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ABSTRACT
Multiple cemented channel-fi ll deposits from the Late Jurassic and Early Creta-
ceous, once buried beneath 2400 m of sediment, are now exposed at the surface in 
arid east-central Utah due to erosion of the less resistant surrounding material. This 
fi eld guide focuses on examples near the town of Green River where there is public 
access to several different types of exhumed paleochannels within a small geographic 
region. We describe the geologic setting of these landforms based on previous work, 
discuss the relevance to analogous sinuous ridges that are interpreted to be inverted 
paleochannels on Mars, and present a detailed road log with descriptive stops in 
Emery County, Utah.

Williams, R.M.E., Irwin, R.P., III, Zimbelman, J.R., Chidsey, T.C., Jr., and Eby, D.E., 2011, Field guide to exhumed paleochannels near Green River, Utah: Terrestrial 
analogs for sinuous ridges on Mars, in Garry, W.B., and Bleacher, J.E., eds., Analogs for Planetary Exploration: Geological Society of America Special Paper 483, 
p. 483–505, doi:10.1130/2011.2483(29). For permission to copy, contact editing@geosociety.org. © 2011 The Geological Society of America. All rights reserved.

BACKGROUND

Geologic Setting for Exhumed Paleochannels 
in Emery County, Utah

Multiple exhumed paleochannels are located at the 
 northern end of the Canyonlands section of the Colorado 
Plateau in east-central Utah (Young, 1960; Stokes, 1961; 
Derr, 1974; Rigby, 1976; Harris, 1980; Williams et al., 2007, 
2009b). The exhumed paleochannels discussed here are 
within a 325 km2 area and were originally deposited within 
an ~60 m.y. time span from the Late Jurassic to the Early 

Cretaceous (Figs. 1 and 2; note: descriptions for lithostrati-
graphic units within this region are in Appendix A). The sites 
vary in scale, morphology, depositional setting, and cement 
composition. However, the overall stages in the formation 
history of these features are similar (Fig. 3).

These exhumed paleochannels are examples of inverted 
topography, where a former topographic low (stream val-
ley) transitions to a positive-relief feature as a consequence of 
 differential erosion. Stream-laid deposits contain sediments 
that originated from a proto–mountain range to the west, 
the Sevier orogenic belt (Fig. DR1  available on CD-ROM 
accompanying this volume or in the GSA Data Repository1). 

1GSA Data Repository Item 2011290, Figures DR1–DR14 and references, is available at www.geosociety.org/pubs/ft2011.htm, or on request from editing@ 
geosociety.org, Documents Secretary, GSA, P.O. Box 9140, Boulder, CO 80301-9140, USA.
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Figure 1. Inverted paleochannel sites described in the text are identifi ed by rectangles on the geologic map of the study region in east-central 
Utah (fi gure from Williams et al., 2007; modifi ed from Hintze et al., 2000). Numbers refer to stops in the road log.
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metric pattern (Williams, 2007). Comparative terrestrial studies 
are important for identifying the diagnostic criteria for distin-
guishing inverted channels from other ridge forms such as dikes 
and eskers (e.g., Howard, 1981), and for determining appropri-
ate techniques for inferring the paleoenvironment associated with 
their formation. Illustrations of lessons learned from terrestrial 
analogs, including the inverted paleochannels near Green River, 
Utah, are presented in the road log.

Deciphering the history of water on Mars is complicated by 
the fact that liquid water is unstable there under current atmo-
spheric conditions. At most locations on Mars, year-round sur-
face temperatures and pressures are below the triple point of 
water (273 K, 0.61 kPa), so liquid water spontaneously boils 
and/or freezes (Haberle et al., 2001). However, for nearly four 
decades, scientists have recognized landforms that record past 
surface fl ow of water on Mars (Mars Channel Working Group, 
1983; Carr, 1996). Principal among these landforms are val-
ley networks, which are analogous to terrestrial rivers and are 
concentrated on the ancient southern highlands (e.g., Carr and 
Clow, 1981; Hynek et al., 2010). In addition, alluvial depos-
its at the mouths of some valleys may mark former lacustrine 
sites (e.g., Malin and Edgett, 2003; Moore and Howard, 2005; 
Cabrol and Grin, 2010; Fig. 4). Evidence from the geomorphol-
ogy of valley networks (Baker and Partridge, 1986; Williams 
and Phillips, 2001; Harrison and Grimm, 2005, Howard et al., 
2005), decline in weathering rates (Golombek et al., 2006), and 
global mineralogy (Bibring et al., 2006) supports a transition 
from clement climate conditions in which water was abundant 
on the surface early in the Noachian Period (4.55 to ca. 3.7 
Ga) to more arid conditions late in the Noachian and into the 
Hesperian Period (ca. 3.7 to ca. 3.0 Ga). Even after the climate 
became more arid, the Martian surface continued to be modi-
fi ed by very short duration fl uvial activity, including large-scale 
outfl ow channels formed by catastrophic fl oods (e.g., Baker, 
1982) and small gullies that may be active today on some 
steep midlatitude slopes (e.g., Malin and Edgett, 2000; Malin 
et al., 2006; Harrison et al., 2009; Dundas et al., 2010). Debate 
persists regarding the duration of Martian climates that were 
warmer and wetter than present and the nature of the transition, 
i.e., whether there were long-term secular changes or brief cli-
mate excursions, particularly in the absence of abundant deep 
weathering products. Temporary climatic optima lasting a few 
decades could be obtained from  volcanic outgassing of SO

2
 

(Halevy et al., 2007; Johnson et al., 2008) or interim green-
house associated with large impact events (Carr, 1989; Segura 
et al., 2002, 2008).

Sinuous ridges, some of which are interpreted to be fl uvial 
landforms preserved in inverted relief (Figs. 4–6; e.g., Tanaka 
and Kolb, 2001; Williams et al., 2005; Pain et al., 2007), pro-
vide another indication of fl owing water on the Martian surface. 
 Preliminary work has shown that these landforms are present on 
terrain that spans from the Noachian to the more recent Amazo-
nian Periods (<3.0 Ga) and are, therefore, an important record of 
the  environmental conditions over the entire geologic history of 
Mars (Williams, 2007). For example, inverted fl uvial channels 

Figure 2. Stratigraphic column of lithologic units present within study 
region in east-central Utah (Williams et al., 2007). Thickness values 
for the lithologic units are based on the local region. Shaded units con-
tain exhumed paleochannels. Ss—Sandstone. Figure is from Williams 
et al. (2007).

Carbonate and siliceous cements indurated the channel-fi ll 
deposits, making them more resistant to erosion than the sur-
rounding material. During the Cretaceous, an interior seaway 
formed across west-central North America (Prothero et al., 2003, 
and references therein), and the marine Mancos Shale covered 
the channel deposits. Ultimately, the basin fi ll accumulated 
2400 m of material within a variety of depositional environments 
(Nuccio and Condon, 1996; Nuccio and Roberts, 2003). The fl u-
vial channel deposits remained buried for over 75 m.y. before 
the Laramide uplift and differential erosion of the surrounding 
units exposed the channel-fi ll deposits at the surface. Today, the 
paleochannels form ridges within three lithostratigraphic units: 
the Ruby Ranch Member of the Cedar Mountain Formation 
and both members of the Morrison Formation. The present-day 
arid climate over the Colorado Plateau has inhibited the devel-
opment of thick soil horizons and pervasive vegetative cover, 
both of which would obscure these sedi mentary bodies. The 
three-dimensional form of the exhumed paleochannels exposes 
sedimentary structures in multiple orientations. In this work, we 
refer to these ridges as paleochannels or simply  channels.

Martian Fluvial Landforms

Over 200 candidate inverted channel sites, termed “sinuous 
ridges,” have been identifi ed on Mars based primarily on plani-
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Figure 4. A Mars Orbital Camera (MOC) 
image mosaic of portion of Eberswalde 
crater (24.3°S, 33.5°W). At this site, 
a multilobe distributary fan complex 
 composed of crosscutting ridges is inter-
preted to be a deltaic deposit preserved 
in inverted relief, likely due to wind ero-
sion (Malin and Edgett, 2003; Moore 
et al., 2003). Individual scroll bars within 
the cutoff meander loop are evidence of 
channel migration. Superposition rela-
tionships are preserved where late-stage 
channels formed on top of older chan-
nels. Image credit: National Aeronau-
tics and Space Administration (NASA)/
Jet Propulsion Laboratory (JPL)/Malin 
Space Science Systems.

Figure 3. Block diagrams illustrating the phases of formation in developing inverted paleochannels (fi gure from Williams et al., 2007). Although his 
example is for inverted paleochannels within the Ruby Ranch Member of the Cedar Mountain Formation, located in the central rectangle in Figure 1, the 
overall stages are generally applicable to other inverted paleochannels sites discussed in this fi eld guide. (A) Depositional settings—alluvial plain, fl uvial 
channel, and fl oodplain—in the study region during the Early Cretaceous. The schematic includes Aptian- to middle Albian–age dinosaurs and plants. 
(B) In the Late Cretaceous, the study region was beneath a shallow sea. Ultimately, the region was buried by ~2400 m of sediments and remained buried 
for over 75 m.y. (C) Subsequent uplift and erosion from the middle Tertiary to the present stripped away the overburden, revealing the paleochannel de-
posits at the surface today. (D) Present-day expression of inverted paleochannels is preserved as a topographic ridge ~35 m above the surrounding plains.
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on the northern Valles Marineris plateau have been cited as evi-
dence for episodic fl uvial activity after the end of the Noachian 
Period, well after the cessation of widespread formation of val-
ley networks on the cratered highlands (Fig. 5; Mangold et al., 
2008). Similar landforms in the Aeolis–Zephyria Plana region 
(Fig. 6) record paleofl ows that occurred sometime between 
the Late Hesperian and middle Amazonian (Burr et al., 2009). 
However, it is unknown whether these record short-term climate 
changes or regional variations in aqueous processes. Determin-
ing the relative timing and duration of fl uvial activity on Mars 
is critical to unders tanding climate  variations and assessing the 
potential for life to have  developed.

