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ABSTRACT 

A new descriptive classification scheme for Venusian channels and valley 

networks facilitates analysis of their formation mechanisms. Channels are classified as 

simple (sinuous rilles, simple channels with flow margins, and canali), complex (complex 

channels, and complex channels with flow margins), and compound channels. Valley 

networks are classified as rectangular, labyrinthic and pitted or irregular. Venusian 

channels, which probably are lava channels, have meander properties that relate to their 

mode of formation. Channel meanders were probably formed in response to flow 

dynamics, as in the case of terrestrial rivers, but their low sinuosity indicates less 

developed morphology. Their properties generally follow terrestrial river trends of 

wavelength (L) to width (W) ratios, suggesting an equilibrium adjustment of channel 

form. The unusually low LIW values for some Venusian and lunar sinuous rilles probably 

indicate modification of original meander patterns by lava-erosional channel widening. 

Erosion, particularly thermal erosion is required, at least partially, to explain some 

sinuous rille formation. A drainage channel constructed by typical basaltic lavas can be 

significantly deepened and widened by highly fluid and hot superheated tholeiitic basalt 

or ultramafic lava, such as picrite and komatiite, all of which are enriched in MgO. 

Canali-type channels on Venus are unique because of their great lengths (up to 

6800 km) and nearly constant channel cross sectional shapes along their paths. A simple 

model, incorporating channel flow and radiative cooling, suggests that common 

terrestrial-type tholeiite lava cannot sustain a superheated and turbulent state for the long 

distances required for thermal erosion of canali within allowable discharge rates. If canali 

formed mainly by constructional processes, laminar tholeiitic flows of relatively high, 

sustained discharge rates might travel the observed distances, but the absence of levees 

would need to be explained. An exotic low-temperature, low-viscosity lava like 

carbonatite or sulfur seems to be required for the erosional genesis of canali. 

The "Outflow Channel" has a morphology similar to that of terrestrial 

catastrophic flood channels and Martian outflow channels. Calculated discharge rates and 

power/unit area imply that the channel was carved by very energetic lava flows. Valley 

network formation seems to require sapping processes which may be caused by low

viscosity lavas moving through a relatively permeable, fractured, medium. 

Nearly complete image coverage of Venus by Magellan allowed mapping of 

various channel and valley landforms and the examination of associations with other 



10 

geological units. Global mapping reveals a nonrandom distribution of channels. The 

highest total concentration is in the equatorial regions, characterized by highlands, rift 

and fracture zones, and associated volcanic features. Many channels associated with flow 

deposits are similar to typical terrestrial lava drainage channels. They are observed to be 

associated with a wide range of volcanic edifices, including coronae, shield volcanoes, 

rift and fracture zones. The close associations of many sinuous rilles with coronae leads 

to the hypothesis that mantle-plume or blob volcanism caused the high-effusion and 

sustained lava eruptions essential for sinuous rill formation. Mantle-derived, high

temperature, low-viscosity lava eruptions are responsible for efficient erosional 

processes, particularly thermal erosion that seems to be, at least partially, required for 

some sinuous rille formation. Many valley networks are observed in highlands and in 

association with coronae. Fracture systems and source zones for low-viscosity lavas, both 

key to network formation, were probably concentrated at highlands and coronae. 

Canali-type channels are limited to certain plains regions. Many low-viscosity 

lava types are possible for the channel-forming lava, depending on the formation 

mechanism. Canali lengths exceed the lengths of other common volcanic channel types 

on Venus, implying a large volume of lava and long duration of the eruption. The close 

association of canali with plains regions implies that canali formation is probably related 

to the emplacement of plains. An hypothesized global resurfacing event late in history 

may be responsible for canali formation. Longitudinal profiles of canali-type channels 

show clear evidence of deformation by plains tectonism. Deformation occurred at 

mUltiple scales as evidenced in the profiles. The range of lava channel morphology on 

Venus is wider than for other terrestrial planets and the Moon. This is probably attributed 

to the volcanological conditions unique to Venus and to a lack of intense erosional 

processes. 
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1. INTRODUCTION 

The first Venusian channel was discovered on the radar images of the Venera 

15116 mission. However, this channel was mapped as a tectonic feature (Kotelnikov et 

al., 1989) or as a narrow depression (Sukhanov et aI., 1989), and it was named "Hildr 

Fossa". The Magellan spacecraft, launched in 1989, has acquired astonishing surface 

radar images at resolution of about 1 00 m. The lava channels were among the major 

discoveries (Baker et aI., 1991; I-lead et aI., 1991), and their range of morphologies 

exceeded pre-mission anticipation (Baker et aI., 1992). 

Increased knowledge of channel morphologies subsequently led researchers to 

propose classification schemes and to consider a wide range of formation mechanisms for 

different types of channels (Komatsu and Baker, 1992a). The increased resolution of 

Magellan radar mapping allowed compilation of preliminary channel distribution maps 

by Head et aI. (1992) and by Baker et aI. (1992). The distribution mapped by Head et aI. 

(1992) shows 36 channels and their generalized flow directions. The distribution mapped 

by Baker et aI. (1992) shows about 90 channels. Even in the preliminary stage of 

mapping, channels were found to occur in a wide variety of geological settings (Baker et 

aI., 1992). However, in both maps, image coverage was not complete, and valley 

networks were not included. Moreover, the mapped channels were not classified 

according to a genetic scheme. Komatsu et aI. (1992a) made a first attempt to discuss the 

generalized global distribution pattern for five genetically distinctive channel and valley 

types. 

In this study, I classified Venusian channels and valley networks based on their 

morphologies. I will discuss formation conditions for the most enigmatic channels: 

sinuous rilles, canali and "Outflow Channel", and valley networks. I will also present an 

updated map showing the distribution of more than 200 channels and valleys, not 

including FEB-channels (Fluidized Ejecta Blanket channels emanating from impact 

craters; e.g., Komatsu et aI., 1991), based on the nearly complete coverage (98 %) of 

Magellan radar images. The mapped channels and valleys are classified genetically, and 

associations between channels and geological units are examined. I attempt to use the 

channel types as indicators of the volcanic style in the regions where channels occur. 

Longitudinal profiles of canali-type channels are examined to gain insights on plains 

tectonic deformation. Finally, Venusian channels are compared with channels on the 
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other terrestrial planets, including the Moon, and implications for comparative 

planetology are discussed. 



13 

2. MORPHOLOGIES OF CHANNELS AND VALLEY NETWORKS 

2.1. Classification 

A preliminary classification scheme is presented in Table 2.1. This scheme is 

based on collaborative work with V. Gulick (Gulick et aI., 1992a). Numbers of various 

channel and valleys types are listed in Tables 2.2 and 2.3. The classification is still 

preliminary and the classifying of channels and valleys is not always clear cut. There are 

many channels that show transitional morphologies between types, and some channels 

are difficult to classify because of modification after their formation. 

2.1.1. Channels 

Simple channels 

Simple channels are single-thread troughs that do not show complex branching 

and merging. Sinuous rilles constitute a class of simple channels that generally originate 

in depressions, and which narrow and shallow distally (Fig. 2.1). Sinuous rilles usually do 

not have laterally associated, obvious flow deposits, but are sometimes associated with 

flow deposits at their termini. Some sinuous rilles are up to a few hundred meters deep 

near their source, which suggests deep incision into the surrounding terrain. Some 

channels have been degraded by subsequent processes and can not be traced to their 

sources. If such channels narrow and/or shallow in a downstream direction and do not 

show complex branching, They are classified as sinuous rilles. These sinuous rille 

morphologies suggest an origin, at least partially, by thermal lava erosion (Hulme, 1973, 

1982; Komatsu and Baker, 1992a, c, 1993). 

A cluster of sinuous rilles is shown in Figures 2.2 and 2.3. This cluster includes 

the longest, widest, and probably deepest sinuous rille discovered to date. Figure 2.4 is a 

longitudinal profile derived from Magellan altimetric data. The methodology is discussed 

more in detail later. 

Some simple channels occur on discernible flow deposits or flow fields with well

defined flow margins (Fig. 2.5). I classify these as simple channels with flow margins. 

These channels are generally shallow and do not appear to incise the surrounding terrain. 

This is consistent with a constructional lava-flow origin (Komatsu and Baker, 1992a). 



Table 2.1. Classification scheme 

Channels 

Simple channels 

! 
Sinuous rilles 

Subtypes Simple channels with (associated) flow margins 

Canali 

Complex channels 

{

Complex channels (without flow margins) 
Subtypes 

Complex channels and (associated) flow margins 

Compound channels 

VaHey Networks 

Rectangular 

Labyrinthic 

Pitted. or irregular 

14 



Table 2.2. Observed numbers of various channel types 

Sinuous rille Simple + Canali Complex Complex + Compound Total 

flow margins 

59* 26* 49 

* Clusters of channels are counted as one. 

22* 

flow margins 

36* 

Table 2.3. Observed numbers of various valley networks 

Rectangular Labyrinthic Pitted 

2 9 1 

6 198 

Total 

12 

15 



16 

Figure 2.1. A typical sinuous rille (lat. 65.5"S, Ion. 6.5"E, F-65S005, radar illumination from the 
left). Scale bar equals 10 kill. The sinuous rilles tend to narrow and shallow toward their termini. 
They are widely distributed. 



Figure 2.2. A cluster of sinuous rilles (Iat. 12·S, Ion. 90·E) on Ovda Regio. The longitudinal 
profile is derived between A and A'. 

17 



Figure 2.3. 3-dimcnsional perspective of region containing sinuous rilles. This image was 
constructed from SAR image and altimetric data. Note that source pits are located on the summit 
of a domal rise. 

18 
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Figure 2.5. A simple channel occurring on a bright lava flow unit (lat. 23-25°N, Ion. 352-
353SE, F-25N35I , radar illumination from the left). Arrow shows flow direction. Scale bar 
equals 10 km. The channels associated with lava flows tend to be shallow, and they are widely 
distributed. 
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Such channels are sinuous, and narrow toward their termini. However, they commonly 

lack source depressions and do not show the distal shallowing typical of sinuous rilles. 

A newly discovered type of simple channel, termed canali (Baker et aI, 1992; 

Komatsu et al., 1992b), displays extraordinary length (typically> 500 km), sinuous flow 

paths with remarkably constant width and depth, and a lack of complex branching along 

the entire path (Figs. 2.6 and 2.7). The longest of these canaIi extends for about 6800 km 

(Parker and Komatsu, 1991; Baker et aI., 1992). CanaIi locally have abandoned channel 

segments, cut-off meander bends, and radar-dark terminal deposits. A few canali 

sometimes show narrow levees, but, in most cases, levees can not be discerned from the 

radar imagery. Canali-type channels have been explained by mainly constructional 

channel-forming processes (Gregg and Greeley, 1993; Komatsu et aI., 1992b) or by 

mechanical erosion of exotic lavas (Baker et aI., 1992; Komatsu et aI., 1992b). Among 

the canali, I also recognize channels that have generally similar characteristics but are 

abnormally wide (- 10 km) and shallow (Fig. 2.8). 

The longest Venusian channel originates at lat. 44.5°N, Ion. 185°E and terminates 

at lat. 11.5°N, Ion. 167°E in a radar-dark deposit. This is a canaIi-type channel and is the 

longest channel discovered to date. Its total length (about 6800 km) is longer than the 

entire Nile River, the longest river on Earth. This channel is developed mostly on lava 

plains units north of Rusalka (Fig. 2.9). In spite of local disruption and burial by later 

volcanism and cratering, it appears to be a single channel because of its consistent trend 

and the lack of any nearby channels. Some segments of this channel were recognized in 

the Venera images and mapped as Hildr Fossa (Kotelnikov et a1. 1989). 

The potential channel source is a circular volcanic construct located at lat. 44.5°N, 

Ion. 185°E. The channel is not completely traceable to this source. With a diameter of 

about 150 km, the construct has a pit crater on its summit. The main part of the channel is 

sinuous with local reaches of meanders (Fig. 2.6). Channel width (1-4 km) is almost 

constant over the entire reach, but it tends to be narrower near the source and the terminal 

deposit. Channel depth is estimated to be less than 50 m based on foreshortening 

measurements. At lat. 11.5°N, Ion. 16]oE in Rusalka Planitia, the channel terminates in a 

radar dark deposit that probably was emplaced by the material which formed the channel, 

Alternatively, a later eruption may have followed a preexisting channel. The flow 

direction can not be determined due to a lack of morphological indicators. 

