
of the Amazonian ﬂoods to the outﬂow of Echus Chasma platy-ﬂow
material. These ages may signal additional faulting and the ﬁnal

collapse of the Echus Chasma trough to trigger the Amazonian
catastrophic outﬂows and lava ﬂoods.
On a ﬁnal note, new high-resolution crater counts have produced
very young ages for units At5, Apf, and Apec in Kasei Valles. These ages
may not be inappropriate based on (1) new high-resolution images
that show these deposits overlying ejecta of craters previously
mapped as superposed features, and (2) Martian meteorites that are
evidence of extensive ﬂood volcanism in the recent past (Nyquist
et al., 2001; Jet Propulsion Lab WWW, 2007; Neukum et al., 2007).
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Fig. 15. Location of Amazonian Echus Chasma plain material (unit Apec); (A) oblique view of Echus Chasma MOLA topography, ‘p’ marks uplifted plates of ﬂow material, white
arrows indicate base of plate, arrow marked ‘B’ denotes location of image “B”; (B) THEMIS V11686009 shows island with possible lacustrine terrace ‘T’ and smooth darker material at
contact (dark arrows) with uplifted plate (‘p’ on “A”); geologic map showing outcrop area of unit Apec within Echus Chasma.

Fig. 16. Illustrations showing historical scenario of Amazonian-age geologic units in study area.
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