ROAD LOG

This road log highlights paleochannels in the Morrison and 
Cedar Mountain Formations along a loop from the city of Green 

River, Utah (Fig. 7). The stops provide a variety of vantage 
points to examine these landforms. Each stop includes a descrip-
tion of the features at that location as well as discussion of direct 
r elations or insight to inferred Martian inverted channels.

All sites discussed within this fi eld guide are on  public 
lands managed by the U.S. Bureau of Land Management 
(BLM). Latitude and longitude coordinates are referenced to 
the World Geodetic System 1984 datum (National Imagery and 
Mapping Agency Technical Report, 2000). A four-wheel-drive 
vehicle is recommended to complete the loop route because 
road quality varies from paved roads, to graded dirt roads, to 
unmaintained dirt roads. An abridged, alternate route suitable 
for all vehicles that includes stops at inverted paleochannels 
from each  formation is presented in Appendix B.

Mile 0.0. Begin at U.S. Post Offi ce located at the corner 
of Clark and Main Streets in Green River. Zero odometer. Head 
west on Main Street and enter Interstate 70 (I-70) westbound.

Figure 5. Branching ridge networks 
preserved on Lunae Planum near 
 Juventae Chasma have among the 
highest drainage density for fl uvial 
landforms observed on Mars. Many of 
the branching ridge networks have a 
dendritic pattern (particularly in  upper 
right of panel A). However, there are 
isolated cases of meandering chan-
nel paths, such as the preservation of 
 apparent meander migration in panel 
D. (A) The infl uence of topography on 
channel course is evident at the black 
oval, which highlights a meandering 
ridge; when the channel was active, the 
vand the fl ow direction changed to the 
southeast, parallel to the ridge. These 
ridge networks have been  exhumed. 
Craters obscure a portion of ridge net-
work (white arrows in A and D), and 
are remnants of strata that were once 
more regionally extensive but are 
now only locally preserved. (B) Lay-
ering is evident beneath the cap rock 
along sections of the sinuous ridge. 
(C) Two ridge networks with different 
planimetric pattern, fl ow orientation, 
and position within the stratigraphic 
rock record. At left, there is a broadly 
branching network with a broadly sin-
uous trunk channel that fl owed to the 
north (black arrows). To the south, this 
ridge unit is buried by a rugged mate-
rial (white circle in panel A). At right, 
there is a dendritic branching network 
with an inferred fl ow direction to the 
east (white arrows); the distal portion 
of this network is buried beneath a 
fl at-topped, pitted mantle unit labeled 
“Overburden” and “O.” Panels A and 
C are subframes of ConTexT (CTX) 
Camera image P01_001337_1757 in 

southeastern Lunae Planum near 4°S, 63°W, while panels B and D are subframes of High Resolution Imaging Science Experiment (HiRISE) 
image PSP_006981_1760; illumination is from lower left for all panels.
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Figure 6. (A) A multilevel sinuous ridge 
in the Aeolis–Zephyria Plana region. The 
top ridge has a curvilinear and meander-
ing path. This ridge is superposed on top 
of a broad mesa, which is interpreted 
as a former fl oodplain from an earlier 
fl ow. Black box is the approximate loca-
tion of panel B. (B) Subparallel, curved 
lineations (black arrows) are present on 
the surface of the mesa. These are inter-
preted as scroll meanders that formed in 
a laterally migrating meandering stream. 
White arrow marks sinuous ridge that su-
perposes the fl at mesa and is inferred to 
mark a later fl uvial event. See Burr et al. 
(2009) for further discussion. Subframe 
of ConTeXt Camera (CTX)  image 
P06_003215_1752 near 5°S, 205°W. 
 Illumination is from lower left.

Figure 7. Sketch map of roads referred 
to in the road log. Thickness and color 
of roads are an indication of relative 
quality. Note that we found the paved 
road OSH24 preferable to County Road, 
a dirt road, and it resulted in a much 
faster transit time to reach the eastern 
fi eld sites. Abbreviations: OSH24—Old 
State Highway 24, CR—County Road, 
RT—Radio Tower, 9 Mile—Nine Mile 
Reservoir Road; BLM—Bureau of 
Land Management. Asterisks mark the 
farthest extent we explored on unmain-
tained dirt roads.

Mile 6.6 (6.6 incremental miles). San Rafael Swell is 
 visible on the horizon.

Background: Brushy Basin Member Paleochannels

Derr (1974) mapped three isolated paleochannel seg-
ments interpreted to be a fl oodplain channel complex within 

the Brushy Basin Member of the Morrison Formation west 
of Green River along Interstate 70 (Fig. 8; Fig. DR2 [see 
 footnote 1]). He documented three short, low-sinuosity chan-
nel segments (numbered in order of their stratigraphic position) 
that are light-gray in color but weather red-brown. Flow direc-
tion is varied, refl ecting the low-relief depositional setting; the 
channels at stop 1 (channels 2 and 3) typically fl owed to the 
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Figure 8. (A) Aerial photomo-
saic (1 m/pixel, acquired in 
2006) of inverted paleochan-
nel sediments in the Late 
 Jurassic Brushy Basin Mem-
ber of Morrison Formation. 
White box is approximate 
outline of Derr’s (1974) study 
site, and his nomenclature for 
channel systems is denoted by 
numbers. White arrow points 
to channel 1; channels 2 and 
3 are marked by numbers. 
Black arrows indicate paleo-
fl ow direction determined by 
Derr (1974). “P” is the loca-
tion from which Figures DR2 
and DR4 were acquired (see 
text footnote 1). “x” denotes 
the parking location. Black 
box is area enlarged in bot-
tom panel. Note that 500 m is 
 approximately equivalent to 
0.3 mile. (B) Subsection of top 
image enlarged to highlight 
the  region near stop 2. Thin 
sections were made from sam-
ples collected at two inverted 
channel locations marked by 
lettered dots (L and M) and 
are illustrated in Figure DR5 
(see text footnote 1). Anno-
tated image is from Virtual 
Utah (http://earth.gis.usu.edu/
utah), Remote Sensing and 
GIS Laboratory, Utah State 
University, Logan.
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southeast. The  channel segments here refl ect an original chan-
nel  profi le that was broad and shallow, with width-to-depth 
ratios of 10:1 for channel 1 and up to 20:1 for channels 2 and 
3 (Derr, 1974). Derr (1974) estimated former stream gradients 
of 0.4 m/km and used channel dimensions to estimate average 
annual discharge rates of 10–120 m3/s.

Mile 12.0 (5.4 incremental miles). Stop 1. Road cut through 
Brushy Basin Member paleochannels (Derr, 1974) (38°55�44�N, 
110°21�50�W, near 150 mile marker; Fig. 8; Fig. DR2 [see 
footnote 1]). Care should be used in pulling off the freeway to 
examine the road cut on the north side of I-70, where there is a 
nearly perpendicular exposure of channel segments within the 
Brushy Basin Member. Additional exposures of paleochannels 
are present ~0.2 km west of the stop coordinates. This stop is a 
good introduction to inverted paleochannels and affords a num-
ber of viewing geo metries for these landforms. By climbing atop 
the outcrop, one can view the channel-fi ll material in plan view, 
extending to the northwest as a lighter-toned path.

Channel segments are generally lens-shaped in cross sec-
tion with convex bases. Channels range in thickness from a few 
centimeters to 10 m and can extend to nearly 100 m in width. 
Channels exhibit an overall upward-fi ning sequence from con-
glomeratic bases to medium and fi ne sand at their upper exposed 
surfaces. The size of sediment and cross-beds decreases upward 
through the sequence. Horizontal bedding predominates in the 
shale and siltstone, but micro–cross-lamination, refl ecting 
deposition in low-energy currents on the interchannel fl ood-
plain, also occurs within these beds.

Derr (1974) identifi ed three major types of bedding within 
the channel segments: planar (tabular) cross-beds, trough-
shaped cross-beds (the predominant bedding type on exposed 
surfaces), and horizontal stratifi cation (current lamination, 
which is only exposed in cross section). Channels typically 
exhibit an upward-fi ning vertical sequence (from base to upper 
surface) that is consistent with a point-bar sequence (Visher, 
1965; Harms and Fahnestock, 1965): cross-bedded pebble 
conglomerate, cross-bedded sandstone, horizontally stratifi ed 
sandstone, and cross-bedded sandstone. Cross-beds are sepa-
rated by sand, refl ecting continuity in fl ow conditions as the 
channel migrated laterally. These inverted paleochannels pre-
serve a meander (point-bar) complex.

Discussion: Overview of Inverted Paleochannels

This stop illustrates exposures of inverted channels in three 
dimensions and provides an overview of the types of features 
and attributes that are helpful in discerning these landforms 
from ridges that form from other mechanisms, such as sub-
glacial stream deposits (eskers) or volcanic dikes. The inter-
pretation of some Martian sinuous ridges as inverted channels 
relies on several lines of evidence. The planimetric pattern for 
Martian ridges can be quite compelling in inferring a fl uvial 
origin, particularly for examples of branching ridge networks 
with high Strahler order (Fig. 5) or meandering courses (Fig. 6). 

Contextual relationships are also useful in assessing potential 
formation models for Martian sinuous ridges. Some ridges are 
continuous with valley networks, bolstering the interpretation 
of a fl uvial system (Fig. DR3). Additional observational crite-
ria for identifying inverted channels in remotely sensed data 
include planimetric pattern, surface textures, and composition. 
We continue to explore aspects of the morphology that are diag-
nostic of inverted paleochannels in the following stops.

Proceed east on I-70 to the next exit for Route 24. Turn 
right at the end of the exit ramp. The road is paved for only a 
short distance, and at the transition to a graded dirt road, there is 
ample room to park. It is a short walk (<500 m) west to stop 2.

Mile 13.0 (1.0 incremental miles). Stop 2. Additional 
inverted paleochannel examples from the Brushy Basin Mem-
ber (38°55�38�N, 110°22�44�W). Two single-thread exhumed 
channels within the Brushy Basin Member are located just 
outside of Derr’s (1974) study region (Fig. 8B). The surface 
of these subtle relief features (<2 m) is sparsely vegetated and 
exhibits trough cross-beds that indicate paleofl ow direction to 
the south (Fig. 9; Fig. DR4). The quartz grains in these channel 
segments are bound by silica overgrowths and calcite cements 
(Fig. DR5; Williams et al., 2009a), consistent with the results 
reported by Derr (1974) for exhumed paleochannels of compa-
rable age located ~1 km to the east (e.g., stop 1).