This channel cuts through plains units. If the channel formed erosionally on plains 

units with which it does not have genetic relationships, then the plains units predate the 
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Figure 2.6. A canali-type channel (lat. 49-51 oN, Ion. 165-168°E, F-50NI63, radar illumination 
from the left). Channel width is about 1-4 km. Scale bar equals 50 km. This segment is a part of 
Hildr Fossa, the longest channel discovered on Venus. Canali-type channels are concentrated in 
some limited plains regions. 



Figure 2.7. Sinuous sections of a canali-type channel (lat. 32.5-34.5"S, Ion. 157-160
o

E, F-
35S157, radar illumination from the left). Scale bar equals 50 km. Channel width is about 1 kIn. I\) 

Co) 
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radar illumination from the left). Scale bar equals 100 km. Channel width is about 10 km. Such 
wide canali usually do not show observable depth. They have the same regional distribution as 
narrower canali. 
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Figure 2.9. Rusalka Planitia and canaH-type channels. This plain is the region of one of the 
highest canali-type channel concentrations. The landing sites of two Soviet landers are 
indicated (after Basilevsky et aI., 1992). Error margins for the estimated landing sites are 10 

(about 100 km) radius. The nearby Vega 2 landing site is probably on a lava of terrestrial 
MORB-Iike composition, although the error margin allows a slightly more MgO-rich picritic 
rock. Vega I, also nearby, failed to measure major elemental abundances. However, the 
measured K, U, and Th abundances are consistent with a mafic to ultramafic rock 
composition (Kargel et aI., 1993). 
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channel. If the channel formed constructionaIly, the plains on which it occurs are 

essentiaIly coincident in age. Because this channel is 10caIly fiUed by lava flows and 

disrupted by impact cratering, it is possible to interpret age relationships between this 

canaIi-type channel and various geological units over a long distance. Figure 2.10 shows 

an approximate topographic profile along the channel constructed from the Pioneer

Venus altimetry data. Although the topographic gradient is quite smaIl, the channel 

10caUy rises along its flow path. This suggests that tectonic deformation occurred after 

the channeling process ended. A more detailed longitudinal profile is presented and 

discussed later. 

The channel's long length and near constant morphology throughout its entire 

reach has important implications for the channel-forming lava properties. Possible 

formation processes are discussed in section 3.2. 

Complex channels 

Complex channels have anastomosing, braided, or distributary patterns and may 

contain streamlined landforms. Some complex channels are not associated with obvious 

flow deposits (Fig. 2.11). The complex channels with flow margins (Fig. 2.12) are 

generaIly shaIlow, although 10caIly channels sometimes appear deep (Fig. 2.13). Shallow 

channels do not appear to incise into the surrounding terrain. This is consistent with a 

constructional lava flow origin (Komatsu and Baker, 1992a). 

Compound channels 

Compound channels have segments of both simple and complex types. This type 

includes the "Outflow Channel", which provides evidence of very high discharge rates 

(Baker et aI., 1992; Komatsu and Baker, 1992b, Fig. 2.14). The streamlined landforms 

are similar in scale and morphometry to water carved forms on Earth and Mars (Fig. 

2.15). Relationships for Earth and Mars are summarized by Baker (1982). 

2.1.2. VaIley Networks 

VaIley networks include three subclasses: rectangular (Fig. 2.16), labyrinthic (Fig. 

2.17), and pitted or irregular (Fig. 2.18). These vaIleys comprise structurally controIled 

networks of troughs. Some valleys display a transitional morphology to channels, or 

graben-like troughs. They are morphologically similar to sapping vaIleys on Earth and 
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Figure 2.10. Longitudinal profile of longest channel constructed from Pioneer-Venus 
altimetric data. Since the channel-forming lava can not flow uphill, this profile suggests active 
tectonic deformation after the channel formation. 
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Figure 2.11. A typical complex channel (fat. 3-6°N, Ion. 52-54"E, F-05N054, radar illumination 
from the left). Scale bar equals 50 km. This type of channel is rare. 



Figure 2.12. Complex channels occurring on flow deposits (Jat. 41-42°N, Ion. 249-251SE, F-
40N251, radar illumination from the left). Arrow shows flow direction. Scale bar equals 50 km. 
The channels associated with flows tend to be shallow. They are widely distributed. 
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Figure 2.13. Complex channels associated with flow deposits (tat. 10.5 - 12SN , Ion. 210.5 
-212.5 DE, F-I ON211, radar illumination from the left). Arrows show flow direction. Scale bar 
equals 50 km. These channels are anastomosing and are characterized by streamlined islands. 



Figure 2.14. "Outflow channel" (lat. 47.S-S2°S, Ion. 18-2SoE, F-SOS021, radar 
illumination from the left). Scale bar equals 100 km. Channel width varies from a few kIn 
near the source to a maximum of 30 km in the anastomosing reaches. This channel has 
segments of differing morphologies, representing compound channels. 
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Figure 2.15. Comparison of streamlined landform morphometry of the "Outflow Channel" in 
Lada Terra (solid circles) with streamlined landform measurements by Baker (1982) for Earth 
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Figure 2.16. Rectangular valley networks (arrows, lat. 0.5"S-2's"N, Ion. 68.5-71 °E, F-OON070, 
radar illumination from the left). Scale bar equals 50 km. 



Figure 2.17. Labyrinthic valley networks (lat. 7.5-9SS, Ion. 86-89°E, F-lOS087, radar 
illumination from the right). Scale bar equals 50 km. (0) 

~ 
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Figure 2.18. Pitted or irregular valley networks (Iat. 2.5-6°N, Ion. 304-306°E, F-05N307, radar 
illumination from the left). These are the only valley networks of this type. Scale bar equals 50 
km. 
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Mars (Gulick et aI., 1992b), and a lava-sapping process was proposed by Komatsu et ai. 

(1992c) for their origin. Lava sapping is a process in which underground low-viscosity 

lavas remove subsurface materials to cause collapse of overlying rock layers. This 

process could have enlarged valleys in a manner similar to that for ground-water sapping 

valleys of Earth and Mars (Baker et aI., 1990). 

2.2. Meander properties 

Fluvial-like morphologies for some Venusian channels imply that the channel

forming lava exhibited flow properties similar to those of water (Baker et aI., 1992). The 

channels have a remarkably wide range of meander properties. Preliminary assessments 

by Baker et ai. (1992) found that canali-type channels, which are a common type of 

channel (Baker et aI., 1992), seem to follow the empirical relations among wavelength, 

radius of curvature, and channel width derived for terrestrial meandering rivers. 

Terrestrial river channels use their meander development to adjust channel slope 

to achieve quasi-equilibrium through the interaction of erosion and deposition (Chang, 

1988). Consistent scaling of meander wavelength (L) and width (W) occurs in typical 

rivers as well as in glacial melt-water channels, ocean currents (Leopold and Wolman, 

1960), and submarine channels (Flood and Damuth, 1987; Clark et aI., 1992). Similarly, 

meander wavelength (L) and radius of curvature (R) display approximately constant 

scaling relations for terrestrial rivers (Leopold and Wolman, 1960). 

I measured the meanders of representative channel types (Figs. 2.19a, 2.19b, and 

2.19c) on SAR (Synthetic Aperture Radar) images. For comparison, measurements were 

taken from Lunar Orbiter images and photographs of lunar sinuous rilles and terrestrial 

lava channels-collapsed tubes (Mauna Loa). The quantitative analysis was based on 

similar methods employed in studies of terrestrial fluvial systems (Leopold and Wolman, 

1960). I did not measure channels that are clearly structurally controlled or which simply 

follow sinuous topography. For those channels with multiple wavelength meanders, I 

measured the shorter wavelength meanders that were relatively well defined and 

measurable in the images. Numbers of data points are limited because of the scarcity of 

well-developed meandering reaches and of high resolution images. 

The range of sinuosities for the measured Venusian channels (Fig. 2.20) are 

mainly between 1.0 and 1.3. These are relatively small values compared to published 

sinuosities of terrestrial rivers, which typically range from 1.0 to 2.3 (Schumm et aI., 



Figure 2.19. Classification of Venusian channels from their depiction on Magellan radar 
imagery: (a) Channels that have developed on well-defmed flow deposits tend to be shallow (lat. 
56.4°S, Ion. 251 0 E). (b) Sinuous rilles tend to become narrower and shallower toward their 
termini (lat. l2°S, Ion. 900 E). (c) Canali-type channels have relatively low depth to width ratios 
and tend to keep constant morphologies along very long flow paths (lat. 33.2°S, Ion. 158.3°E). 
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1972). However, values of Land W for the Venusian channels generally follow the 

terrestrial river meander values (Fig. 2.21). Wavelength to width ratios vary from 1.99 to 

51.68. The similar scaling implies similar dynamic behavior between the channel

forming fluids, presumably lavas for Venusian channels, and water flow in terrestrial 

rivers. 

The scatter of data points for various channel types (Fig. 2.21) may have 

significant implications. Channels with flow margins and canali-type channels tend to 

have slightly higher LlW ratios (4.56-26.99 and 3.38-51.68, respectively) for the 

measured samples (Fig. 2.21). Although data are limited, terrestrial lava channels

collapsed tubes exhibit a similar trend. 

Venusian sinuous rilles tend to be wider for a given wavelength than other 

channel types (LIW ratios in the range 1.99-16.59; Fig. 2.21). The Venusian sinuous rilles 

and lunar sinuous rilles have similar meander properties (Fig. 2.21), as well as other 

similar qualitative morphological characteristics (Baker et aI., 1992). Experimental lava 

channels, simulated with hot water flowing on polyethylene glycol (Huppert and Sparks, 

1985) indicate that meander sinuosity is determined by the initial flow discharge (the 

higher the discharge, the lower the sinuosity). Moreover, because the hot water thermally 

widens and deepens the channel while retaining the original meander sinuosity (Huppert 

and Sparks, 1985), LIW ratios decrease with time. Because both Venusian and lunar 

sinuous rilles have examples of unusually low LIW ratios (Fig. 2.21), it is possible that 

erosion, probably thermal and mechanical to some extent, both widened and deepened 

them through time (Hulme, 1973; Komatsu and Baker, 1992c) (Figs. 2.24a and 2.24b). 

Data points for wavelength to radius of curvature ratios for lava channels are 

scattered below the empirical line for terrestrial rivers (Fig. 2.22), indicating that lava 

channels tend to be less sinuous. This means that channel meanders are not fully 

developed relative to terrestrial river channels. I tentatively attribute this to the short 

formation time available for the Venusian lava channels to develop highly meandering 

reaches. Alternatively, these properties may represent a quasi-equilibrium state of the 

system. This tendency is also apparent in the sinuosity range (Fig. 2.20), as described 

above. 

Radius of curvature to width ratios for lava channels (Fig. 2.23) are above the 

terrestrial river trend derived by Hey (1976) from Leopold and Wolman's (1960) 

empirical equations for LIW and Llr. This again indicates that Venusian channels do not 
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Figure 2.24. Examples of erosional processes involved in channel fonnation: (a) Sinuous rille 
cutting through tesserae (massifs) in highland plains of Aphrodite Terra Oat. 13°S, Ion. 89°E). (b) 
Sinuous rille cutting through tesserae in Phoebe Regio (lat. I SS, Ion. 273SE). .j::l. 
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have fully developed meanders. Data points below the line mostly represent sinuous 

rilles. This result is probably because of widening by thermal and mechanical erosion. 

For many terrestrial rivers, it was found that meandering occurs over a limited 

range of slope and discharge (Leopold and Wolman, 1957). Studies of fluvial systems 

(Schumm et al., 1972) and flume experiments (Schumm and Khan, 1972) confirm this 

point by showing that sinuosity is dependent on slope for a single river. Theoretical 

considerations, using energy minimization principles, also indicate that channel 

morphology is a function of discharge rate (Chang, 1988). As described by Baker et al. 

(1992) and Komatsu et al. (1993), the Venusian channels exhibit morphologies, ranging 

from simple to complex, closely resembling conventional classifications of rivers (Chang, 

1988). This suggests that meanders of the Venusian channels also develop within a 

limited range of discharge and slope, as in the case of fluvial systems, and that the 

Venusian channels have adjusted their morphologies at the time of formation, according 

to the eruption rates and topography of the region. 

River meander formation on Earth occurs in two different settings: alluvial plains 

and bedrock. Water can readily erode banks and deposit sediments in alluvial plains on 

short time scales (years). For bedrock meanders (or valley meanders), erosion takes a 

longer time. In general, terrestrial lava channels and tubes are constructional and, as a 

result, meanders develop where channel-forming lava retains its fluidity (e.g., Greeley, 

1974). In contrast to fluvial systems, meander properties of lava channels are determined 

by the flow characteristics (discharge and slope) during a relatively short-term eruption. 