Discussion: Cementation as an Indurating Agent

Landscape inversion occurs when features possess or 
develop greater resistance than the surrounding terrain and 
are preferentially preserved via differential erosion. Multi-
ple scenarios can lead to this increased resistance, including 
geochemical cementation, clast armoring, or infi lling by a 
resistant material (such as lava). The inverted paleochan-
nels in this fi eld guide are examples of cemented channel-fi ll 
materials preserved as ridges following denudation of the 
landscape.

Cementation has been argued as the likely cause of indura-
tion in most Martian sinuous ridges based on (1) the observa-
tion of surface cementation at rover sites, which suggests that it 
is a ubiquitous process on Mars as it is on Earth, (2) the similar-
ities in surface morphology with terrestrial analogs (Williams et 
al., 2007, 2009b; Pain et al., 2007; Burr et al., 2009, 2010), and 
(3) the lack of recognizable volcanic sources proximal to many 
of the sinuous ridges. Depending on the cementation mecha-
nism (discussed further at stop 7), the resulting indurated mate-
rial may be confi ned to alluvium, or it may also involve materi-
als adjacent to the channel. Cementation has the potential to 
preserve sedimentary structures (e.g., scrollbars, cross-bedding, 
etc.), in contrast to lava fl ows, which may display fl ow linea-
tions, pressure ridges, or columnar jointing. Very few sinuous 
ridges have been proposed as lava-capped (e.g., an example 
near Mangala Valles; Rhodes, 1980). Alternative formation 
mechanisms for Martian inverted channels are discussed in 
detail by Pain et al. (2007) and Burr et al. (2010).
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Figure 9. (A) Coarse-grained cemented stream deposits in the Brushy Basin Member. Hammer for 
scale. Photo by R. Williams. (B) Large-scale trough cross-beds on the surface indicate a paleofl ow 
direction to the south. Hammer for scale. Photo by R. Williams.

Direct detection of the cement composition in a Martian 
sinuous ridge has not yet occurred due in part to pervasive 
dust cover and instrument resolution. However, elemental 
and mineral signatures from rover and orbital instruments 

have identifi ed several potential cements including sulfates 
(jarosite, gypsum, epsomite), iron oxides (hematite), silica, 
clay (nontronite), halides, chlorides, sulfate polyhydrates, and 
carbonate (e.g., Bandfi eld et al., 2003; Landis et al., 2004; 
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Bibring et al., 2005, 2006; Glotch et al., 2006; Ehlmann et al., 
2008; Osterloo et al., 2008; Morris et al., 2010).

Proceed on Route 24 south. Immediately after crossing 
I-70, look to the left to see another inverted paleochannels from 
the Brushy Basin Member. In contrast to the paleochannels at 
stop 1, Derr (1974) interpreted this isolated channel segment 
(channel 1, Fig. 8A) to have formed primarily via avulsion in 
a fl oodplain or deltaic setting. Although this site is not easy 
to explore due to fences, it is interesting to note the observa-
tions of Derr (1974) that led him to conclude that this stream 
was overloaded with sediment, did not meander, and accumu-
lated sediment in pulses rather than continuously. Overall, the 
sediments are poorly sorted. In cross section, channel 1 has an 
irregular vertical sequence consisting of cross-stratifi cation and 
horizontal stratifi cation cosets that vary widely in scale. Cross-
bed sets are often separated by clay and silt, refl ecting intermit-
tent fl ow conditions.

Mile 16.9 (3.9 incremental miles). Turn left on Old State 
Route 24 (also called County Road 1007), a paved road.

Mile 19.4 (2.5 incremental miles). Turn right onto Nine 
Mile Reservoir Road (also called County Road 1043), a dirt 
road. A four-wheel-drive (4WD) vehicle is recommended for 
this stop. Alternatively, proceed on Old State Route 24 to stop 
6, as detailed on the CD-ROM accompanying this volume and 
in the Data Repository (see footnote 1). If you have a global 
positioning system (GPS) unit, it is helpful to mark the position 
of each of the turns en route to stop 5, because you will retrace 
this path.

Mile 20.1 (0.7 incremental miles). Turn right on an 
unnamed dirt road (possibly Nine Mile Loop Road). After 0.3 
mile (500 m), bear right at junction.

Background: Ruby Ranch Member Paleochannels

The longest known inverted paleochannel system on the 
Colorado Plateau consists of four multi-kilometer-length con-
glomerate/sandstone-capped ridges, and numerous shorter 
ridge segments within the Ruby Ranch Member of the Cedar 
Mountain Formation (Fig. 10). Young (1960) and Stokes (1961) 
briefl y mentioned these channel deposits prior to the sedimen-
tological study conducted by Harris (1980), who identifi ed four 
main segments that he labeled A through D. The total complex 
spans 12 km, and individual paleochannel segment lengths 
range from 4.5 to 8 km, but continuity can be inferred between 
some adjacent segments. Channel form is generally linear, 
although some sections exhibit low sinuosity ratios between 
1.2 and 1.5. Based on the paleochannel pattern, Harris (1980) 
interpreted meandering streams to have formed these segments. 
Sedimentary structures are exposed in plan view and cross sec-
tion (Fig. 11). Cross-bed sets in the sandstone are up to 2 m 
in height and are expressed on the mesa surfaces as scalloped, 
broadly concave-downstream features. Sedimentary structures 
are absent in the basal conglomerate beds (Fig. DR6). Paleofl ow 
direction was to the north and east,  parallel to the local axial 

trend of the channel deposits where cross-bedding  orientation 
was measured (Harris, 1980). Harris (1980) estimated annual 
discharge rates ranging from 20 to 620 m3/s based on channel 
dimensions.

Although originally characterized as carbonate-cemented 
inverted channels in prior publications (e.g., Harris, 1980; 
Lorenz et al., 2006), silica cement was reported by Lorenz 
et al. (2006). Newsom et al. (2010) identifi ed silica as a sig-
nifi cant component of the cement by microprobe examination 
of cemented sediments. Petrographic examination of these 
cemented channel-fi ll materials has revealed that silica is the 
dominant binding agent, with minor, late-stage calcite cement 
(Fig. DR7 [see footnote 1]; Williams et al., 2009a). There are 
three generations of silica cement that formed under near- 
surface conditions, likely via evaporation.

These are the youngest exhumed paleochannel deposits 
discussed in this paper and exhibit the highest relief, up to 40 m 
above the surrounding plains, with cemented channel sediments 
evident in the top 2–10 m of the ridges. Using the present relief 
of these features and long-term average erosion rates for the 
region (Nuccio and Condon, 1996; Nuccio and Roberts, 2003), 
Williams et al. (2007) estimated that their maximum surface 
 re-exposure age is 650,000 yr.

Mile 21.0 (0.9 incremental miles). Stop 3. Sinuous course 
of inverted paleochannel A (Harris, 1980) in the Ruby Ranch 
Member (38°53�12�N, 110°18�26�W). This section of channel 
A is noteworthy for its highly sinuous course (Fig. DR8), in 
contrast to the more linear channel sections that are preserved 
in this area. The road passes through a water gap in the inverted 
channel. Walk east along the ridge for ~0.5 km, where there 
is a northern spur. Superposition relationships indicate that 
this is a  remnant of a former channel position, not a tributary 
to channel A. Interestingly, extension of this older channel has 
been lost on the south side of the escarpment due to erosion 
(Harris, 1980). A modern, well-developed drainage network has 
developed on the northern side of the ridge.

Discussion: Landscape Evolution

Rocks now exposed in the Colorado Plateau were below sea 
level during the Late Cretaceous and are presently at an average 
elevation of 2.2 km. There is disagreement over the mechanisms 
and rate of uplift for the Colorado Plateau during the 80 m.y. 
interval since the last marine deposition; however, there appears 
to be consensus that the uplift rate was rapid over the last sev-
eral million years (Ruddiman et al., 1989; Sahagian et al., 2002). 
The major drainage systems of the Colorado  Plateau responded 
to the dramatic base-level change. Large volumes of material 
were transported through the ancestral drainage network of the 
Colorado River (e.g., Hunt, 1969; Lucchitta, 1990), ultimately 
resulting in the exhumation of the paleochannel deposits in the 
Morrison and Cedar Mountain Formations (Fig. 3).

The modern drainage development at this site is a visual 
reminder of the differences in the erosive histories on Earth and 
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Figure 10. (A) Aerial photomosaic (1 m/pixel, acquired in 2006) of inverted paleochannel sediments that are part of the Early Creta-
ceous Ruby Ranch Member of the Cedar Mountain Formation. See central rectangle in Figure 1 for site location. Channel segments 
are labeled according to Harris (1980). Field stops 3–6 are marked by numbers. Fracture zone is most evident to the east. White ar-
row (above number 3) marks water gap. Note that 500 m is approximately equal to 0.3 mile. (B) Enlargement of section of image to 
highlight the region in the road log. Thin sections were made from samples collected from locations marked by lettered dots (E–G) 
and are illustrated in Figure DR6 (see text footnote 1). At fi eld stop 5, the destination of the walk is near letter F.
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Mars. In contrast to the Utah inverted paleochannels, which 
were exhumed by fl uvial erosion, wind was likely the dominant 
erosive agent responsible for creating sinuous ridges on Mars. 
Rates of eolian erosion vary greatly depending on many factors, 
including wind velocity, atmospheric density, surface rough-
ness, rock strength, sediment size, and availability of mobile 
material to abrade. Estimates of long-term erosion rates from 
surface landers and rover observations on Mars indicate mini-
mal defl ation of plains basalt, 101–102 nm per thousand years 
(k.y.) for at least the past ~2 b.y., which is consistent with a dry 
and desiccating environment (Golombek and Bridges, 2000; 
Golombek et al., 2006). These erosion rates are 2–5 orders of 

magnitude lower than minimum continental denudation rates on 
Earth and indicate that liquid water was not an active erosional 
agent (Golombek et al., 2006). Signifi cantly higher denuda-
tion rates (105–107 nm/k.y.) based on crater degradation studies 
were determined for the fi rst billion years of the planet’s his-
tory (e.g., Craddock and Maxwell, 1993; Craddock et al., 1997; 
Hynek and Phillips, 2001). Recent simulations of Martian wind 
erosion based on general circulation models (GCMs) suggest 
that higher long-term eolian erosion rates (106–107 nm/k.y.) are 
possible regionally in the past 1 b.y.; these rates are consistent 
with removing several kilometers of easily eroded fi ne regolith 
within 100 m.y. (Armstrong and Leovy, 2005). Wind erosion 
(mechanical weathering) is less effi cient at weathering indurated 
materials than fl uvial erosion (chemical and mechanical weath-
ering). Therefore, the dry environment on Mars may be more 
conducive to preserving sinuous ridges at the surface for longer 
periods of time (millions if not billions of years) than on Earth 
(examples in this fi eld guide have been exposed at the surface 
for a maximum of a few hundred thousand years). Substantial 
portions of Mars have experienced burial and subsequent exhu-
mation (e.g., Malin and Edgett, 2001), and inverted channels are 
one landform that record this history. Preservation of discrete 
alluvial paleochannels is favored in depositional settings where 
channels are incised into weak materials, quickly infi lled, and 
buried. On Mars, rapid burial of paleochannels by fi nes may 
have occurred via widespread volcanic ash-fall (e.g., Hynek et 
al., 2003) or pyroclastic deposit (e.g., Mandt et al., 2008), and 
marine (e.g., Baker et al., 1991) or lacustrine (e.g., Grant et al., 
2008; Fassett and Head, 2008) deposition within basins. Like the 
terrestrial analogs in Utah discussed here, some Martian sinuous 
ridges appear to have undergone a complex evolution involving 
multiple phases (e.g., Fig. 3), and we present two examples that 
involved former burial and exhumation.

Light-toned layered materials have been recognized at a 
number of locations on Mars, particularly proximal to Valles 
Marineris (Malin and Edgett, 2000; Edgett, 2005) and some-
times in association with sinuous ridges (Weitz et al., 2010; 
LeDeit et al., 2010). One example is on the plains northwest 
of Juventae Chasma, where there are several sinuous ridge 
networks with varying planimetric pattern and different strati-
graphic levels (Fig. 5; Williams et al., 2005; Weitz et al., 2010; 
Le Deit et al., 2010). This location is also notable because some 
of the fi ne-scale branching networks preserved in inverted 
relief have drainage densities (0.9–2.3 km–1) among the highest 
observed on Mars and comparable to terrestrial fl uvial systems 
of the same scale (Williams et al., 2005). Some of the sinuous 
ridges are partially buried by mesas, remnants of a formerly 
laterally extensive plains unit (Mangold et al., 2004). In other 
locations, examples of sinuous ridge networks are partially 
exhumed from a blanket of material. Figure 5C shows two 
sinuous ridges at different stratigraphic levels: a broadly sinu-
ous ridge form trending roughly SW-NE that is stratigraphi-
cally beneath the dendritic branching ridge network that trends 
W-E. Sub-meter-resolution images of the sinuous ridges (e.g., 
Fig. 5B) show that they cap light-toned beds that appear to have 

Figure 11. (A) Outcrop in channel D with cross-strata interbedded 
with horizontal stratifi cation. Photo by J. Zimbelman. (B) Large-scale 
cross-bedding in channel D that is evidence of lateral accretion, likely 
of a point-bar deposit. Photo by R. Williams. (C) Climbing ripples in a 
vertical exposure of a point-bar deposit. Ripple marks are rarely found 
on paleochannel surfaces. Photo by R. Williams.
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the same surface textures (e.g., polygonal fractures), color, and 
brightness variations observed in light-toned layered material 
elsewhere in the region (LeDeit et al., 2010; Weitz et al., 2010). 
Collectively, these observations show that changes in the fl uvial 
environment (e.g., fl ow direction, fl ow regime) occurred during 
the Hesperian at this location.

Meridiani Planum is an excellent site to explore because 
there are exposures of horizontally bedded layered deposits. 
Hematite-bearing materials within the region fi rst reported by 
Christensen et al. (2000) were of such interest that the Mars 
exploration rover Opportunity (MER-B) landed in Merid-
ian Planum on 25 January 2004. Edgett (2005) conducted a 
 photogeologic study of the region in which he identifi ed four 
basic rock units and described an ~800 m stratigraphic sec-
tion with the MER-B landing site located in the uppermost 
unit. Within these rock units, there are a range of preservation 
styles for valley networks, including inverted valleys, fi lled 
valleys, partially buried valleys, and exhumed negative-relief 
valleys (Edgett, 2005; Newsom et al., 2010). In Figure DR9 
(see footnote 1), a dendritic network exhibits different sur-
face expressions along its course. At the northern extreme, 
the low-relief trunk segment is laterally traceable to a series 
of layered ridges, indicating that the downstream portion of 
this system is buried (Fig. DR9B). In the midsection, the low-
relief ridge transitions to a single negative-relief valley and 
further subdivides into a series of semiparallel, low-order 
segments defi ned by aligned pits at the southern extreme. 
Edgett (2005) speculated that the ridge-forming unit was 
once more extensive, and, therefore, this entire branching 
landform was  formerly buried. A higher- resolution image of 
the northern portion (Fig. DR9D) shows that the light-toned, 
low-relief ridge is largely obscured by eolian bed forms and 
remnants of the former overburden; however, in isolated loca-
tions, the ridge exhibits a polygonal cracking pattern (that 
is occasionally contiguous with adjacent surface materials), 
which could be evidence for cementation. Alternatively, the 
former valley may have been fi lled with a resistant material 
that only affected the downstream reach. Whatever the cause, 
the downstream reach is more indurated than the middle and 
upstream  sections; this lateral variation in resistance accounts 
for the different preservation styles. The presence of erosional 
 surfaces on Mars, such as this one, indicates that there are 
unconformities in the Martian rock record.

Discussion: Meandering Streams

The four inverted paleochannel segments of the Ruby 
Ranch Member of the Cedar Mountain Formation (Fig. 10) are 
the preserved remnants of meandering streams with low sinuos-
ity (Harris, 1980). The paleochannel segment with the highest 
sinuosity is located at this stop. The mechanics of meander for-
mation are reasonably well understood from theory and empiri-
cal studies (Leopold and Wolman, 1957; Parker, 1976; van den 
Berg, 1995; Dade, 2000; Seminara, 2006). When fl ow enters a 
channel bend, a helical secondary current carves into the outer 

bank, resulting in a cutbank. Material mobilized in this process 
is transported by the secondary fl ow and can be deposited down-
stream on the next inner bend, creating a point bar. The net effect 
of these localized erosional and depositional zones is mean-
der migration. Over time, meandering increases heliocoid al 
(screw-like) fl ow, resulting in greater meander amplitude. This 
increase in meander amplitude produces a series of subparal-
lel, semiconcentric point-bar ridges (scroll bars) delineating 
the past positions of the river as it migrates laterally across the 
fl oodplain (Leopold et al., 1992; Knighton, 1998).

Bank cohesion has long been identifi ed as a necessary 
component in the development of unconfi ned meandering 
channels (Howard, 2009). This factor results in meander chan-
nels with small aspect ratios (ratio of channel width to aver-
age depth 10–50). Bank stability generally is conferred either 
by cohesive, clay-rich sediment deposited from suspension or, 
more commonly, vegetation cover. In terrestrial settings, these 
two causative factors are interrelated. The effect of a protective 
vegetative cover has long been observed to promote more com-
plete chemical weathering than on unvegetated slopes through 
longer residence times of weathered material, a wetter envi-
ronment, and an acidic environment (as summarized, e.g., by 
Kennedy et al., 2006; Lowe, 2007). Meandering rivers in the 
terrestrial rock record are sparse until the advent of vascular 
plants (e.g., Cotter, 1978; Davies and Gibling, 2010, and refer-
ences therein), although interpretation of the geologic record is 
complicated by the limited preservation of early rocks and their 
subsequent strong geochemical alteration.

Highly sinuous meandering channels have been found at a 
very few locations on Mars. Within Eberswalde crater, there is 
a multilobe distributary fan made up of sinuous, anabranching 
ridges, which is interpreted to be an exhumed delta that formed 
in the Late Noachian (Fig. 4; Malin and Edgett, 2003; Moore 
et al., 2003). Several of the sinuous ridges have meandering 
courses that record a complex history of migration, avulsion, 
and bifurcation (up to fi ve orders of branching). Morphological 
studies reveal details regarding the sequence of events in delta 
development: Bhattacharya et al. (2005) identifi ed 11 avulsion 
events, and Wood (2006) mapped six separate lobes within the 
delta complex. In the southeastern extreme of the landform, 
there are moderately sinuous channels (average sinuosity = 
1.77) that display meander-bend migration and meander growth 
through lateral accretion (Wood, 2006). One loop-shaped ridge 
(labeled in Fig. 4) has concentric curvilinear lineations on the 
interior. Lateral shifting of this channel produced the scroll-bar 
ridges, a record of meander growth. Ultimately, during high-
fl ow conditions, a chute produced a more direct path, resulting 
in a cutoff meander. The moderate sinuosity and chute cutoff 
morphology are consistent with bed load to mixed-load sedi-
ment-fi lled channels (Wood, 2006). The identifi cation of evolv-
ing meander landforms provides concrete evidence that per-
sistent fl ow occurred on Mars (Malin and Edgett, 2003). This 
location will be discussed again at stop 5.

Additional examples of meandering sinuous ridges are 
found near Juventae Chasma (fragmentary meanders in Fig. 5) 
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and in the Aeolis–Zephyria Plana region. In the Aeolis– 
Zephyria Plana region, some of these are multilevel landforms 
with a narrow, meandering ridge that is stacked atop a fl at, 
broad mesa (Fig. 6; Burr et al., 2009). The fl at mesa is inter-
preted to be a remnant fl oodplain that became indurated. Sub-
sequently, sediments were deposited on the fl oodplain, and a 
meandering river fl owed through the sediments. The last stage 
in the development of a multilevel sinuous ridge is erosion, 
which strips away the fi ner sediments, resulting in inversion 
of the late-stage meandering course and the earlier fl oodplain 
(see further details and a schematic in Burr et al., 2009). Semi-
concentric, curved ridges on the fl at mesa are interpreted to be 
scroll bars that record meander migration. Further discussion of 
the Aeolis–Zephyria Plana sinuous ridges is included at stop 5.