Venusian channels have been proposed to have formed constructionally, 

erosionally, or by a combination of the two (Komatsu et al., 1992b; Baker et al., 1992; 

Komatsu et al., 1993; Gregg and Greeley, 1993). The short period of formation may 

explain why the meanders tend to be less sinuous than in terrestrial rivers. What we are 

observing may also be a quasi-equilibrium state of the system. In rare cases, for very high 

magma fluidity and temperature, lava may have exceptionally enhanced channel

erosional capabilities. This would lead to a widening of the channel at a constant 

wavelength because of a constant discharge. This has been observed for some sinuous 

rilles and is consistent with other morphological characteristics, such as proximal to distal 

narrowing and shallowing caused by cooling of the lava (Komatsu and Baker, 1992c; 

Komatsu, et al., 1993). 

Some specific Venusian channels have multiple wavelength meanders. This 

phenomenon is observed mostly for sinuous rilles (Fig. 2.25), and it may be caused by 
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Figure 2.25. Venusian sinuous rille showing mUltiple wavelength meanders (lat. 12.5 oS, Ion. 
89.5° E). The average wavelength or longer meander components is about 20 km and that of 
shorter components is about 3 km. 
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changes either in discharge rates or by structural control. Although the Venusian channels 

are generally less sinuous than terrestrial rivers, at least one canali-type channel (Fig. 

2.19c) shows an exceptionally high sinuosity (> 1.5). This may indicate a relatively long 

time scale of flow duration, an attribute consistent with other morphological 

characteristics of canali, such as their long length and local cut-off bends (Baker et aI., 

1992). 
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3. FORMATION OF CHANNELS AND VALLEY NETWORKS 

In this study, I focused on Venusian channels and valleys identified as unique, such as 

sinuous rilles, canali-type channels, the "Outflow Channel" and valley networks. 

3.1. Origin of Sinuous Rilles 

Sinuous rille morphology is probably best explained by a process of lava-drainage 

channel deepening and widening through thermal-mechanical erosion by a high

temperature, low-viscosity lava during a sustained eruption at high effusion rates 

(Komatsu and Baker, 1992a, c). Thermal erosion of ground occurs when the lava 

temperature exceeds the melting temperature of the ground and it is efficient when the 

lava is turbulent. Preliminary measurements, using foreshortening relationships and 

stereo images, suggest that some sinuous rilles have a maximum depth of up to several 

hundred meters. This may be too deep for an origin by simple lava drainage or 

constructional processes. Although it is difficult to determine which process was 

predominant, such depths probably require very efficient erosional processes, particularly 

thermal erosion. Because more than half the sinuous rilles are associated with coronae, 

corona volcanism may have contributed to the conditions for the channel formation 

(Komatsu and Baker, 1992a; Komatsu et aI., 1992a). 

The lunar sinuous rilles most similar in morphology to Venusian sinuous rilles 

are those possibly formed by lava that has high Fe-Ti content in comparison to terrestrial 

basalt (Murase and McBirney, 1970). This type of lava has a high melting temperature, 

and presumably a high eruption temperature compared to that of typical tholeiite basalt 

(Murase and McBirney, 1970). However, the viscosity at its melting temperature is low 

compared to that of tholeiite basalt (Murase and McBirney, 1970). These factors arc 

favorable for efficient thermal erosion (Hulme, 1973, 1982), in which the thermal erosion 

rate (E) is expressed by the equation (Huppert and Sparks, 1985), 

(1) 

where h is a heat transfer coefficient, TJ is a lava temperature, T m g is a melting 

temperature of ground material, pg is a density of the ground material, Cg is a specific 

heat of the ground material, To is an initial temperature of the ground material, and Lg is 
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a latent heat of fusion of the ground material. The heat transfer coefficient h is (Huppert 

and Sparks, 1985) 

h = 0.02 kid PrOA Reo.s, (2) 

where k is a thermal conductivity, Pr is the Prandtl number as a function of viscosity (11), 

specific heat (C) and thermal conductivity of the lava, Re is the Reynolds number 

determined by 2-dimensional discharge rate (Q2D) and kinematic viscosity of the lava 

(v), and d is the thickness of the flow and a function of discharge rate. 

Pr = l1c/k (3) 

(4) 

As shown in (1), (2), (3), and (4), the thermal erosion rate is mainly a function of 

lava temperature and viscosity when other conditions are similar. Figure 3.1 illustrates 

erosion rate estimates for various lavas incising tholeiitic ground material. For tholeiitic 

lava to erode tholeiitic ground efficiently, the lava must be superheated. This can happen 

if the magma ascends through the crust without significant heat loss, or if the basaltic 

crust is heated from below by hotter ultramafic magma from a mantle plume. Unless 

superheated, tholeiitic lava would construct sinuous rilles, but it could not thermally 

deepen and widen them. Lunar basalt, high-MgO lavas such as komatiite and picrite, and 

alkaline basalt all have more capability for efficient thermal erosion than does tholeiitic 

basalt because of their high eruption temperatures and low viscosities. These factors will 

lead to high thermal erosion rates, particularly when the lava flows across ground 

materials of relatively low melting temperature (Huppert and Sparks, 1985). 

3.2. Origin of Canali-type Channels 

The canaIi-type channels discovered on Venus are unique in their morphology 

(Baker et aI., 1992). They are typically longer than 500 km, and the longest ones extend 

for distances from a few thousand km up to 6800 km (Komatsu et aI., 1993). In addition 

to their great length, these channels are unique for their nearly constant width throughout 
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Figure 3.1. Thermal erosion rates of various lavas on tholeiitic ground material at various 
discharge rates. Chezy equation was used to relate thickness of the flow and discharge rate 
(Komatsu et aI., 1992b). The lavas' temperatures were taken to be at their liquidus. The ground 
material was assumed to be tholeiitic composition of melting temperature at 1270°C. For 
simplicity, thermal conductivity and specific heat, including ground material, were assumed to be 
1 Wm-1K-l and 730 Jkg-1K-l respectively. Other parameters, liquidus temperature, viscosity, 
density and latent heat of fusion for the ground material were derived from Murase and McBirney 
(1970, 1973), Ryerson et al. (1988), and Huppert and Sparks (1985). For the komatiite, a liquidus 
temperature range of 1500-1650°C (MgO content 25.11-33 %) was chosen (erosion rate range is 
shown by the dotted area). Lunar lava 'was represented by a mare basalt collected during the 
Apollo 11 mission. Picrite is represented by a sample collected at the Kilauea Iki Lava Lake. 
Alkaline basalt is represented by Galapagos Island Basalt. Tholeiite was represented by Columbia 
River Plateau Basalt, which is assumed to have a slightly higher temperature (1300°C) than 
liquidus of the assumed tholeiitic ground material. For simplicity, I assumed that all flows are 
turbulent, which may not be true for the lowest discharge rates. 
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their entire length. The channels lack obvious flow deposits/levees, with the exceptions 

of a few localized, narrow ones observed on Magellan SAR images. 

Because canali occur in plains regions which probably consist of mostly tholeiitic 

rocks similar to MORB (Surkov et aI., 1983), I initially hypothesize the formation of 

canali by open-channeled flow and erosion by a tholeiitic lava. My approach is to 

assume that turbulence is required for the lava to retain its capacity to thermally and 

mechanically erode a channel. This modeling incorporates inputs from J. Kargel, 

particularly the rheological data. 

Dimensions of three major can ali are shown in Table 3.1. A depth was measured 

for channel #1 using radar foreshortening measurements at the deepest appearing position 

where the measurement method can be applied (Table 3.0. The result indicates that the 

depth is less than 50 m, most likely a few tens of meters (C. Weitz, personal 

communication). I note that the accuracy of depth measurement for such shallow 

channels like canali (a few tens of meters) is questionable. Because the canali shown in 

Table 3.1 do not have distinct sources or termini, their total lengths may be longer than 

indicated. 

Turbulence is a key factor in lava-channel erosion, and it will significantly 

enhance thermal erosion if the lava temperature is near or above the liquidus of the 

substrate (Hulme, 1982). Most terrestrial lavas are erupted near or slightly below their 

liquidus, as indicated by the usual occurrence of phenocrysts. Such lavas commonly do 

not have significant thermal erosional power. In rare cases, lavas are superheated above 

the liquidus, and, in other cases, near-liquidus mafic or ultramafic lavas have 

temperatures well above the liquidus of a more silicic substrate. In either case, significant 

thermal erosion may occur as long as the flow remains turbulent. However, because of 

rapid mixing, turbulent flows tend to cool more rapidly than laminar flows. The Reynolds 

number indicates the degree of turbulence and can be expressed in terms of the flow 

thickness (h), velocity (v), density (p) and dynamic viscosity (11), or in terms of a 2-

dimensional discharge rate (Q2D) and kinematic viscosity (v = l1/P), as follows: 

Rc = phv/l1 = Q2n1V. (5) 

In the turbulent flow regime, mixing of lava exposes the hot interior core to the 

atmosphere to enhance radiative cooling. In an ideal fully mixed tholeiitic lava, the heat 



TABLE 3.1. Size Dimensions of Three Major Can ali-Type Channels 

(NIA: Not Available) 

1 2 3 

Location Lat. 53 °N-ll.5° N, Lat. 59.5°S-50.5°S, Lat. 18.5°N- 8°N, 

Lon. 159.5°E-185°E Lon. 168°E-205°E Lon. 145.5°E-151.5°E 

Length 6800km 3000km 1800 km 

Width 1-3 km 1-2km 1-2km 

DeEth <50m NIA N/A 
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flux from the lava by radiation (FR) is determined from the lava temperature T (Hulme, 

1973) by 

(6) 

where emissivity (£) is 0.9, Stefan's constant (0') is 5.67xlO-8 Wm-2K-4, and the ambient 

temperature (T a) is 750 K. The cooling rate can be estimated by the equation 

(7) 

where a typical tholeiite lava density (p) is 2700 kg/m3 and specific heat (Cp) is 1217 J 

kg- 1 K-l (Touloukian and Buyco, 1970). Equations (6) and (7) were solved semi

numerically. The rate of temperature change (dT/dt) was calculated at each T, and 

derived time intervals were used to compute elapsed time. The eruption temperature was 

assumed to be 1500°C. In terrestrial lava eruptions, the observed lava temperature tends 

to be near the liquidus which is about 1200-1300°C for tholeiitic lava (1200°C for 

Hawaiian tholeiite (Shaw, 1969), 1274°C for diopside-anorthite eutectic (Cox et aI., 

1979». 1500°C is much hotter than we would expect for tholeiite eruption on either 

Venus or Earth, but this temperature is assumed to allow for the extreme case of 

unusually hot eruptions. Such high temperatures could result from exceptionally rapid, 

adiabatic ascent from very deep levels in Venus leading to massive decompressive 

melting, or, alternatively, from heating of basaltic crust by a large volume of intruded 

komatiite magma. This temperature was used to optimize the eruption condition. I 

calculated the temperatures of the flow at the given time for Q2D = 1, 10, 100, and 1000 

m2/s (Fig. 3.2). 

The temperature-dependent viscosity (in poise) of an eutectic tholeiite-like 

mixture, approximated as 58% diopside + 42% anorthite (eutectic temperature = 1274°C 

(Cox et aI., 1979», is given by 

Log 11 = (A+B/(T - To», (8) 

where A = -1.587, B = 2304 and To = 656.5°C (Scarfe et aI., 1983). Viscosity change 

with time is shown in Figure 3.3. To convert the time to travel distance, the velocity of 
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the tholeiite flow is determined, for the highly turbulent regime, by the Chezy equation 

(Baker, 1982), 

v = (2ghalC r) 112, (9) 

where a. is a regional slope and Cr is a friction coefficient. Morphological similarities 

between Venusian channels and terrestrial fluvial channels (Baker et al., 1992) imply a 

similarity of flow-resistance properties for canali lavas and channelized water. This 

similarity allows us to assume C r = 0.001, which is a typical friction coefficient for a 

natural river bed. The Venus gravity (g) is 8.87 m/s2. The regional slope (a.) is assumed 

to be 0.001, since most canali occllI' in lowland plains. For a fixed 2-dimensional 

discharge rate (Q2D), the velocity and the depth of the flow can be calculated 

simultaneously because Q2D = vh (Table 3.2). 

I calculated the temperatures of the flow at the given travel distance (Fig. 3.4). 

The calculations (Table 3.2 and Fig. 3.4) show that tholeiitic lava cannot travel the 

maximum observed distance (6800 km) as a turbulent flow before reaching eutectic 

temperature, regardless of the following optimizations: 1) No heat loss by either 

atmospheric convection or by conduction to the ground. 2) Ignoring melting of ground 

material. 3) Use of a high eruption temperature (l500°C) relative to the liquidus 

temperature (1274°C). 4) Assuming the largest Q2D was 1000 m2/s, corresponding to the 

depth of about 38.34 m at a velocity of 26.08 m/s. This is about the deepest limit 

compared with the nominal depth of channel #1 (Table 3.1). The depth of the channel is 

an upper limit for the lava flow, unless lava solidified and deposited on the channel floor. 

Since channel #1 is the longest, widest, and presumably the deepest of all canali, Q2D = 
1000 m 2/s is probably the largest reasonable discharge. 5) C r may actually be as high as 

0.03, which Huppert and Sparks (1985) used to compute velocities of komatiite 

ascending through fractures. This high Cr would not change the travel distance for each 

discharge rate because the increased velocity is canceled by the lowered cooling rate in a 

thicker flow. However, the increased thickness of a high discharge flow is less realistic 

because of the relatively shallow extant channel depths. 6) By using an eutectic 

composition, lava takes a time longer than non-eutectic compositions to initiate 

crystallization and the transition to laminar flow. 7) Use of a low critical Reynolds 

number (Re = 500) for the turbulent-laminar transition. The Reynolds number of the fully 

turbulent flow would be much higher. 
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TABLE 3.2. Distance Turbulent Flows of Various Discharge Rates Can Travel Before 

Reaching Eutectic Temperature 

Discharge Q2D (m2/s) 1 10 100 1000 

Velocity (m/s) 2.61 5.62 12.11 26.08 

Flow thickness (m) 0.38 1.78 8.26 38.34 

Distance (km) 1.20 20.33 203.3 2032 
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Note that the assumed discharge rate makes a large difference in the distance 

which the flow can reach (Table 3.2). For the low discharge rate Q2D = 1 m2/s, the flow 

changes to laminar even before it cools to the eutectic temperature. 

A crystallizing flow can travel a considerable distance before completely 

solidifying. As noted above, most terrestrial lava flows have already started crystallizing 

even before they erupt. A fluid with suspended solidified particles (a slurry) will exhibit a 

rapid increase of viscosity as the fraction of crystals increases. I calculated the distance 

this slurry would travel before its viscosity increased to cause a transition to laminar flow, 

thereby ceasing effective channel erosion. Our best fit equation to viscosity data for 

Hawaiian basalt (McBirney and Murase, 1984) is 

flr = 'Ilslurry / 'Illiquid = exp [131j>/(1-1.351j»], (10) 

where flr is a dimensionless relative viscosity, 'Ilslurry is the viscosity of the slurry, 'Illiquid 

is the viscosity of the pure intergranular liquid, and Ij> is the crystal fraction. This 

equation, valid for Ij> up to 0.3, and strictly valid only for Newtonian behavior, describes 

the sharp dependence of viscosity on crystal fraction as observed in real lavas. Similar 

relationships hold for a wide chemical variety of other silicate lavas, including dacite and 

for ammonia-water slurries (Kargel et aI., 1991). Equation (10), in particular the 

coefficient (13), implies considerable physical interaction among distinctly nonspherical 

grains. 

For our simplified test case of a eutectic tholeiite-like composition, the 

temperature, liquid composition, and 'Illiquid do not change as crystallization ensues. 

Thus, from equation (8) 'Illiquid = 13.9 Pa-s. For the flow to be turbulent, the Reynolds 

number has to be > 500. The viscosity of the slurry at Rc = 500 and 'Il liquid is used with 

equation (10) to estimate Ij> at the critical point when the flow becomes laminar. The 

crystal fraction, Ij>, increases with time as the flow cools, and has the following 

relationship: 

dlj>/dt = FRlLph, (11) 

where L is the latent heat of fusion of the eutectic = 4.36x 105 J kg-I. Since the eutectic 

temperature is constant, the emitted flux FR also is constant. Hence, dlj>/dt is constant until 
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a solid crust develops. It follows that the time (t) during which the flow remains 

turbulent, after reaching the eutectic temperature, is given by 

(12) 

where <Pc is the crystal fraction for onset of laminar flow. The distance traveled by the 

lava during this period is 

X=vt, (13) 

and results are shown in Table 3.3. The results suggest that flows at a very high discharge 

rate may travel over 1000 km after reaching eutectic temperature and before becoming 

laminar. Such flows may mechanically erode a channel, but significant thermal erosion is 

not possible if the substrate has a composition similar to that of the lava. 

In a laminar flow, a solid crust may develop which causes a lower rate of heat loss 

since the surface radiates at a lower temperature than the pure liquid. The velocity of a 

laminar flow at low slopes (a) is calculated by the equation (Murase and McBirney, 

1970): 

v = pgah2/3T]. (14) 

At the laminar-turbulent flow boundary (Re = 500), viscosity (T]) is determined for each 

2-dimensional discharge rate (Q2D) = vh, allowing calculation of v and h for tholeiite. 

Assuming velocity is constant, the distance this flow can travel before a solid crust forms 

and attains half the flow thickness (assumed to be sufficient to stop the flow advance) is 

estimated by the following equation (Head and Wilson, 1986): 

(15) 

where A is a non-dimensional Gratz number determined to be 270 for lava, and 1C is the 

thermal diffusivity of the solid basalt crust at a mean crustal temperature near 900°C (0.6 

mm2/s). Results are shown in Table 3.4. Laminar flows may travel an extremely long 

distance, if the flow is heavily crusted and the discharge rate is high. However, channel 
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TABLE 3.3. Distance Turbulent Flows of Various Discharge Rates Can Travel After 

Reaching Eutectic Temperature 

Discharge Q2D (m2/s) 10 100 1000 

llslurry (Re = 500) 54 540 5400 

LphIFR 7589 35215 163454 

<Pc 0.0915 0.2040 0.2833 

t(s) 694 7184 46307 

Distance (km) 3.90 87.0 1208 

TABLE 3.4. Distance Laminar Flows of Various Discharge Rates Can Travel 

Dischar~e Q2D (m2/s) 1 10 100 1000 

Velocity (m/s) 1.14 2.45 5.29 11.39 

Flow thickness (m) 0.88 4.08 18.90 87.80 

Distance (km) 5.45 252 11664 5x105 
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erosion generally cannot occur, and the flow will tend to fill in any channel through 

which it passes. 

For a lava to thermally erode, its temperature has to be higher than the eutectic 

temperature of the substrate, which is assumed to have a similar eutectic to that of the 

lava. I found that for the lava erupted at 1500°C, a discharge rate of over 3000 m2/s, 

corresponding to a flow thickness of - 80 m, is required to travel 6800 km before 

reaching its eutectic temperature under the optimized conditions. This would only be 

possible if the flow was much deeper than the observed present depth of the channel. If 

the channel was once deeper and continued eruption provided lava to be solidified on the 

channel floor, or if degradational processes had modified the channel structure, the 

measured depth may not reflect the real depth of formation. However, there are 

morphological arguments against such a high discharge flow. Assuming a channel width 

of 1 km, 3000 m2/s corresponds to a 3-dimensional discharge rate of about 3x106 m3/s. 

This far exceeds eruption rates of a terrestrial flood basalt event, which is about 1 

km3/day/km (equivalent to 11.6 m2/s (Swanson et aI., 1975)). The rate of 3x106 m3/s is 

equivalent to the water discharge rates responsible for the origin of terrestrial and Martian 

outflow channels (Baker, 1982). Such a high discharge rate is expected to cause a braided 

pattern as we observe in outflow channels. The more obvious results of lowering 

temperature and the Reynolds number as the flow travels would be shallowing and 

narrowing of the channel in the downstream direction. These are primary characteristics 

of erosional lava channels on Earth, Mars, and the Moon, and certain types of channels on 

Venus, but they have not been observed for canali (Baker et aI., 1992). 

Large effusions of lava may travel some distance as turbulent flows after reaching 

their eutectic temperature (Table 3.3) and additional great distances during the laminar 

stage of flow (Table 3.4). However, once reaching the eutectic temperature, thermal 

erosion is ineffective, and, once the lava enters the laminar regime, it becomes ineffective 

both as a thermal and as a mechanical erosional agent. Moreover, the expected 

longitudinal change of flow rheology as crystal content increases and as a solid crust 

thickens should be reflected in channel morphology. This transition is not observed in 

canali. 

Turbulence is not required if the canali originated mainly as constructional 

channels. As suggested in Table 3.4, the discharge rate of tholeiitic lava does not 

necessarily have to be over 100 m2/s nor must the eruption occur at a very high 

temperature to travel over 6800 km. Nevertheless, lava generally ceases to flow when the 
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supply of lava is cut off, which usually happens long before the lava solidifies (Hulme, 

1982). The total canali lengths of thousands of kilometers indicate that the flow durations 

must have been abnormally long. Although the shallow depths of canali may not require 

incision into the substrate, the lack of obvious canali flow deposits/levees (stationmy lava 

developed along the sides of a flow) is in clear contrast with many well-defined lava 

levee/channel morphologies that are widespread on the surface (Baker et aI., 1992). 

According to Hulme (1974), the levee width (Wb) is expressed by 

wb = Y/2gpa2 (16) 

where Y is a yield strength. For a range of Y for the terrestrial basalts 102-104 N/m2 

(Moore et aI., 1978), the width is about 2-200 km. These are observable scales on 

Magellan images. It is possible the flow deposits/levees are not observed because the 

channel-forming lava had a very low yield strength resulting in a very narrow levee. 

Alternatively, a very low-viscosity lava might not produce a rough surface to be 

recognizable in SAR images. Degradational and/or burial processes may have obliterated 

flow deposits/levees. 

In laminar flow, a thickened crust of could eventually lead to the formation of a 

solid, and fixed roof. If canali originally formed as lava tubes, roofing would insulate lava 

from the atmosphere and reduce the cooling rate. According to Oberbeck et al. (1969), 

the maximum width of uncollapsed roofs of terrestrial tubes is about 30 m. For similar 

gravity and higher surface temperature on Venus, the maximum roof width would not be 

very different from that on Earth. For the wide channels, as soon as the support by flow is 

removed, the roof has to collapse. The canaIi-type channels' floors appear to be generally 

flat or incised by a secondmy channel, and do not show clear evidence of collapsed roofs. 

So it is difficult to prove this origin morphologically. 

Baker et a1. (1992) proposed alkaline or ultramafic silicate lavas, carbonatite and 

sulfur as candidate channel-forming materials. These are known to have low viscosities at 

their melting temperatures. Alkaline and ultramafic silicate lavas have higher eruption 

temperatures than that of tholeiite, which may lead to marginally longer cooling times, 

but higher solidification temperatures tend to counterbalance this effect. 

Carbonatite lavas have melting points lower than those of silicate lavas, and 

viscosities orders of magnitude lower. Alkali-rich carbonatites have melting points 

comparable to or slightly greater than Venus ambient temperatures, potentially allowing 
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considerable travel distance and mechanical erosional capacity. Sulfur's melting 

temperature is lower than the ambient temperature, so it remains molten under current 

conditions. The viscosity of sulfur under Venus surface conditions is comparable to that 

of water on Earth. Carbonatite and sulfur may be satisfactory candidates in terms of the 

travel distance. Although these lavas cannot thermally erode ground materials, their 

advantage is that they can travel long distances even at very low discharge rates. Also, 

because the melting temperatures of these lava candidates are close to or lower than 

Venus ambient conditions, temperature-dependent rheologies remain nearly constant all 

the way. These advantages make many morphological characteristics easier to 

understand, and reinforce morphologic and physical analogies to the case of terrestrial 

channels mechanically eroded by water (Baker et aI., 1992). Both erosional and 

constructional origins by carbonatite and sulfur are plausible. Since carbonatite 

eventually solidifies, it may form a channel constructionally but the very low viscosity 

during molten stage promotes erosion. Sulfur may construct channel banks by depositing 

eroded materials. Sulfur has one limitation not suffered by carbonatite, namely that the 

low humidity of sulfur in the Venus atmosphere causes it to evaporate rapidly, whereas 

the C02 pressure of the Venus atmosphere is near carbonate saturation. 