Factors that may promote bank cohesion on Mars to enable 
the generation of meanders in fl uvial systems where vegetation 
apparently played no role may include (1) clay-rich sediment, 
(2) ice from permafrost, or (3) chemical cementation of fl ood-
plain deposits forming hardpans or duricrusts (Howard, 2009). 
The latter two mechanisms are straightforward to envision, but 
the former category has an interesting implication for Martian 
history. The generation of clays requires extensive chemical 
weathering. Clays have been detected in isolated locations on 
the Noachian highlands (e.g., Pelkey et al., 2007; Bishop et al., 
2008; Buczkowski et al., 2008; Mustard et al., 2008), but the 
dominant spectral signature of the highlands is of basic igne-
ous minerals, including olivine and pyroxene (e.g., Bandfi eld, 
2002; Rogers and Christensen, 2007).

Return to Nine Mile Reservoir Road.
Mile 21.9 (0.9 incremental miles). Turn right on Nine Mile 

Reservoir Road. After ~2 miles, continue straight (south), as the 
road branches to the left (inverted paleochannels to the right).

Mile 24.7 (2.8 incremental miles). Stop 4. Channel A 
(Harris, 1980) in the Ruby Ranch Member (38°52�53�N, 
110°17�6�W). The bases of the paleochannels have variable 
characteristics. At this location, channel A has a basal con-
glomerate with large limestone rip-up clasts (well displayed in 
the eastern outcrop; Fig. DR6B [see footnote 1]). In contrast, 
carbonate nodules are in the basal conglomerate at various sites 
in channel D (Fig. DR6C).

Road turns to east at 0.4 mile. 
Mile 25.8 (1.1 incremental miles). Stop 5. Exhumed 

channels D and B (Harris, 1980) of the Ruby Ranch Member 
(38°52�15�N, 110°16�35�W). Walk east to the ridge and climb to 
the crest of the north-south–trending channel D. Walk 0.3 mile 
(500 m) north along channel D until it meets the east-west–
trending channel B (Fig. DR10; 38°52�34�N, 110°16�16�W). 
From this vantage point, you can see that the two channels are 
at different topographic and stratigraphic levels. Channel seg-
ments did not form simultaneously. Note that one can be misled 
in orbital images or aerial photographs where it appears there is 
a junction between channels B and D, with the junction angle 
suggesting a former fl ow direction to the south. High- resolution 
topographic data have the potential to reveal that these two 
channel segments do not join at the same elevation.

Discussion: Paleofl ow Reconstruction

Paleofl ow reconstruction is useful in constraining the 
amount of water, duration of fl uvial activity, and climatic condi-
tions required to generate fl uvial landforms. Studies of modern 
streams and laboratory fl ume experiments have led to equations 
for determining fl ow discharge (Knighton, 1998 and refer-
ences therein). These fl ow equations can be subdivided into 
two categories, hydraulic relationships between sediment and 
fl ow parameters and geomorphic relationships among channel 
morphology, channel sediments, and discharge. The hydraulic 
or micro-approach (e.g., Jopling, 1966) provides estimates of 
short-term or instantaneous velocity or discharge conditions, as 
a result of local adjustment of hydraulic geometry around a mean 
or equilibrium channel condition. The geomorphic or macro-
approach indicates the development of longer-term equilibrium 
or quasi-equilibrium conditions among catchment, channel, and 
fl ow parameters (e.g., Langbein and Leopold, 1964).

Recently, studies have demonstrated the validity of apply-
ing these hydrological models derived for modern terrestrial 
streams to inverted paleochannels on Earth (Maizels, 1983, 
1987; Williams et al., 2009b), and by extension Martian sinu-
ous ridges (Burr et al., 2010). Investigation of a gravel-capped 
inverted channel system in Oman demonstrated that relatively 
consistent results (well within one order of magnitude) were 
obtained from multiple models for such paleofl ow parameters 
as fl ow depth, mean fl ow velocity, bed shear stress, bankfull 
or mean annual discharge, and peak discharge (Maizels, 1983, 
1987). Williams et al. (2009b) conducted fi eld-based measure-
ments of channel slope, grain size, and sedimentary relations 
indicative of fl ow depth for two cemented paleochannels (chan-
nels B and D visible at this stop) in east-central Utah. Using 14 
hydrologic models, they derived an envelope of plausible domi-
nant discharge values (100–500 m3/s) for these paleochannels 
that were consistent with fi eld observations of paleofl ow con-
ditions. The range of paleofl ow values can be narrowed when 
numeric models derived from comparable fl uvial environments 
are used, but determining the former fl uvial environment can 
be diffi cult, particularly in exhumed terrains where contextual 
clues have been erased. Thus, it is possible to reliably recon-
struct the paleohydrologic conditions from preserved attributes 
of inverted channel systems.

A complication in applying fl ow models to Martian land-
forms is that the models must account for the lower gravitational 
acceleration on Mars. Gravity scaling of the  micro-approach 
is straightforward (e.g., Komar, 1979). The limiting factors in 
applying the micro-approach stem from uncertainty in grain size 
(no ground-based observations of Martian sinuous ridges exist 
to date) and roughness coeffi cients (e.g., Manning coeffi cient, 
Darcy-Weisbach friction factor; Wilson et al., 2004; Kleinhans, 
2005). However, gravity is not an explicit term in the empiri-
cal macro-approach, the favored method because it uses  channel 
dimensions that are easily obtained from remotely sensed 
data. The lower Martian gravity would yield greater channel 
width, depth, and meander wavelength per unit  discharge than on 
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Earth. The uncorrected macro-approach would overestimate the 
Martian discharge values by a factor of 1.61 (Irwin et al., 2008).

Assessing the paleohydrologic conditions for Martian sinu-
ous ridges is a new area of research. We highlight two case stud-
ies. One of the fi rst areas on Mars where inverted channels were 
identifi ed is the Noachian-aged multilobe deltaic complex in 
Eberswalde crater (Fig. 4). Moore et al. (2003) used seven mean-
der wavelength measurements to estimate a persistent fl ow mag-
nitude of 700 m3/s to form the deltaic deposit based on multiple 
empirical models that relate meander wavelength and discharge 
(macro-approach) as summarized in Knighton (1998). A wide 
range of minimum time estimates for this landform to accumulate 
have been reported, in part because of disagreement over the dep-
ositional environment and whether the landform developed over 
a continuous period or in discreet episodes. The formation period 
could have been very rapid: (1) several decades of active fl ow if it 
were associated with a few short episodes of constant heavy pre-
cipitation resulting from large impact events (e.g., Segura et al., 
2002, 2008; although one should note shortcomings of this model 
for this site as discussed in Moore et al., 2003) or (2) less than a 
century if fan construction was entirely from river channels (i.e., 
without a standing body of water present) based on numerical 
models (Jerolmack et al., 2004). However, most workers interpret 
that the fan complex developed in a lacustrine setting, presumably 
under clement climate conditions that involved typical terrestrial 
precipitation rates. Lewis and Aharonson (2006) examined the 
stratigraphic confi guration of the layers in high-resolution ste-
reo images and found the shallow sloping layers consistent with 
a progradational delta. They proposed a development scenario 
involving a number of short-lived lacustrine episodes marked by 
a constantly rising lake level with a minimum formation time of 
several hundred years. Finally, assuming typical terrestrial sedi-
mentation rates and avulsion periods for this site, the delta would 
have formed over thousands to millions of years (Moore et al., 
2003;  Bhattacharya et al., 2005).

The Aeolis–Zephyria Plana region hosts the largest con-
centration of sinuous ridges that are among the youngest such 
landforms on Mars (Fig. 6; Fig. DR11 [see footnote 1]). The 
sinuous ridges are found within the two western lobes of the 
equatorial Medusae Fossae Formation, an enigmatic and dis-
continuous deposit of fi ne-grained friable material (for discus-
sion of the various proposed origins for the Medusae Fossae 
Formation, see Mandt et al., 2008, and references therein). 
Crater counts and observed superposition relationships among 
geologic units led to an age determination for the Medusae Fos-
sae Formation of Amazonian (Tanaka, 1986), although recent 
work suggests portions of the deposit could be older, from the 
Late Hesperian (Kerber and Head, 2010). Burr et al. (2010) 
used terrestrially derived empirical relationships between river 
geometry and discharge, scaled for Martian gravity, to estimate 
paleodischarge for 16 reaches in 9 sinuous ridges in the Aeolis–
Zephyria Plana. Their analysis, using measurements of chan-
nel width and wavelength, yielded discharge values between 10 
and 1000 m3/s; the largest of these estimates is comparable to 
paleodischarge estimates for some late-stage Noachian valley 

networks on Mars. Given the stratigraphic context of the sinu-
ous ridges over an elevation range of 3500 m (Burr et al., 2009), 
fl uvial activity must have occurred, likely episodically, over time 
scales of hundreds to thousands of years (Burr et al., 2010). The 
meandering morphology (Fig. 6; Fig. DR11 [see footnote 1]) 
and high sinuosity (>2) of some sinuous ridges in the Aeolis–
Zephyria Plana indicate persistent fl ow over durations of sev-
eral years. This work suggests that clement climate conditions 
at least regionally occurred at this equatorial location during the 
Late Hesperian to Early Amazonian time frame.

Retrace the route to Old State Route 24, a distance of 
~4.5 miles. After traversing 4.3 miles, there is a junction in the 
road and both routes reach Old State Route 24; take the right 
branch.

Mile 30.1 (4.3 incremental miles). Turn right on State 
Route 24. There is a radio tower on the right after ~1.8 miles.

Mile 36.0 (5.9 incremental miles). Turn right on Old Hanks-
ville Highway. Drive past Green River Municipal Airport.

Mile 38.5 (2.5 incremental miles). Turn left on County Road.
Mile 40.3 (1.8 incremental miles). Turn right on Lower San 

Rafael Road (County Road 1010; also known as Flint Trail). This 
is a well-maintained gravel road, suitable for most vehicles.

Mile 43.0 (2.7 incremental miles). Cross Fivemile Wash.
Mile 44.8 (1.8 incremental miles). Cross Ninemile Wash.
Mile 46.5 (1.7 incremental miles). Stop 6. Exhumed 

paleochannel segment B in the Ruby Ranch Member (38°52�50�N, 
110°12�25�W). Road cut through single thread channel of Cedar 
Mountain Formation. Park your vehicle well off the road and 
walk west to the outcrop. This stop affords the opportunity to 
examine the basal contact of channel “D” with underlying mud 
deposits (Fig. DR6A).

Climb to the top of the outcrop and look to the northeast, 
where fault offsets are evident in the fracture zone located east 
of the road. Faults within the Cedar Mountain Formation are 
concentrated in the eastern portion of the study region (Figs. 1 
and 10A) and consistently strike west-northwest to east-south-
east, regardless of the local channel axis orientation. These 
faults have normal offsets of up to a few tens of meters and can 
be traced several kilometers along strike to the Salt Wash fault 
system to the east (Williams and Hackman, 1971; Doelling, 
2002). The extension fractures in these inverted channels most 
likely formed simultaneously with the local faults in response 
to vertical overburden stress (Lorenz et al., 2006). Faults were 
probably active during early Tertiary and Quaternary time, 
but displacement during middle Cretaceous time cannot be 
excluded (Shipton et al., 2004).

If time permits, walk along this horseshoe meander segment, 
which is ~1.9 miles (~3 km) in length. Note variations in preser-
vation style (discussed next) at different sections of the channel.

Discussion: Preservation Variations

Differences in preservation style of inverted channels are 
important to recognize because these characteristics may be 
important criteria for identifying inverted channels on Mars. 
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Broadly speaking, terrestrial inverted channels typically are 
 fl at-topped, in contrast to a rounded or sharp-crested profi le 
that can be found in other ridge landforms, such as eskers. 
However, the preserved channel deposits have subtle varia-
tions in morphology related to their depositional setting along 
course. As can be seen at this site, point-bar deposits, found 
on the inner channel bend, have irregular meter-scale undula-
tions on the surface and rounded margins. Channel-fi ll materi-
als have fl at surfaces, uniform widths, and vertical cliff margins 
(Harris, 1980).

These inverted paleochannels have relatively uniform width 
along course, as can be seen in aerial photographs. Variations in 
width values refl ect incomplete preservation, destruction of the 
paleochannels by subsequent erosion, and the type of channel 
deposit, with regions that are exclusively channel-fi ll deposits 
coinciding with greater widths (Williams et al., 2009b). These 
along-course changes in width are important to recognize because 
channel width is an input variable in some macroscale equations 
for determining paleodischarge. There is the potential to underes-
timate channel width in regions of poor preservation or overesti-
mate channel width, particularly in regions of channel migration. 
Williams et al. (2009b) recommended adopting the third quartile 
of measured maximum channel widths as a representative value 
of the former active channel width.

The paleochannels within the Cedar Mountain Formation 
are discontinuously preserved in discrete sections. The former 
lateral continuity can be inferred assuming that in-line chan-
nel sections were once connected. Erosion of the underlying 
mudstone leads to undermining of the channel (cap rock), 
which breaks down into blocks that are transported downslope 
by mass wasting. Where the cap rock has been removed, the 
underlying mudstone develops a rounded crest that is a trace of 
the former channel course (Fig. DR12 [see footnote 1]).

Some meandering ridges in the Aeolis–Zephyria Plana 
are fragmentary in nature, extending only a few tens of meters 
in length, and showing only partial preservation of the former 
fl ow course. Lateral variations in induration result in discon-
tinuous sinuous ridges. For example, wind erosion has sculpted 
a former sinuous ridge into a series of aligned knobs that mark 
the former fl ow path (Fig. DR11 [see footnote 1]).

Background: Salt Wash Member Paleochannels

Paleochannels within the Salt Wash Member of the Mor-
rison Formation are located in the Lower San Rafael Desert 
(Fig. 12). These channel-fi ll deposits are composed of relatively 
homogeneous quartz sand grains with occasional pebble-lag 
deposits that form beautiful white sandstone (Fig. 13). Large-
scale trough cross-beds are evident on the paleochannel sur-
faces, indicating paleofl ow to the northeast. The medium- to 
coarse-grained quartz sandstone is bound primarily by silica 
overgrowth cements with minor calcite cement (Fig. DR13; 
Williams et al., 2009a). The site has numerous superimposed 
paleochannel segments with different azimuths, refl ecting 
variations in the streamfl ow patterns over time.  Ultimately, 

the result of this migration is a preserved, time-transgressive 
surface of vertically stacked paleochannels (Figs. 12B and 
12C); the superposition of inverted channels evident at this site 
is analogous to that observed in the deltaic complex at Eber-
swalde crater (Fig. 4).

Pass Horse Bend Reservoir after ~2 miles. Following 
heavy rains, the road may be impassable.

Mile 51.9 (5.4 incremental miles). Stop 7. Inverted Paleochan-
nels in the Salt Wash Member (38°48�32.98�N, 110°13�36.65�W). 
At this location, there is a small metal grave marker to com-
memorate the life of Charles W. Watterson Jr., an employee of the 
Emery County Road Department, who was tragically murdered 
while operating a road grader. Scott Merrill pled “no contest” to 
aggravated murder in exchange for a life sentence, and he tried 
unsuccessfully to withdraw his plea in a case decided by the Utah 
Supreme Court in 2005. Court documents indicate that Mr. Mer-
rill was mentally unstable (schizophrenic, or possibly bipolar) and 
believed that he was acting according to God’s will.

The quartz sandstone that makes up these inverted channels 
differs from other locales visited so far in that it lacks any coat-
ings or desert varnish. Therefore, the channel-fi ll deposits and 
sedimentary structures are readily visible and quite striking at 
this site. Lateral continuity of individual channels is limited to 
less than a few hundred meters. If time permits, you can explore 
the area and walk along the channels to see  superposition rela-
tionships between different time-transgressive channels. Inverted 
channels extend to the northeast about ~1.9 miles (~3 km), where 
they terminate in a cliff face. Figure DR14 (see footnote 1) illus-
trates the underlying muddy fl oodplain deposits exposed beneath 
the paleochannels cap rock at this cliff.

Discussion: Cementation Mechanisms

Petrographic examination of lithifi ed channel sediments 
from sites 2, 6, and 7 shows evidence of cementation prior to 
signifi cant burial, which inhibited the detrital grains from com-
pletely compacting or having signifi cant grain-to-grain pres-
sure solution (Williams et al., 2009a). In the Utah study area 
(Fig. 1), cement composition varied by region. Early diagenetic 
waters formed coarse crystalline (“sparry”) calcite cements 
within some inverted channels in the western channel systems 
(not presented here; Williams et al., 2009a), while complete 
silica (mega-quartz and chert) cementation occurred in the 
central system (paleochannels in the Cedar Mountain Forma-
tion), and a mixture of both calcite and silica cements formed 
in the northwestern and southeastern systems (Brushy Basin 
and Lower San Rafael Desert paleochannels). Differences in 
cement mineralogy may refl ect either a variation in the age of 
the early cements or changes in groundwater chemistry (i.e., 
a difference in the composition of the rocks through which 
the diagenetic waters passed) prior to cementation. Cementa-
tion of these channel deposits may have occurred via evapora-
tion of groundwater that concentrated water-soluble minerals 
at the surface in abandoned streams or during the dry season 
in ephemeral streams, leading to an indurated fl uvial deposit. 
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Figure 12. (A) Aerial photomosaic (1 m/
pixel, acquired in 2006) of inverted fl u-
vial sediments in the Late Jurassic Salt 
Wash Member of the Morrison Forma-
tion located in the Lower San Rafael Des-
ert. See box marked 7 in Figure 1 for site 
location. Thin sections were made from 
samples collected at location marked “I” 
and are illustrated in  Figure DR13 (see 
text footnote 1).  Asterisk marks com-
mon location in all panels. (B–C) Aerial 
photographs showing the overlapping 
relationships among the inverted chan-
nels (B, view to the north; C, view to the 
southwest). Note that 500 m is approxi-
mately equivalent to 0.3 mile. Panel A 
is an annotated  image from Virtual Utah 
(http://earth.gis.usu.edu/utah), Remote 
Sensing and GIS Laboratory, Utah State 
University, Logan. Aerial photos are by 
R. Williams.

For these inverted channels, early diagenetic cementation of 
the channel sediments in the near-surface environment allowed 
them to be preserved by differential erosion. Additional terres-
trial cemented inverted channels at sites around the world are 
under investigation. Results to date, although limited, suggest 
that early aqueous diagenetic processes may be a key phase in 
the development of cemented inverted channels on Earth, and 
by extension, on Mars (Williams et al., 2009a).

Cementation of fl uvial deposits on Mars could occur via 
a number of mechanisms. Near-surface cementation, analo-
gous to what occurred at these analog sites, is a likely form of 

induration on Mars (Pain et al., 2007). In this case, cementation 
would have occurred associated with or shortly after the period 
of fl uvial activity, and a separate clement period is not required. 
Other scenarios for cement generation include degassing (dis-
charging groundwaters that contain dissolved gasses such as 
CO

2
), fl uid mixing during regional groundwater fl ow, cooling 

of hydrothermal waters (e.g., Newsom et al., 2001; Rathbun 
and Squyres, 2002), or the precipitation of salts through subli-
mation of an icy saline regolith (e.g., Wentworth et al., 2005). 
Further discussion of these mechanisms may be found in Pain 
et al. (2007) and references therein.
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CONCLUDING REMARKS

The three inverted paleochannel sites in east-central Utah 
discussed in this work differ in scale, age, and fl uvial environ-
ment, but all are bound by cements that formed in the near-
surface environment. Ultimately, these channel sediments were 
buried to 2400 m before Laramide uplift and differential ero-
sion of the surrounding units exposed the channel-fi ll deposits. 
Terrestrial analog studies of inverted channels are helping to 
elucidate the diagnostic criteria for identifying these landforms, 
variations in formation scenarios that develop inverted channels, 
the environmental conditions associated with cementation, and 

the applicability of paleohydrological models to inverted fl uvial 
landforms. Close-up and three-dimensional views of terrestrial 
inverted paleochannels are critical background for interpret-
ing observations from potential future surface exploration of 
Mars. For example, there are inferred inverted channels within 
the landing ellipse at Gale Crater for the Mars Science Lander 
(MSL), which is scheduled to launch in fall 2011 (Anderson 
and Bell, 2010).