Although carbonatite and sulfur are rheologically satisfactory, production of these 

lavas must be explained. The total amount of lava required to scour channel #1 in Table 

3.1 is estimated to be about 10 12 m3, assuming the width is I km, the depth is 20 m and 

the ratio of lava to eroded material is 10. No known terrestrial examples of carbonatite 

and sulfur volcanism match this scale. If canali were eroded by such exotic lavas, the 

volume would be unique among the terrestrial planets. 

Cross-sections of potential canali structures are summarized in Figure 3.5. Canali 

may have formed by either construction or erosion, or by a combination of the two. Local 

levees observed along canali may be mechanically eroded and deposited on channel 

banks. If this is true, the occurrence of levees does not exclude an erosional origin. On the 

other hand, even for channels mainly formed by constructional processes, erosional 

processes may also have operated. 

3.3. Discharge Estimates for the Venus "Outflow Channel" 

The "Outflow Channel" at lat. 45-52 oS, Ion. 19-32° E has an assemblage of 

landforms similar in morphology to that observed in Martian outflow channels (Baker et 
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constructional, erosional, or a combination of two processes. 
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aI., 1992). The "Outflow Channel" has a collapsed source, and the dimensions of its 

anastomosing reach are suggestive of an extremely high discharge rate. It is highly likely 

that the channel was formed over a relatively short time by catastrophic mechanical 

erosion, as in the case of Martian outflow channels. However, radar bright terminal 

deposits suggest genesis by a channel-forming lava rather than by water. The channel's 

size dimensions are given in Table 3.5. 

The channel seems to have been formed by highly turbulent flow as suggested by 

the shapes of streamlined, probably erosional landforms (Fig. 2.15). For highly turbulent 

flow, the velocity can be approximated by a Chezy equation of the form 

v = (2gdafCr )112, (17) 

where d is flow thickness, Venus gravity (g) = 8.87 m/s2, and slope (ex) = 0.0005. 

Assuming that friction coefficient Cr is between 0.001 and 0.05 (range of Cr appropriate 

for calculation of water discharge), one can calculate the velocities for a range of flow 

thickness (d=l, 10, 100 m, Table 3.6). 

The range of discharge rates (3-D) is estimated as 103-4x107 m3/s from Table 3.6 

(d = 1-100 m and C f = 0.001-0.05), since the range of width is about 3-15 km. However, 

we can narrow the range by evaluating the depth measured from the radar foreshortening 

effect (C. Weitz, personal communication). 

The range of peak discharge rates can be estimated from channel geometry, 

assuming that the flow thickness was equal to the depth of the channel. In the case of 

terrestrial catastrophic flood channels, the high water marks come close to the edge of the 

banks. If the outflow channel's morphology is a result of flow processes similar to those 

of catastrophic flood channels on Earth, I can justify the use of flow thickness equal to 

the depth of the channel. 

The only available depth measurement was unfortunately at a straight segment 

near the source, which may be controlled by tectonics. The anastomosing reach shows 

the best evidence of a high discharge rate but the depth could not be determined there. 

Since the slope is 0.0005, the velocity for a 17 m thick flow would be about 12.28 mls (at 

Cr = 0.001) and 1.74 mls (at C r = 0.05). Since the width is about 3 km, the discharge rate 

(3-D) would be about 6x105 m3/s (at C r= 0.001) and 9x104 m3/s (at C f = 0.05). 

For the anastomosing reach, the width of the channel is significantly wider (15 

km). This may be a response of the channel to a steeper local slope, although I do not 



Table 3.5. Size dimensions for the "Outflow Channel" 

Length 

Width 

1200km 

3 -15 km 

Depth (channel wall height)* < 34 m 

66 

(at lat. 48.8°S, Ion. 19.5°E, width is 3 km, slope is 0.0005) 

Area of terminal deposits 

Regional slope 

1.1x105 km2 

0.0005 

* The error is constrained by the size of pixel in the digital image. One pixel size (75 m) 
translates to 17 m in vertical distance at this location. Since the difference between 
foreshortening of two channel walls is small (about 1 pixel), I estimated the maximum 
channel height to be twice the error value. 

Table 3.6. Parameters and discharge rates for the "Outflow Channel" 

slope(a) thickness(d) friction 

coefficient(Cr) 

velocity(v) discharge rate per 

unit channel width 

-------------------------------------------------------------------------------------.--------.------------
Minimum 0.0005 1m 0.001 2.98 mls 2.98 m2/s 

0.05 0.42 m/s 0.42 m2/s 

Moderate 0.0005 10m 0.001 9.42 mls 94.2 m2/s 

0.05 1.33 mls 13.3 m2/s 

Maximum 0.0005 100m 0.001 29.78 mls 2978 m2/s 

0.05 4.21 mls 421 m2/s 
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know the paleoslope of this segment at the time of formation. The current slope is about 

0.0005. The channel depth is also unknown, but appears to be shallower than the straight 

segment. The velocity for a 10 m thick flow would be about 9.42 m/s (at Cf = 0.001) and 

1.33 mls (at Cf= 0.05). Since the width is about 15 km, the discharge rate (3-D) would be 

about 106 m3/s (at Cf = 0.001) and 2x105 m3/s (at C f = 0.05).The range of peak discharge 

rates is about 105-106 m3/s. If lava solidified on the channel floor, the depth may not 

really represent the flow thickness. Indeed, the depth/width ratio of the channel is much 

smaller than typical for terrestrial and Martian outflow channels. The foreshortening 

measured was that of channel walls, so it may not be representative of the depth of the 

channel. Parker (1992) reported a much greater depth (up to 200 m) near the source based 

on the left and right looking SAR stereo. The stereo measurement could be more accurate 

than foreshortening measurements. However, the measurements have not been conducted 

for the areas discussed here. Moreover, the slope may have been significantly different at 

the time of formation, because the draining of a large quantity of lava could have caused 

a subsidence of the region. Our estimate is subject to the above limitations. The estimated 

discharge or effusion rate is comparable to those for some maximum-scale volcanic and 

fluvial processes in the solar system (Table 3.7). 

I also estimated the range of power per unit area (W) of the flows. The flow 

power is given by the formula, 

W='YQaJw, (18) 

where 'Y = pg is the specific weight of the fluid (23949 N/m 3 for silicate lava) and w is the 

width of the channel. For a flow 10 m thick, and slope (a) = 0.0005, the range of W is 

1.6x102 W/m 2 (at Cf = 0.05) - I.Ix103 W/m2 (at Cf = 0.001). This range of W is 

equi valent to powers of some terrestrial floods (Baker and Costa, 1987). This large power 

is strongly suggestive of mechanical erosion, which may have played a very important 

role in the formation of this channel. Power of mechanical erosion depends on lava type 

(Fig. 3.6), however the difference is small and the discussion on power estimate alone 

does not identify channel-forming lava. 

The total volume of the "outflow" channel is about 10 10-10 I 1m3, which 

represents the approximate volume of eroded material. The terminal deposits are probably 

a mixture of eroded material and flow material. The maximum thickness of the deposits is 

estimated to be 500 m based on the topography of the region. At this thickness, the 
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Table 3.7. Discharge rates of major volcanic and fluvial events in the solar system 

2-D 3-D references 

Volcanic 12rocess 

Lunar channel forming event 104-106 m3/s [1] 

107 - 6xlO Bkg/s [2] 

Lunar flood basalt event 104-105 m3/s [3] 

8x104 m3/s [4] 

Terrestrial flood basalt event 1 km3/day/km (11.5 m2/s) [5] 

Terrestrial komatiite flow 1-102 m2/s [6] 

Fluvial 12l'Ocess 

Martian outflow channels lOs-lOB m3/s [7] 

Mississippi River 3x104 m3/s [7] 

Missoula Floods 105-107 m3/s [7] 

References: [1] Hulme and Fielder, 1977 [2] Head and Wilson, 1980 [3] Head and 

Wilson, 1986 [4] Hulme, 1974 [5] Swanson et aI., 1975 [6] Huppert et aI., 1984 [7] 

Baker, 1982 
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calculated volume of the terminal deposits is about 5.5x 10 13 m3• In this case, the amount 

of eroded material is insignificant compared with the volume of the terminal deposits, 

hence the terminal deposit would be mostly channel-forming lava. The duration for 

channel formation for the "peak" discharge can be estimated to be > 108-109 s. If the 

terminal deposits are much thinner (- 1m), the volume of the terminal deposits would be 

1.1xlOI1 m3 and the volume of the eroded material occupies a larger fraction of the total. 

The time for the channel formation is thereby estimated to be > 105-106 s. 

This tentative estimate of the formation time is strongly dependent on the estimate 

of the terminal deposit volume. Moreover, we do not know the channel-forming fluid. 

Sulfur, for example, could evaporate into the atmosphere, making it difficult to estimate 

the original volume. 

3.4. Origin of VaHey Networks 

VaHey networks on Venus are hypothesized to be similar to sapping vaHeys on 

Earth and Mars (Baker et aI., 1992; Gulick et aI., 1992b). I discuss 12 vaHey networks 

discovered to date and evaluate various processes for their formation. 

Many of the 12 valley networks discovered to date occur in or near the highland 

regions which arc presumably highly fractured. Some valley networks arc found in close 

association with coronae. The orientations of individual valley segments are sometimes 

consistent with the concentric and radial fracture trends caused by tectonic activity 

associated with coronae. These relationships suggest that valleys are strongly controIled 

by regional structure. Some valley networks have morphology transitional between 

vaIleys and meandering channels. This implies involvement of some fluid in the valley's 

enlargement process. Alternatively a fluid may have merely taken advantage of pre

existing valleys. 

Ground water probably could not have been the agent for removal of material 

because the current surface of Venus is very dry, and high temperatures prohibit the 

existence of liquid water. This also prohibits the existence of water aquifer systems in the 

crust. Silicate lavas exhibiting very low viscosities at high temperatures, may have 

thermaIly eroded and removed material along the fractures. Such lavas may produce high 

erosion rates. However, at low discharge rates, the lavas would have been quenched too 

quickly to sustain fluidity. They would have solidified before they could become 
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effective in removing materials. Carbonatites or sulfur are attractive candidates for Venus 

valley erosion because of their low viscosities and low melting temperatures. While these 

fluids can not thermally erode silicate host rocks, they can physically remove material. 

Removal of material can be enhanced if various weathering processes (physical and/or 

chemical) loosen the material. In the case of terrestrial sapping processes, the required 

amount of water to erode the medium would be on the order of 102 (unconsolidated 

sediments) - 105 (consolidated rocks) times more than the eroded material (Howard et aI., 

1988). By analogy, if the volume of the valleys at lat. 57.5°S, Ion. 165°E is about 5x109-

5xlO IO m3 depending on depth, the amount of required erosive fluid is about 5x101 L 

5x1015 m3. The production of such large amounts of lava of exotic composition is not 

known on Earth and may be problematic on Venus too. 

The hierarchical complexity for valleys is higher (higher order branches) than for 

lunar valleys developed in association with sinuous rilles. However, the complexity is 

lower than that exhibited by Martian valley networks (Gulick et aI., 1992b). The valleys' 

complexity may be indicative of the process required for the fluid movement through the 

host rock medium. It is possible to estimate the flow rate (v, discharge through a cross

sectional area) of moving fluids through various media by the following the formula 

derived from Darcy's Law (Turcotte and Schubert, 1982). 

v = kg(Ps-PI)lrl, (19) 

where k is the permeability of the medium, g is gravity, '11 is the viscosity of fluid, Ps is 

the density of the medium and P I is the density of the fluid. The fluid motion is driven by 

the density contrast between the lava and medium. The flow rate is a strong function of 

the permeability, which ranges from 10-5-10- 12 cm2 depending on the medium. From this 

equation, we can compare relative mobilities of various lavas on Venus to that of water 

on Earth. 

Vlava(Vcnus)/vwatcr(Eurth) = gVcnus '11wutcr( Ps-Pluvu)/gEurth '11luva (ps-Pwutcr) (20) 

I assumed that the composition of the medium is tholeiitic (Ps = 3100 kg/m3). The Venus 

gravity is 8.87 mls2, and that the Earth gravity is 9.8 mls 2. The results are shown in Table 

3.8. 
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Table 3.8. Relative mobility of various lava types through permeable media 

Relative Mobility 

111ava (Pas) Plava (kg/m3) Vlava(Venus)lvwater(Earth) 

Water (Earth, 273°K) 0.002 1000 1 

Tholeiite (melting temp.) 35 2700 9.85xlO-6 

Komatiite (melting temp.) 0.1 2730 3.l9xlO-3 

Carbonatite (melting temp.) 0.005 2200 0.16 

Sulfur (Venus ambient temp.) 0.04 1600 0.03 
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The results show that the relative mobilities of various lavas on Venus are much lower 

than terrestrial water. This relative mobility may be correlated with the time scale for 

valley formation by sapping process. Since some of the valleys are an order of magnitude 

bigger than terrestrial sapping valleys, the time scale would have to be 102-106 times 

longer than that of terrestrial sapping valleys. 

Alternatively lava may have been mostly transported through wide open fracture 

system rather than through a compacted granular medium, and this may be the most 

likely process. The lava may erode and widen fracture walls thermally and mechanically. 

The lava itself probably widens the fractures by its internal pressure. This significantly 

reduces the distance that the lava has to move through a compacted granular medium. 

Assuming magma ascends by buoyancy force, the flow rate of the fluid moving through a 

circular conduit of diameter 2d and constant K related to friction at high Reynolds 

numbers (Wilson and Head, 1981) is 

(21) 

The above equation suggests that viscosity and permeability are not factors affecting the 

velocity. The relative mobility is 

Vlava(Ycnus)/vwatcr(Earth) = (gYcnus(Ps-Plava)Pwatcr)/gEarth(Ps-Pwatcr) Plava} 112 

(22) 

The flow rate contrast between terrestrial water and lava is much smaller than in the case 

of movement in a granular medium (Table 3.9). At low Reynolds numbers, the flow rate 

(Wilson and Head, 1981) is 

(23) 

where A is a constant related to friction. In this case, the viscosity plays a major role in 

the same manner as in equation (20). This indicates that a high-viscosity lava takes a long 

time to remove materials. 
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Table 3.9. Relative mobility of various lava types through fractures (at high Reynolds 

numbers) 

Plava (kg/m3) 

Water (Earth, 273°K) 1000 

Tholeiite (melting temp.) 2700 

Komatiite (melting temp.) 2730 

Carbonatite (melting temp.) 2200 

Sulfur (Venus ambient temp.) 1600 

Relative Mobility 

Vlava(V cnus) IV water(Earth) 

1 

0.25 

0.24 

0.42 

0.64 
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4. GLOBAL DISTRIBUTION 

The broad variety of channels and associated landforms on Venus may be useful 

indicators of lava eruption processes. Here I discuss possible volcanic eruption styles 

based on the channel morphologies and their geological associations. 

Channels and valleys were mapped using the morphological classification 

presented above, as shown in Table 2.1. I investigated nearly the total coverage of the 

Magellan images, but only CI-MIDRs (spatial resolution 225 m)were used to designate 

channels in this inventory in order to insure similar observing standards for the entire 

mapped sample. Figure 4.1 shows the distribution, and Figure 4.2 summarizes some 

general patterns in the channel and valley distribution. 

4.1. General Distribution 

Channels are widely distributed, but their distribution is not uniform. Equatorial 

regions seem to have unusually high channel densities (Fig. 4.2). These areas include 

highlands, rift and fracture zones associated with large shield volcanoes, coronae, and 

other volcanic features. These regions contain areas (e.g., the Atla-Beta region) with the 

highest densities of various volcanic features on the planet (Head et aI., 1992). However, 

as discussed below, there are other regions of low volcanic feature density that have high 

concentrations of canali-type channels. 

4.2. Distribution and Geological Associations of Classified Channels and Valley 

Networks 

Sinuous rilles are widely distributed, but there are several regions of especially 

high concentration. More than half (39 out of 59, Table 4.1, in which clusters of very 

small sinuous rilles were counted as one) occur on or near coronae, corona-like features 

or arachnoids (Fig. 4.3), suggesting that channel-forming processes may be closely 

related to coronae evolution. Flow directions are generally consistent with the regional 

slope if the rilles occur on highlands. 

Simple channels with flow margins are widely distributed (Fig. 4.1) and they 

commonly feed extensive lava flows associated with various volcanic edifices (e.g., 

coronae, shield volcanoes, rift and fracture zones). 
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the map). This may be an observational bias because of image resolution. 
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Figure 4.1. A global distribution of Venusian channels and valleys. The areas north of SO'N 
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Table 4.1. Geological settings of sinuous rilles 

Coronae·r Plains* Highlands Others 

39 11 7 2 

Clusters of small channels are counted as one. 

t Corona-like features and arachnoids are also included 

* Plains include large highland plains 
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illumination from the left). Scale bar equals 50 km. Close to half of all sinuous rilles occur either 
inside the annulus ring or at close proximity to coronae, corona-like features, or arachnoids. 
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CanaH are concentrated in several plains regions, including southern Guinevere 

Planitia, Helen Planitia, eastern Aino Planitia (southeast of Artemis Chasma), and the 

plains north of Rusalka Planitia. An example of a plains-canaIi association is illustrated in 

Figure 2.9. The channels trend in somewhat random directions, and occur on relatively 

smooth plains that have a low density of tectonic and volcanic features. Few canaH have 

clearly defined sources or termini. All regions of canaH concentration are topographically 

smooth, leading to a potential observational bias, whereby we might more easily 

recognize canaH in plains than in other geological terrain types. For other geological 

terrains, the channels might be destroyed by subsequent geological processes, or they 

might be more difficult to discern. However, not all plains have a high concentration of 

canali. Small-scale canaH may be found in future analysis of increased-resolution images. 

Nevertheless, the fact that canaH larger than a certain scale (longer than a few ten 

kilometers) are observed only in some specific plains suggests that those plains favor 

their formation. All canaH are more or less modified by subsequent tectonism andlor 

volcanism, indicating that their formation was not geologically recent. 

Complex channels with flow margins are widely distributed (Fig. 4.1). These 

channels feed extensive lava flows that are associated with various volcanic edifices (e.g., 

coronae, shield volcanoes, rift and fracture zones). An example of channels with flow 

margins, associated with fracture zones, is shown in Fig. 4.4. 

Only 6 compound channels were identified in this study. 

Networks are rare. They are observed in the highlands, particularly in Aphrodite 

Terra. They are sometimes closely associated with corona, corona-like features or 

arachnoids (Fig. 4.5). 

4.2.1. Rift and Fracture Zones, and Highlands 

The equatorial regions of Venus have a high channel density as discussed above 

(Figs. 4.1 and 2), Among them, the AtIa-Beta region is the focus of rift zone-type 

volcanism including volcanic edifices, such as shield volcanoes and coronae. Many 

channels with readily discernible flow deposits (channels with flow margins) are 

observed in this region (Fig. 4.4). Associated lava flow deposits indicate either that lava 

flow properties permit the generation of a rough surface, or that the lava flows are too 

young to be obliterated. Terrestrial oceanic and continental rifts are also commonly the 
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Figure 4.4. Part of the Atla Regio (Iat. 3°S-TN, Ion. 206-223°E, C I-OON215, radar illumination 
from the left) and complex channels with flow margins (arrows). Scale bar equals 300 km. Atla 
Regio is characterized by complex fracture zones. 



Figure 4.5. Labyrinthic valley networks and coronae (lat. 56.5-60oS, Ion. 160-170oE, CI-60S 153, radar illumination 
from the left). Scale bar equals 100 Ian. It is very clear that the valley development takes advantage of pre-existing 
fracture systems, formed by the tectonic influence of two coronae. This relationship also implies a possible corona
related supply of fluid material, necessary for the hypothesized sapping origin of these networks. 
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focus of large-scale volcanic processes, so these associations may be analogous to those 

on Venus. 

Tectonically deformed Aphrodite Terra seems ideal for valley network formation, 

as indicated by the high concentration of networks there. Tectonic deformation probably 

provided fractures susceptible to enlargement by fluid flow and associated sapping. 

Moreover, the fluids (e.g., silicates, sulfur or carbonatite) were probably supplied to the 

system by an active volcanic process. This hypothesis is consistent with the observation 

that Aphrodite Terra seems to have been a site of extensive volcanism. 

4.2.2. Coronae, and Sinuous Rilles and Valley Networks 

If coronae are the surface expressions of mantle plumes (Stofan and Saunders, 

1990; Stofan et a1., 1992), the factors that likely contribute to sinuous rille formation, 

particularly high effusion and a long duration, are relatively easily explained. Not all 

mantle plumes may produce surface expression as coronae, corona-like features or 

arachnoids. Thus, even more sinuous rilles may be related to mantle plumes than the 

number inferred from direct associations with coronae, corona-like features or arachnoids 

(Table 4.1). On Earth, the surface volcanism of mantle plumes is generated by high rate 

effusion, sustained flood basaltic outpourings (Duncan and Richards, 1991). Mantle 

plumes may form and reach the surface in a "distributed" manner, instead of being 

concentrated along specific tectonic zones as on Earth (Kaula, 1993). According to one 

scenario, the huge volume plume ascending through the mantle eventually reaches and 

stalls beneath a rheological barrier (usually the lithosphere) and/or at a neutral buoyancy 

zone (Head and Wilson, 1992). The plume imposes stress on the overlying host rocks and 

eventually melts by decompression and erupts lava on to the surface. If the neutral 

buoyancy zone does not exist, the lava erupts at high rates without stalling at that leve1. 

Magma contained in neutral buoyancy zones could have differentiated to yield low 

viscosity lavas along with higher viscosity lavas. 

A problem with the above model is that no known terrestrial flood basalt event 

has resulted in lava channels of dimensions comparable to those of the sinuous rilles. 

Moreover, the model does not explain the apparent thermal erosion on Venus, even 

taking into account atmospheric effects. Assuming that sinuous rilles are mainly, or at 

least partially, erosional in origin, a possible explanation might be the occurrence on 

Venus of erosive lavas that are compositionally different than those commonly occurring 



85 

on Earth. The responsible magma derived from deep in the mantle probably had a very 

low viscosity and a high temperature. This was discussed more extensively above. 

The Venus mantle is hypothesized to have a higher temperature than that of the 

current Earth partially because of its higher ambient surface temperature (Stevenson et 

aI., 1983). Alternatively, Venusian mantle may have had a higher temperature than that of 

the current Earth but has cooled (Arkani-Hamed et aI., 1993). The higher mantle 

temperatures may result in the generation of high-MgO silicate, picrite, and even 

komatiite along the hotter cores of rising Venusian mantle plumes (Hess and Head, 

1990), thereby leading to the formation of erosional lava channels (Fig. 4.6). A terrestrial 

example of lava channel formation by komatiite has been found in the western Australian 

Archaean shield (Barnes et aI., 1988a, b; Huppert and Sparks, 1985). Locally, komatiite 

flows thermally eroded felsic ground rocks to depths in excess of 100 m (Barnes et aI., 

1988a). The resulting terrestrial komatiite channel occurs in the Yilgarn Block (Fig. 4.7), 

a 1000x700 km quasi-circular Archaean shield consisting of granitic intrusive rocks and 

greenstone belts. Such circular to quasi-circular structures are among a variety of 

morphostructure widely distributed on terrestrial continents (Baker et aI., 1993). Coronae 

are morphologically similar to terrestrial morphostructures (Baker et aI., 1993; Kargel 

and Komatsu, 1992), and may be only one of a variety of quasi-circular morphostructures 

characterizing the terrestrial planets (Finn et aI., 1991). The genesis of Archaean shields 

(greenstone belts and granitoids) has been hypothesized both in terms of mantle plume 

(e.g., Hill et aI., 1992) and plate tectonic scenarios (e.g., de Wit et aI., 1992). 

Coronae are dominated by interior smooth plains (Stofan et aI., 1992), whose 

characteristics of emplacement indicate inundation by low viscosity lava, probably 

basaltic. This is in contrast to terrestrial Archaean shields, which are dominated by 

granitic intrusions. However, the Archaean shields of Earth are deeply eroded, exposing 

their subsurface roots, unlike coronae, which are mostly unmodified by erosion. 