APPENDIX A

Lithostratigraphic Units

This section provides a general description of the lithostrati-
graphic units associated with the exhumed paleochannels found 
in the region of interest (Fig. 2; Doelling, 2002). Paleochan-
nels in the road log are within the Ruby Ranch Member of the 
Cedar Mountain Formation and both members of the Morrison 
Formation.

The skyline to the west of Green River is dominated by 
the dramatic, northeast-trending San Rafael Swell, an asym-
metric anticline that exposes older Triassic and Permian rocks 
than those located in the region of interest. The eastern limb, 
known as the San Rafael Reef, is characterized by fl atiron 
exposures of dipping strata. Near the base, there are dark tri-
angular wedges of the Carmel Formation, whereas the promi-
nent light-toned fl atirons include the Navajo, Kayenta, and 
Wingate Sandstones (listed down-section) of the Early Juras-
sic Glen Canyon Group.

Carmel Formation
The Carmel Formation includes siltstone, shale, and sand-

stone that were deposited in shallow-marine and mud-fl at envi-
ronments during the Middle Jurassic (Doelling, 2002; Hintze 
and Kowallis, 2009).

Entrada Formation
Several facies are refl ected in the Entrada Formation, 

which is most famous for the red sandstone that commonly 
erodes into arches as in Arches National Park. Brown hoodoos 
are present at nearby Goblin Valley State Park, and the forma-
tion is marked by brown siltstone in layered cliffs within the 
study area (Hintze and Kowallis, 2009). This unit was depos-
ited in tidal mud fl ats, beaches, and nearshore sand dunes 
(Peterson, 1988).

Curtis Formation
Marine sediments from the Sundance or Zuni Sea, which 

includes green shale and glauconitic sandstone, comprise the 
Curtis Formation (Doelling, 2002; Hintze and Kowallis, 2009).

Summerville Formation
Thin-bedded red siltstone, shale ,and gypsum may have 

been deposited in a tidal-fl at or lagoonal setting as the Sun-
dance or Zuni Sea retreated (Peterson, 1972).

Figure 13. (A) Overview of multistoried inverted channel complexes in 
the Lower San Rafael Desert. Car on road gives a sense of scale. Photo 
by J. Zimbelman. (B) Inverted paleochannels (~3 m width) at this loca-
tion have low relief, uniform width, and lateral continuity of a few hun-
dred meters. Photo by J. Zimbelman. (C) Planar and trough cross-beds 
are evident on the surface. Scale bar is 10 cm. Photo by R. Williams.
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Morrison Formation
Famous for its dinosaur fossils, the Morrison Formation 

was originally described in 1894 by C.W. Cross in Morrison, 
Colorado (Cross, 1894). The Morrison Formation consists of 
moderate- to thin-bedded shale and siltstone with intermittent 
lenses of sandstone and conglomerate (Stokes, 1944, 1961; 
Derr, 1974). Reconstruction of the climatic and hydrologic con-
ditions in the Morrison depositional basin indicates that a dry 
climate prevailed during the Late Jurassic. Most of the moisture 
that reached the Morrison depositional basin originated from 
extrabasinal uplands to the west (Turner and Peterson, 2004). 
The fl uvial environment within the basin fl uctuated with the 
seasons. A high water table during the wet season produced 
streams, wetlands, and lakes. During dry seasons, lakes would 
shrink or evaporate, and streams would fl ow intermittently or 
transition to substream fl ow. Rapid facies changes occur over 
small lateral distances. Within the region of interest, two mem-
bers of the Morrison Formation, the Salt Wash and Brushy 
Basin Members, have examples of exhumed paleochannels.

Tidwell Member. The thin (<15 m), basal member of the Mor-
rison Formation consists of calcareous siltstone interbedded with 
a fi ne-grained sandstone and limestone. Locally, there is a thick 
(5 m) gypsum bed at the base (Doelling, 2002). These rocks are 
interpreted to be associated with a changing environment upward 
through the section from sabkha to fl oodplain and then lacustrine.

Salt Wash Member. The Salt Wash Member is the basal 
member of the Late Jurassic Morrison Formation and is found in 
parts of Utah, Colorado, Arizona, and New Mexico. Deposited 
by streams, this unit includes lenticular beds of cross-laminated 
sandstone irregularly interbedded with mudstone, siltstone, 
claystone, and horizontally laminated sandstone (Mullens and 
Freeman, 1957). The sandstone has been a major source of ura-
nium on the Colorado Plateau.

Brushy Basin Member. In this region, the Brushy Basin 
Member reaches nearly 100 m in thickness. It was formed mainly 
by fl uvial sedimentation that produced extensive fl oodplains, and 
lake deposits (Stokes, 1944) under a semiarid climate (Turner and 
Fishman, 1991; Currie, 1998). Composed primarily of claystone, 
mudstone, siltstone, and shale in an array of colors (reds, purples, 
grays, and gray greens), it commonly weathers to a popcorn-like 
surface (Trimble and Doelling, 1978). Multicolored badlands 
and rounded hills are common surface expressions of this unit. 
Within this unit, there are discontinuous medium- to fi ne-grained 
quartz sandstone channel segments bound by calcite and silica 
cements. The largest sandstone lenses often have conglomerate at 
the base. Prior to erosion, the channel segments were entirely sur-
rounded by siltstones and shales; green and yellow-brown shale 
subjacent to the channel base formed in a reducing environment 
at the channel-fl oodplain interface. In addition, discontinuous 
patches of lacustrine limestone associated with local lakes are 
present (Craig et al., 1955).

Cedar Mountain Formation
Sediments of the Cedar Mountain Formation were origi-

nally deposited in rivers, lakes, and fl oodplain settings. The 

Cedar Mountain Formation is principally located in eastern 
Utah, and two members of the unit are present within the region 
of interest. Inverted paleochannels have been identifi ed in the 
Ruby Ranch Member.

Buckhorn Conglomerate Member. The base of the Cedar 
Mountain Formation is defi ned by the discontinuous Buckhorn 
Conglomerate Member (Stokes, 1952), with thickest exposures 
(9 m) located to the north near the San Rafael Swell (Doelling, 
2002). Near this site, the Buckhorn Conglomerate is composed 
of sand- and pebble-size fragments of mainly chert and quartz-
ite.

Ruby Ranch Member. The Ruby Ranch Member (Kirk-
land et al., 1999; Kirkland and Madsen, 2007) is dominantly 
bedded mudstone bearing abundant carbonate nodules with 
fl uvial sandstone lenses representing ribbon sandstones that 
formed on the coastal plain between the rising Sevier orogenic 
belt to the west and the rising Cretaceous Western Interior Sea-
way to the east. This ~50-m-thick member is composed princi-
pally of bentonitic siltstone, shale, and mudstone, with minor 
sandstone and limestone (Trimble and Doelling, 1978). Where 
unprotected by a cap rock, the shale portion of this member 
forms badlands or rounded hills. Many of the conglomeratic 
sandstone lenses within the Ruby Ranch Member are exposed 
at the surface, as erosion has removed much of the softer, encas-
ing fl oodplain shale and siltstone. Weathering and erosion of 
the underlying shales have led to cliff-face spalling of the chan-
nel margins.

Dakota Sandstone
The Dakota Sandstone is the basal deposit of the transgres-

sive Cretaceous seaway (Lawyer, 1972; Hintze and Kowallis, 
2009). First named in 1862 for deposits in the Midwest (Meek 
and Hayden, 1862), within the region of interest it is a thin 
(<10 m), discontinuous light-yellow sandstone with very lim-
ited exposure. In this region, the Dakota Sandstone fi lls shallow 
scours and appears to be fl uvial (Trimble and Doelling, 1978).

Mancos Shale
The Mancos Shale is an extensive (900 m thick) marine 

deposit that formed in the Late Cretaceous interior seaway. The 
unit is primarily a gray mudstone, which accumulated in off-
shore and open-marine environments, with interfi ngering sand-
stones (often from fl uvial sources) and calcareous shale (e.g., 
Hettinger and Kirschbaum, 2002). The basal portion ranges 
from clayey, fi ssile shale to a massive silty mudstone.

APPENDIX B

Alternate Route

This abridged road log is suitable for all vehicles and 
includes stops at inverted paleochannels from all three 
lithostratigraphic units. The route is subdivided into two legs. 
For consistency, stops are numbered as they are in the road log. 
See road log for stop details.
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Leg 1: Exhumed Paleochannels in the Brushy Basin 
Member of the Morrison Formation

(All sites in this section are on paved roads.)
Mile 1.0 (0.0 incremental miles). Begin at U.S. Post Offi ce 

located at the corner of Clark and Main Streets in Green River. 
Zero odometer. Head west on Main Street and enter Interstate 
70 (I-70) westbound.

Mile 12.0 (12.0 incremental miles). Stop 1. Road cut 
through Brushy Basin Member paleochannels (38°55�44�N, 
110°21�50�W).

Proceed east on I-70 to the next exit for Route 24. Turn right 
at end of exit ramp. The road is paved for only a short distance, 
and at the transition to a graded dirt road, there is ample room to 
park. It is a short walk <0.3 mile (<500 m) west to stop 2.

Mile 13.1 (1.0 incremental miles). Stop 2. Additional 
paleochannel examples from the Brushy Basin Member 
(38°55�37.40�N, 110°22�43.96�W).

End of leg 1.

Leg 2: Exhumed Paleochannels in the Cedar Mountain and 
Morrison Formations

(The majority of this route is on a well-maintained graded 
dirt road. After recent heavy rainfall, the road may be muddy in 
spots and impassable at Horse Bench Reservoir.)

Mile 0.0. Begin at U.S. Post Offi ce located at the corner 
of Clark Street and Main Street in Green River. Zero odom-
eter. Head one block west on Main Street and turn left on Long 
Street, which will dead end at Green River Avenue. Turn Left.

Mile 0.5 (0.5 incremental miles). Turn right on Airport 
Road and cross the train tracks.