Campbell and Hill (1988) hypothesized that the Yilgarn block was once covered 

extensively by mafic-ultramafic volcanic sequences. During early, active stages, 

terrestrial young mantle plume volcanism is hypothesized to produce high-MgO lavas, 

such as picrite (Griffiths and Campbell, 1991). Mantle plumes during the Archaean could 

have had yielded more MgO-rich lava, such as komatiite, because of higher mantle 

temperatures at that time (Campbell et aI., 1989). If the Yilgarn block is an ancient eroded 

morphostructure originally formed by mantle plume processes, its association with a 

komatiite channel may provide an analogue for Venusian coronae and associated sinuous 
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Figure 4.6. Schematic illustrations of sinuolls rilles and valleys lava petrogenesis by mantle 
plumes. a) Plume head ascending stage. The head consists of voluminous mafic magma, probably 
of tholeiitic composition. This head may stall and fonn a neutral buoyancy zone depending on its 
density and altitude. The hotter core of the plume may have a high-MgO composition, such as 
picrite and komatiite. If the mantle has a high C021H20 mtio, alkaline mafic magma may form as 
in the case of some terrestrial hot spots. A potential subproduct of alkaline mafic magma is 
carbonatite. b) Basalt dominates the bulk of the extruded lava. It may thermally erode basaltic 
ground material. However, the large depth of some sinuous rilles may require a more efficiently 
eroding lava. Picritic and komatiitic lava. which tend to associate with some mantle pluming 
events are prohabk: candidates for such crosioll process. Likcwise, the alkaline mafic lava is also 
a candidate because of its relatively high eruption temperatures and low viscosities. Some valley 
networks associated with coronae may also be explained in the context of these scenarios. Highly 
erosive low-viscosity silicate lavas and mantle-derived carbonatite or sulfur lavas may also act as 
sapping-fluids. Another possibility is that concentrations carbonate or sulfides, which are 
normally stable in the crust, may be mobilized by the heat from the mantle plume and worked to 
become a sapping fluids. OJ 
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Figure 4.7. Schematic map of geological provinces of western Australia (compiled from the 
Geological map of Western Australia, 1979, Geological Survey of Western Australia). The 
Yilgarn Block is a IOOOx700 km quasi-circular Archaean shield. The exposed rock types are 
mostly granitic intrusions rocks and greenstone belts (shown by solid black units). The greenstone 
belts consist of mafic-ultramafic volcanic and intrusive, and associated sedimentary rock 
sequences. The arrow indicates location of the Agnew mine, where a channelized structure 
formed by the thermal erosion by komatiitic lava was discovered (Barnes et aI., 1988a, b). 
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rilles. Other possible reactions to generate high MgO-magma include melting of 

magnesite-bearing garnet lherzolite and loss of some elements from magma along with 

C02 (Edwards, 1992). 

Alkaline mafic lavas including alkaline basaltic lava also have relatively low 

viscosities and high liquidus temperatures (Murase and McBirney, 1973, Kargel et aI., 

1993). On Earth, some alkaline lavas erupt at mid-oceanic island geologic settings (Gupta 

and Yagi, 1980). Such islands are hypothesized to be formed by the trails of mantle 

plume feeders (Duncan and Richards, 1991). The C02 in the mantle reacts with Ca- and 

Mg-bearing minerals to form alkaline magma and carbonatite (Wyllie and Huang, 1975). 

Carbonatite, sulfur, or sulfide magma might separate immiscibly from C02- or S- bearing 

silicate magmas during the ascent of a plume and its differentiation in the lithosphere. A 

high activity of C02 in parts of the mantle seems to be indicated by the potassic mafic 

rocks sampled by one or two of the Venera landers (Kargel et aI., 1993). 

As in the case of sinuous rilles, coronae may locally provide the necessary source 

requirements for "Outflow Channel" formation. The "Outflow Channel" shown in Figure 

2.14 is located on a corona-like highland plateau. The channel's morphology 

(anastomosing reach, streamlined landforms and small depth/width ratio compared with 

sinuous rilles) can be explained by the catastrophic nature of its formation (Komatsu and 

Baker, 1992b). 

Some valley networks also are found to be closely related to coronae. They are 

developed along fracture systems probably caused by the tectonic movement responsible 

for formation of the coronae. The valley networks are hypothesized to form by the fluid 

motion through underground fracture systems (lava sapping process, Gulick et aI., 1992b; 

Komatsu et aI., 1992c). Magma (low-viscosity silicates or exotic lavas) ascending 

through the fractures thermally and mechanically erodes and enlarges them, thereby 

leading to valley formation. For terrestrial sapping valleys, the ratio of water to removed 

material is as great as 105 (Howard et aI., 1988). If thermal erosion is especially effective, 

the ratio of lava to removed rock must be much smaller. Nonetheless, a long-lasting 

supply of lava in forming valleys seems to be required. The trailing phase of mantIe 

plumes on Earth is hypothesized to be long lasting (Griffiths and Campbell, 1991), and a 

similar process may be evidenced by these valleys on Venus. A possible involvement of 

exotic lavas for valley network genesis was suggested by Komatsu et ai. (l992c). In 

addition to the segregation of carbonatite and sulfur from a primary magma, an 

interesting possibility for generation of these exotic lavas is that the heat from a mantle 
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plume might melt crustal carbonate, sulfur, or sulfides. Calcite is stable in the upper crust 

of Venus (Fegley et aI., 1992), and some sulfides, including pyrite, are stable on the 

surface at certain elevations (Wood, 1992). The crustal concentrations of these materials 

might arise either from sedimentary burial during ancient epochs on Venus, predating the 

extant surface configuration, or from prolonged periods of chemical weathering under 

current conditions. 

4.2.3. Canali and Plains Volcanism 

Eastern Aino Planitia and the plains north of Rusalka Planitia have a relatively 

low density of volcanic features as shown in the map by Head et a1. (1992). However, the 

density of canali is extremely high. Their local preservation might be explained by a lack 

of major modifications of these plains in contrast to others. However, gradient reversals 

observed in longitudinal profiles of the canali suggest that there was considerable tectonic 

deformation after canali formation (Parker et aI., 1992; Baker et a!., 1992). Perhaps the 

plains are relatively old and preserve an original surface that was tectonically warped. 

Unfortunately, we can not determine if these plains are older than other geologic units 

from cratering records because of large counting uncertainties (Schaber et a!., 1992). 

Canali probably formed either mainly as constructional channels, or as channels 

eroded by some exotic fluids, such as carbonatite or sulfur (Komatsu et aI., 1992b). Plains 

composition measured by the Venera and Vega landers is silicate (Surkov et a!., 1983; 

Kargel et aI., 1993), but this does not exclude local involvement of exotic lavas for an 

erosional and possibly constructional origin if the transported sediment build up banks. 

The mantle is probably enriched in volatiles including sulfur and carbon dioxide (Kaula, 

1993; Kargel et a!., 1993). Baker et a1. (1992) and Komatsu et a1. (1992b) proposed 

carbonatite and sulfur as possible channel-eroding lavas. These lavas show extremely low 

viscosity at ambient temperatures, which seems consistent with many morphological 

properties of canali (Baker et a!., 1992). 

As discussed in the previous section, carbonatite and sulfur may segregate from a 

primary silicate magma. Both alkaline mafic lavas and carbonatite are characteristic of 

terrestrial continental rift zones, which are associated with decompression melting to 

form mantle derived magma (White and Mckenzie, 1989; Richards et aI., 1989). Potassic 

mafic lavas have been detected by Venera landers in plains regions, although the sites are 

close to rift zones (Kargel et aI., 1993). Thus, plains formation and canali genesis may 
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imply a common mechanism that involves interaction of C02 with the mantle. As 

suggested for the valley networks, melting of carbonate or sulfides in the crust by the 

applied heat of rising plumes is an alternative to deriving them from primary magma 

differentiation. 

If canali are mainly constructional in origin, they would be expected to show 

evidence of flow margins. Since nearly all lack flow margins, either the margins are 

difficult to observe, or they may have been obliterated (Komatsu et aI., 1992b). Arvidson 

et a1. (1992) pointed out that backscatter characteristics of some geologic units suggest 

degradation by weathering, and burial by eolian processes which might mask any flow 

margins. A constructional origin does not require exotic lava compositions, since 

relatively typical ranges of mafic to ultramafic lavas are capable of flowing long 

distances so long as flow discharge is relatively high and flow supply remains relatively 

continuous (Komatsu et aI., 1992b). Nevertheless, special conditions, especially low 

viscosity, may be required to explain not only the great distance of travel but also the 

effects of "watery" properties when compared with terrestrial lava channels formed by 

tholeiitic basaltic lava, as indicated by landforms associated with canali-type channels 

(Baker et aI., 1992). The required viscosity may be lower than that of tholeiitic basaltic 

lava. 

If canali were formed as constructional channels, each flow must have been 

enormous. Because of the absence of flow margins and problems in measuring the depth 

of shallow channels from radar imagery, the volume of the flow associated with a 

channel-forming event is difficult to determine. However, the lengths of flow represented 

by canali greatly exceed those of flows on any other planet or satellite, implying a large 

volume of lava and long duration of the eruption. This scale of lava eruption, over length 

scales of 103-104 km, can only be explained by planetary-scale volcanism. If canali are 

constructional in origin, they should have a close relation with the flow units comprising 

the plains. Successive outpouring of lava could have resurfaced the plains numerous 

times, eventually making it difficult to trace canali to their source. Flood volcanism 

involving possible overturns of man tIe might be responsible for such extensive plains 

formation (Kargel et aI., 1993). Canali also may be related to the massive resurfacing 

event (Komatsu et aI, 1992a) proposed to explain the cratering record of Venus (Schaber 

eta1.,1992). 
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5. PLAINS TECTONIC DEFORMATION 

The long channels (> 500 km) in plains regions are canali-type channels 

(Komatsu et aI., 1993). Preliminary studies by Parker et al. (1992) and Baker et al. (1992) 

indicate that the longitudinal profiles of these channels show tectonic deformation. I 

extend these studies by using a more precise measurement technique and by increasing 

the number of channels analyzed. 

I measured longitudinal profiles of channels using the MGMDQE program 

developed by P. Ford's group at MIT. This program enables us to display an image, and 

ARCDR altimetric footprints overlapped on top of it (Fig. 5.1). Both images and 

altimetric footprints are supplied by CD-ROMs. The altitude derived from each footprint 

is read using the "Echo window". Because of the relatively large footprint size (about 

lOx20 km) compared with canali widths (up to 4 km), and because of the shallow depths 

of channels, the derived altitude generally represents that of the surrounding plains. The 

size of the footprints is about the same as the sampling interval. The range of error 

associated with each sample is between 2 and 14 m, but this is small compared with the 

range of altitudes. This same method was applied for the sinuous rille to derive its profile 

(Fig. 2.4). Altimetric data in certain regions have low quality (P. Ford, personal 

communication). In particular, when peaks and/or valleys appearing in the profile are 

represented by a single data point, they may not be real features. However, in general, the 

digital terrain model matches well with SAR features. This implies that altimetry is 

reliable at the scale for which a channel's profiles are derived. 

The longest channel, as described above, occurs west of the Atla Regio (Figs. 2.9 

and 5.2). The channel (Fig. 5.3) is highly deformed. The channel deformation occurs at 

multiple wavelengths indicating that deformation is hierarchical. Since channels are 

sinuous, wavelengths of the profile undulations do not exactly correlate with 

characteristic scales of tectonic deformation. Nevertheless, at least two wavelengths (300-

400 km and about 3000 km) are observed, and these probably represent characteristic 

modes of tectonic deformation in the plains regions (Figs. 5.3 and 4). The long 

wavelengths correspond to basin structures and short wavelengths correspond mostly to 

belts of compressional ridges. These tectonic activities postdate the emplacement of at 

least the uppermost plains materials as represented by the canali-type channel. Highlands 

probably already existed at the time of channel formation because the channel seems to 

avoid the northern arms of Atla Regio (Figs. 2.9 and 5.2). As already described, this 
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Figure 5.1. Elevation data were derived from the altimetric footprints (about IOx20 km) 
overlapping channels. The size of footprints is about same as sampling interval. 



Figure S.2. Atla Regio, plains and longest channel (highlighted). The image covers lat. 9-
53°N and Ion. 150-2000E. Longitudinal topographic profile was derived between A and A'. 
The northern reaches of the channel avoid the northern arm of Atla Regio, which indicates 
that the channel formation postdates this highland regions. 
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Figure 5.4. 3-dimensional perspective of Atla Regio and plains and longest channel (highlighted), 
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channel is postdated by lava flows, impact cratering and various episodes of tectonic 

deformation. The inferred temporal sequence of various activities is summarized in 

Figure 5.5. 

The second longest channel occurs in eastern Aino Planitia (Fig. 5.6). The profiles 

also (Fig. 5.7) show multiple wavelengths. The long wavelength does not have an 

obvious corresponding geologic feature in the SAR image. This concave undulation 

corresponds to a longitudinal basin. The short wavelength undulations correspond to belts 

of compressional ridges parallel to the longer axes of the basin (Fig. 5.8). The short 

wavelength undulations correspond to belts of compressional ridges parallel to the longer 

axes of the basin. The north-trending lineaments in Figure 5.6 are wrinkle ridges (average 

spacing 20-40 km). These do not appear in the topographic profile because of the large 

spacing of altimetric sampling. Some of these wrinkle ridges may have formed 

concurrently with canali, as suggested by the diverted channel path (T. Parker, personal 

communication). The possible interpretations of the tectonism include downwarping of 

the basin concurrently with the formation of compressive ridge belts and wrinkle ridges. 