Mile 2.9 (2.4 incremental miles). Turn left on Lower San 
Rafael Road (County Road 1010; also known as Flint Trail), a 
graded dirt road.

Mile 5.6 (2.7 incremental miles). Cross Fivemile Wash.
Mile 7.4 (1.8 incremental miles). Cross Ninemile Wash.
Mile 9.0 (1.6 incremental miles). Stop 6. Segment B 

 (Harris, 1980) (38°52�50.08�N, 110°12�25.20�W).
Mile 11.2 (2.2 incremental miles). Horse Bench Reservoir 

on right.
Mile 14.4 (3.2 incremental miles). Stop 7. Exhumed 

paleochannels in the Salt Wash Member of the Morrison For-
mation (38°48�32.98�N, 110°13�36.65�W).

End of leg 2.
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PL = Plain Light; XN = Crossed Nicols; AP = Gypsum Accessory Plate; ND = Neutral Density filter. 
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Supplemental Figure 1.  Paleogeographic map of Utah during Ruby Ranch time (Aptian to middle Albian) with 
Sevier orogenic belt in western Utah and various fluvial depositional environments present in east-central Utah 
(Figure from Williams et al., 2007b, modified from Elder and Kirkland, 1993; Kirkland et al., 1998).   
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Supplemental Figure 2.  View to the east of Derr’s (1974) inverted channel 2 in the Brushy Basin Member of the 
Morrison Formation and location of stop 1.  See Figure 8 for vantage point ‘P’ where picture was taken.  Ridge 
along the skyline is the Ferroan Sandstone Member in the lower part of the Mancos Shale.  Note truck for scale.    
Photo by T. Chidsey. 
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Supplemental Figure 3.  A)  Negative relief valley network (top of image) transitions to a low relief plateau 
(sinuous ridge at bottom) near 32̊  N, 314˚ W in Arabia Terra.  White box marks location of panel B.   Illuminati on 
from the lower left in this subscene of CTX image P15_006990_2127. B) Subscene of HiRISE image 
PSP_005355_2125 showing transition zone.    Illumination is from the left (note impact crater at upper right in panel 
B).  Image modified from original NASA/JPL/University of Arizona. 
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Supplemental Figure 4.  A) View to the west from a nearby hill where two low-relief (<2 m) inverted channels are 
marked by black and white arrows.  See Figure 8 for vantage point ‘P’ where the picture was taken.  The San Rafael 
Swell is in the background. Width of scene at the location of the black arrows is ~0.5 km.  Photo by T. Chidsey. B)  
Ground-based photo of same site shows that the surface expression of these inverted channels (marked by white and 
black arrows) is very subtle.  Photo by R. Williams. 



Williams et al.  
Supplemental Material 

6 
 

 
 

Supplemental Figure 5.  Photomicrographs from samples of cemented channel materials in the Brushy Basin 
Member of the Morrison Formation (Figure 8, stop 2).  Examples A-D are from site L and examples E-F are from 
site M.  A) Low-resolution view of quartz sandstone with extensive calcite cement.  50X  B) Interpenetrating quartz 
grain contacts (black arrows) provide evidence of burial. 250X  C) Sparry calcite cement is pink due to Alizarin 
Red-S staining. 200X  D) Same view with XN+AP. 200X E) Adjacent pores have different composition:  calcite 
(black arrows) and ferroan calcite (red arrows). Dissolution pores (blue voids) are also present. 200X  F) Same view 
with XN.  Note pressure-solution grain contacts.  200X 
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Supplemental Figure 6.  Several examples of outcrop exposures at the base of paleochannels in the Ruby Ranch 
Member.  A)  In channel D, muddy deposits are protected by overlying channel deposits, forming an overhang in the 
picture.  Green and yellow-brown mudstone subjacent to the channel base formed in a reducing environment at the 
channel-floodplain interface.  Photo by R. Williams. B)  In places, there are large (~50 cm diameter) limestone rip-
up clasts, likely lacustrine deposits that were reworked during high flow events.  This example is from channel A.  
Photo by J. Zimbelman.  C)  Elsewhere the base of channel D is marked by a basal conglomerate with pedogenic 
carbonate nodules up to 10 cm in diameter; a similar basal conglomerate is observed elsewhere in the Cedar 
Mountain Formation to the north (Currie, 1998).  Photo by R. Williams. 
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Supplemental Figure 7. 
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Supplemental Figure 7.  Photomicrographs from samples of cemented channel materials in the Cedar Mountain 
Formation. Sample locations are marked on Figure 10B with example A from site E, examples B-D from site F and 
examples E-H from site G. A) Quartz-cemented coarse sandstone with secondary porosity (blue voids).  Dust lines 
(arrows) demarcate quartz grain and silica overgrowth cement boundary.  Linear grain contacts (red arrows) are 
evidence for pressure solution modification and indicate the specimen was largely uncemented prior to burial.  Plain 
light (PL) 160X. B)  Sandstone with multiple stages of silica cement formed under near-surface conditions:   
isopachous silica cements encircling grains (white arrows) form in phreatic pores, pore-filling silica cement is dense 
and brownish (green arrow), and third-generation crystalline cement with white core (red arrows).   Alizarin Red-S 
staining highlights minor, late-stage calcite cement (red circle).  PL 18.5X. C) Pore-filling siliceous cement. PL 
160X. D) Same view as previous with crossed Nichols (XN) and gypsum accessory plate (AP) which highlights the 
fibrous character of the chalcedony cement. 160X. E) Isopachous silica cement (black arrows) encircles grains.  
Light blue color (from blue impregnated epoxy; red outline) indicates the microporous nature of the pore-filling 
silica cement. 40X. F) Same view as previous with XN+AP.  Fibrous character of chalcedony cement is evident. 
40X. G) Isopachous silicious cement (black arrows) and secondary botryoidal , microporous silicious cements (red 
arrows) in pore centers. 130X.  H) Same view as previous with XN+AP shows the radiating fiber of the botryoidal 
cement. 130X. 

 
 
 
 
 
 
 
 
 
 
 

 
 
Supplemental Figure 8.  Oblique aerial photograph to the southeast of a sinuous section of channel A in the Cedar 
Mountain Formation.  Water gap marked by black arrow at top right.  Older channels (white arrow at center bottom) 
beneath the main trunk channel are preserved only on the north side.  Image width in foreground is ~1.8 km.  
Illumination is from the upper left.  Photo by R. Williams. 
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Supplemental Figure 9A. 
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Supplemental Figure 9.  A) Branching landform in Meridiani Planum that exhibits variations in preservation style 
from positive to negative relief.  Black boxes in A are Enlargement of subscenes from panel A are presented in 
panels B-E.  Northern portion of system (B), presumably the downstream section, is buried beneath rock layers 
(black arrow).  The landform transitions from positive relief (low-relief ridge marked by black arrow) to negative 
relief trough (white arrows in C) that has a medial ridge in places.  The southern portion of the landform is marked 
by a series of aligned pits that trace out the branching pattern (E).  At higher resolution (D), the stratigraphic 
relationship is evident with the low-relief, light-toned ridge (the inverted channel) capped by a narrow band of the 
former overburden.  The cracked pattern on the light-toned ridge and superposing material (cracks are sometimes 
traverse across the two materials, marked by black arrows) differ in size and configuration from the polygonal 
pattern on the surrounding plains.  Panels A-C and E are subframes of CTX image P03_002390_1840 near 4.6̊  N, 
1.3˚ W.  Panel D is subframe of HiRISE PSP_004091_1845.  Illumination is from left for all images.   
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Supplemental Figure 10.  Oblique aerial photograph of two channel segments in the Cedar Mountain Formation 
looking northward, at the location near the labels F and G in Figure 10.  The apparent bifurcation marked by black 
arrows is actually two segments at two different topographic and stratigraphic levels.  The inverted paleochannel 
segment from top to bottom (north to south, segment D) in image is stratigraphically higher than the paleochannel 
segment that extends to the right (westernmost section of segment B).  Scale bar is for image foreground.  The Late 
Cretaceous Book Cliffs (e.g. Young, 1955), which form the northern rim of the Colorado Plateau in eastern Utah, 
are visible in the background.  Photo by R. Williams. 
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Supplemental Figure 11.    A) Sinuous ridges in the Aeolis/Zephyria Plana region immediately east of the location 
in Figure 6.  Black boxes are approximate regions enlarged in panels B and C, which show areas where eolian 
erosion has modified former sinuous ridges into aligned knobs and mesas (black arrows).  Subframe of CTX image 
P03_002081_1751 is located near 5˚ S, 205˚ W.  Illumination is from lower left. 
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Supplemental Figure 12.  A) Examples of degradation along sections of inverted paleochannels in the Ruby Ranch 
Member of the Cedar Mountain Formation.  Erosion exploits the joints and faults in the paleochannels, producing 
blocks of cemented channel sediments.  Blocks that have been transported downslope by mass wasting are marked 
by white circles.  Differential erosion is also evident, with the underlying mudstone preferentially removed from 
beneath the more resistant paleochannels caprock; this undermining produces alcoves (red arrow).  B) Cemented 
fluvial sediments form a capstone (white arrow).  Where the capstone has been removed, the underlying mudstone 
still marks the original flow path (in this case curing around to the lower right in the image). 
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Supplemental Figure 13.  Photomicrographs from samples of cemented channel materials in the Salt Wash 
Member of the Morrison Formation (stop 7; Figure 12).  A) Quartz sandstone with silica overgrowth cements and 
minor calcite (red due to Alizarin Red-S stain) cement in plain light with neutral density filter. 50X.  B) Same view 
as in previous figure with XN. 50X C) Sparry calcite (red) and silica cement around detrital quartz grains. 160X. D) 
Same view as in previous figure. 160X. E) Close-up view of dust lines (arrows) separating grains from silica 
cement. 200X. F) Same view as in previous figure.  Optical continuity between grain and cement is evident under 
XN. 200X. 
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Supplemental Figure 14.  View of the contact between cemented fluvial deposits and underlying red floodplain 
materials within the Salt Wash Member of the Morrison Formation.  The capstone margin is near vertical and cut by 
fractures.  Approximate outcrop thickness is 2.5 m.  Photo by R. Williams. 
 