Southern Guinevere Planitia has an unusually high concentration of canali-type 

channels (Fig. 5.9). Among them, three are most obvious. I derived profiles of these 

channels (Figs. 5.lOa, b, and c). The profiles show apparent post-channel deformation, 

but the deformation seems fewer in number and smaller in amplitude compared with the 

much longer channels (Figs. 5.3 and 7). This is partly the result of fewer sampling 

numbers for these three channels because of their shorter lengths. Figures 5.11a and bare 

3-dimensional perspectives of the plain. Some deformations indicated from the profiles 

correspond to features visible in SAR images, but others do not. 

Sedona Planitia (Fig. 5.12) is characterized by chains of coronae. A can ali-type 

channel is a highly deformed (Figs. 5.13 and 14). If canali were formed simultaneously 

with plains, as suggested by Komatsu et al. (1993), the deformation recorded on this 

profile indicates post-plains tectonic activities by coronae. 

A number of canali-type channels, which are longer than the minimum 

deformation scale observable in altimetry (a few tens of kilometers) show inverted 

profiles, that is, the channels trend uphill. This implies that one of the uppermost 

geological units of the plains, which are coincident with canali, experienced significant 

post-emplacement tectonic deformation. Within observational limits, at least two scales 

of deformation are indicated. The longer scale deformation (thousands of kilometers) 
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Figure 5.6. A canali-type channel in the eastern Aino Planitia (highlighted). The image covers 
lat. 40-63"S and Ion. I 75-208"E. Longiludinallopographic profile was derived between A and A'. 
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Figure 5.8. 3-dimensional perspective of eastern Aino Planitia and a canali-type channel 
(highlighted). North-trending wrinkle ridges (average spacing 20-40 km) do not appear in the 
longitudinal profile because of almost equivalent altimetric sampling spacing. 
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Figure 5.9. Southern Guinevere Planitia and canal i-type channels (highlighted). The image 
covers lat. TS-TN and Ion. 331-343°E. Longitudinal topographic profiles were derived between 
A-A', B-B' and C-C'. 
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Figure 5.11. 3-dilllcnsional perspective of southern Guinevere Planitia and canali-type 
channels (highlighted); (a) A pcrspectivc looking toward north. 
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Figure 5.11. 3-dimensional perspective of southern Guinevere Planitia and canali-type 
channels (highlighted): (b) A perspective looking toward south. 
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Figure 5.12. Sedona Planitia and a canal i-type channel. Sedona Planitia is characterized by 
chains of coronae. The image covers la!. 40-49°N and Ion. 11-20oE. Longitudinal topographic 
profile was derived between A aJ)d A'. 
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Figure 5.14. 3-dimensional perspective of Sedona Planitia and a canali-type channel. Corona 
chains were formed after the canali formation. 
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corresponds to the basins and/or large coronae, the shorter scale deformation (hundreds of 

kilometers) corresponds to ridge belts. 
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6. COMPARATIVE VOLCANISM OF LAVA CHANNELS 

Based on preliminary mapping of Venus, Earth, Mars, and the Moon, we know 

that lava channels are a common phenomenon on the terrestrial planets. However, their 

morphologies vary widely. Venus has the widest range of lava channel morphologies in 

the solar system (Table 6.1 and 2), almost comparable to that for terrestrial fluvial 

systems (Bakeret aI., 1992; Komatsu et aI., 1993; Komatsu and Baker, 1993). Formation 

of lava channels is a function of environmental factors and eruption factors. 

Present-day terrestrial volcanism produces only a limited range of lava channel 

morphologies. Although some lava tube systems exhibit complex morphologies (e.g., 

Hatheway and Herring, 1970), they are generally simple and short (e.g., Mauna Loa lava 

channels, Greeley, 1974). Terrestrial channels are generally constructional in origin. 

Terrestrial flood basaltic volcanism has formed lava tubes and channels, e.g., the 

Snake River Plains (Cattermole, 1989). However, the tube dimensions are an order 

magnitude or two smaller than those of the biggest channels on Venus. On Earth, 

weathering processes could possibly have modified ancient, very large lava channels 

beyond recognition. A channelized structure is subject to intense secondary erosion, 

particularly by water. Burial by sediments is another way of making channels 

unrecognizable. Atmospheric conditions (environmental factors) of Venus, particularly 

high ambient temperatures, are important factors. As I-lead and Wilson (1986) estimated, 

the average flow length on Venus would be about 10 % longer [han its counterpart on 

Earth if other conditions are the same. High atmospheric pressure actually counteracts to 

increase cooling rate because of efficient heat removal in dense atmosphere, but this 

effect is small (Head and Wilson, 1986). However, diverse eruption conditions, driven by 

the catastrophic resurfacing (Schaber et aI., 1992) and subsequent mantle plume 

volcanism, are probably the most important factors responsible for the diversity of 

channel morphologies on Venus. 

Channels incised by thermal erosion by komatiite flows were found in Archaean 

shields (Barnes et aI., 1988a, b; Huppert and Sparks, 1985). Komatiite lavas have very 

high eruption temperatures and low viscosities. These lavas erode ground materials of 

lower melting temperatures quite efficiently (Huppert et aI., 1984; Huppert and Sparks, 

1985). The komatiite channels could have very similar morphologies to those of 

Venusian sinuous rilles, which also probably involved erosional processes in their 

formation. If the Venusian coronae-sinuous rilles versus terrestrial Archaean shields-
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Table 6.1. Channel Morphology 

Venus Moon Mars Earth(modern) Earth(komatiite) Earth(fluvial) 

Simple 0 0 0 0 NK 0 

Meandering 0 0 0 0 NK 0 

Braided 0 0 NK 0 NK 0 

Cut-off bend 0 NK NK NK NK 0 

Streamlined hills 0 0 NK NK NK 0 

Distributary 0 0 NK NK NK 0 

Tributary NK NK NK NK NK 0 

0; Observed, NK; Not Known 

Table 6.2. Maximum dimensions 

Venus Moon Mars Earth(modern) Earth(komatiite) Earth(fluvial) 

Length -6800km -300km NK -Skm 

Width -30km -30km -SOOm -30m 

Depth -300m -300m NK 

0; Observed, NK; Not Known 

*; River, -r; Catastrophic floods 

NK 

NK -6700km 

-SOOm -20km* 

-lS0km-r 

-100m -60m* 

-lOOm-r 
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komatiite lava channel analogy holds up, this indicates possibly similar geological 

environments on Venus and on the Archaean continental Earth. 

Martian lava channels are observed on the flanks of shield volcanoes (e.g., 

Cattermole, 1987).They are simple to complex, and mostly associated with clearly 

observable flow margins. They are thought to have formed by tube-fed flows 

(Cattermole, 1987). 

The lunar sinuous rilles were probably formed as lava tubes or open channels 

(Strom, 1965; Greeley, 1971; Guest and Murray, 1976). The lunar sinuous rilles have 

their source areas either on the perimeter of the mare surface or close by in the highlands, 

and the emanating lavas flowed consistently toward the inner parts of maria (Guest and 

Murray, 1976). 

There are no lava channels observed on the half of Mercury observed by Mariner 

10, despite the fact that the maximum resolution in Mariner 10 images should allow 

recognition of lava channels at a scale equivalent to some of the largest lunar sinuous 

rilles (R. Storm, personal communication). 
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7. SUMMARY AND CONCLUSIONS 

Venusian channels and valley networks were classified to facilitate discussion of 

their formation mechanisms. The classification scheme is descriptive, but genetic 

implications readily follow from the categories. Channels are classified as simple 

(sinuous rilles, simple channels with flow margins, and canali), complex (complex 

channels, and complex channels with flow margins), and compound channels. Valley 

networks are classified as rectangular, labyrinthic and pitted or irregular. Venusian 

channels frequently exhibit meandering reaches, probably as a function of discharge rate 

and slope, in a manner similar to that of terrestrial rivers. However, their sinuosity is 

generally low when compared with well-defined meandering reaches of terrestrial rivers. 

This indicates that Venusian channel meanders are not fully developed relative to 

terrestrial river meanders. 

Venusian channels generally follow terrestrial river trends in their ratios of 

meander wavelength to channel width. This suggests a dynamic slope adjustment similar 

to that occurring in terrestrial rivers. However, consistent deviations from terrestrial river 

properties are also observed. Slightly high LIW (wavelength-to-width) ratios are observed 

for Venusian channels with flow margins (channels forming on well-defined lava flow 

deposits) and for canali-type channels. Some sinuous rilles exhibit exceptionally low LIW 

ratios. The low LlW ratio may indicate secondary modification processes such as thermal 

and mechanical erosion, a hypothesis that is consistent with other morphological 

characteristics. Venusian channels also have consistently low Llr (wavelength-to-radius 

of curvature) ratios. This tendency is also apparent in the sinuosity range distribution. 

Because lunar sinuous rilles and terrestrial lava channels display similar tendencies, these 

properties may be characteristic of lava channels, perhaps a consequence of their 

relatively short time scale of formation, and/or they may represent a quasi-equilibrium 

state of the system. Some individual Venusian channels (particularly sinuous rilles) 

exhibit multiple wavelength meanders, which may have resulted from changes in 

discharge rate or from structural controls. 

Three types of channels (sinuous rilles, canali, and the "Outflow Channel"), and 

valley networks are unique in their morphologies and require somewhat special 

volcanism for their origin. Erosional processes, particularly thermal erosion, are required, 

at least partially, to explain some sinuous rille formation. A drainage channel constructed 

by typical basaltic lavas can be significantly deepened and widened by highly fluid and 
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hot superheated tholeiitic basalt or ultramafic lava, such as picrite or komatiite, which are 

enriched in MgO. The enormous lengths of canali-type channels can be explained either 

by mainly constructional processes of mafic to ultramafic lavas or by mainly erosional 

processes of exotic lavas, such as carbonatite or sulfur. The "Outflow Channel" has 

morphology similar to that of terrestrial catastrophic flood channels and Martian outflow 

channels. Calculated discharge rates and power/unit imply that the channel was carved by 

very energetic lava flows. Valley network formation seems to require sapping processes 

which may be caused by low-viscosity lavas moving through relatively permeable highly 

fractured medium. 

I mapped the distribution of more than two hundred Venusian channels and 

valleys based on the global coverage of Magellan images. A large number of channels are 

concentrated in equatorial regions which are characterized by highlands, rift and fracture 

zones, and associated volcanic features. These regions also contain areas of the highest 

concentration of related volcanic features. 

Many channels associated with flow deposits are similar to typical terrestrial lava 

drainage channels. They are associated with a wide range of volcanic edifices, such as 

coronae, shield volcanoes, rift and fracture zones. 

More than half of the sinuous rilles are associated with coronae, corona-like 

features or arachnoids. Corona volcanism, presumably driven by mantle plume events, 

may explain this association. The high effusion rate and a long duration typical of mantle 

plume or blob volcanism are probably the driving factors for sinuous rille formation. 

Picritic and komatiitic lavas are often associated with more voluminous tholeiitic basalt 

erupted in association with terrestrial mantle plume events. An example of a thermally 

eroded channel is known from at least one terrestrial Archaean shield. Similar processes 

might have occurred for mantle plume-related volcanism. Other potential candidates are 

alkaline mafic lavas, including alkaline basaltic lava. Alkaline mafic lavas are relatively 

fluid in comparison with tholeiitic basalt, and they might provide highly erosive flows. 

Many valley networks are observed in highlands and in association with coronae, 

corona-like features or arachnoids. This indicates that highlands and coronae provided 

fractures and low-viscosity lavas, both of which seem to be required for network 

formation by lava sapping processes. 

Can ali-type channels have an unique distribution limited to some plains regions. 

This could be caused by an observational bias, but it more likely implies something 

important about these plains regions. The dimensions of canali require unusual eruptive 
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conditions, particularly a large volume of channel-forming lava and a long duration of the 

eruption. This extraordinary form of volcanism exceeds even the scale of prevalent 

volcanic landforms commonly observed on Venus. The canali might be related to a 

hypothesized global resurfacing event. 

Longitudinal profiles of canali-type channels are deformed by plains tectonic 

activity. Deformation occurred at multiple scales as evidenced in the profiles. 

The range of lava channel morphology on Venus is wider than for other terrestrial 

planets and the Moon. This is probably attributed to the volcanological conditions unique 

to Venus and a lack of intense erosional processes. 
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