
are bounded to the southeast by hummocky regional cryovolcanic activity. This hypoth- REFERENCES AND NOTES 
rolling plains. Although the southwest poi- 
tion of feature A is somewhat indistinct, it 
appears to extend slightly into the mysteri- 
ous cantaloupe terrain, being bounded there 
by a prominent linear ridge. Within the 
boundaries of the quasi-circular features are 
many smaller structures of almost certain 
cryovolcanic origin (1, 5, 6). These include 
two of only three examples of "lake-like" 
features visible in Voyager images of Triton. 
The smooth floors and terraced edges of the 
lake-like features are thought to have been 
emplaced by multiple episodes of icy volcan- 
ic flooding. The entire region is dominated 
by high-standing smooth materials that ap- 
pear to have erupted from smaller quasi- 
circular depressions and extruded in flows 
several kilometers thick with rounded mar- 
gins (1). Other proposed cryovolcanic for- 
mations in the region are irregular pits and 
pit chains, interpreted as explosive cryovol- 
canic vents, and dark lobate flowlike features 
(5). 

There are at least two possible interpreta- 
tions of the quasi-circulai features. ~ & t h  et 
al. (7) used the term "palimpsest" to de- 
scribe a class of roughly circular, large (>50 
krn) albedo markings on ~ a n ~ m e d e  and 
Callisto that are interpreted to be vestigial 
remains of impact craters that have under- 
gone nearly complete viscous relaxation or 
that formed as a result of impacts into a fluid 
mantle (8). Palimpsests are generally higher 
in albedo than their surrounding terrains 
and exhibit little topographic relief at scales 
larger than a few kilometers. The quasi- 
circular features are reminiscent of pa- 
limpsests because of their large sizes, crudely 
c i rdar  planform, and subdued broad-scale 
topography. Unlike palimpsests on the Jo- 
vim satellites, these features are generally 
lower in albedo than their surrounding ter- 
rain and lack the characteristic small-scale 
topographic structure of palimpsests such as 
hummocky ejecta mantles, basin-related 
massifs or scarps, or rimmed furrows like 
Callisto's Valhalla structure (7, 9). In addi- 
tion, the quasi-circular features lie within 
terrains that are interpreted to be geologi- 
cally youthful (1, 5, 10) because of their 
paucity of identifiable impact craters. On 
other planets and satellites, impact struc- 
tures that are similar in scale to the quasi- 
circular features are interpreted to be an- 
cient, dating back to the time of terminal 
bombardment. some 3.5 billion to 4.0 bil- 
lion years ago. Thus, the interpretation of 
Triton's large quasi-circular features as pos- 
sible palimpsests is difficult to reconcile with 
accepted interpretations of the satellite's 
geological history. 

A more tenable explanation, proposed by 
Croft (II) ,  is that the features are a result of 
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Channel Initiation and the Problem of 
Landscape Scale 

Since the 1940s it has been proposed that landscape dissection into distinct valleys is 
limited by a threshold of channelization that sets a finite scale to the landscape. This 
threshold is equal to the hillslope length that is just shorter than that necessary to 
support a channel head. A field study supports this hypothesis by showing that an 
empirically defined topographic threshold associated with channel head locations also 
defines the border between essentially smooth, undissected hillslopes and the valley 
bottoms to which they drain. This finding contradicts assertions that landscapes are 
scale-independent and suggests that landscape response to changes in climate or land 
use depends on the corresponding changes in the threshold of channelization. 

OST GEOLOGIC AGENTS OF ERO- 
sion modify the land surface on a 

.variety of spatial scales. Conse- 
quently, casual observation of topographic 
maps, or observations of landscapes from 
afar, suggest that landscapes are scale-inde- 
pendent (Fig. 1). Indeed, fractal analyses of 
landscape form have revived the hypothesis 
that there is no characteristic scale to the 
landscape and that finer and finer scales of 
dissection will be found upon closer and 
closer inspection (1). In contrast, detailed 
topographic maps reveal that there is an 
internal structure to the landscape expressed 
as ridges and valleys of finite size and that 
the scale of this limit to landscape dissection 
varies in different landscapes (Fig. 1). Gil- 
bert (2) first recognized the apparent finite 
extent to landscape dissection, and Horton 
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(3) proposed that this dissection proceeds 
until hillslope lengths are everywhere just 
shorter than that which could generate suf- 
ficient overland flow to initiate surface ero- 
sion and, consequently, channelization. 
Subsequently, several workers have pro- 
posed models to explain channelization and 
landscape development on the basis of 
thresholds of erosion ( 3 4 ) .  An alternative 
theory for finite dissection, first proposed by 
Smith and Bretherton (7), states that hill- 
slopes are unstable to lateral perturbations in 
which advective (8) dominates diffisive sed- 
iment transport (9). A channelization 
threshold, however, has not been shown to 
distinguish hillslopes from valleys in a real 
rather than a model landscape. We present 
field data that demonstrate that drainage 
basins tend to be geometrically similar (con- 
tributing to a scale-independent landscape 
appearance) but that finite dissection of the 
landscape corresponds to the lower bound 
of an empirically determined topographic 
threshold for channelization. 
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Fig. 1. Without a scale bar it 
is almost impossible to de- 
termine even the approxi- 
mate scale of a topographic 
map. The upper two maps 
show adjacent drainage ba- 
sins in the Oregon Coast 
Range and illustrate the ef- 
fect of depicting an area of 
similar topography at differ- 
ent scales. The map on the 
right covers an area four 
times as large as, and has 
twice the contour interval 
of, the map on the left. The 
lower two maps depict very 
Merent landscapes, and de- 
tailed mapping was done to 
resolve the finest scale val- 
leys, which determine the 
extent, or scale, of landscape 
dissection. The map on the 
left shows a portion of a 
small badlands area at Perth 
Amboy, New Jersey (28) 
(scale bar represents 2 m; 
contour interval is 0.3 m). 
The map on the right shows 
a portion of the San Gabriel 
Mountains of southern Cal- 
ifornia (20) (scale bar repre- 
sents 100 m; contour inter- 
val is 15 m). Dashed lines on 
both lower maps represent 
the limit of original map- 
ping. The drainage basin outlet on each map is oriented toward the bottom of the page. All four maps 
suggest a limit to landscape dissection, defined by the size of the hillslopes separating valleys. This 
apparent limit, however, only corresponds to the extent of valley dissection definable in the field for the 
case of the lower two maps. 

We collected data from small drainage where L and A are expressed in meters. This 
basins in a variety of geologic settings that relation is well approximated by the simple, 
represent a range in climate and vegetation isometric relation 
(4, 5). We measured the drainage area (A), 
basin length (L), and local slope (S)  for L = (3 A)'.' (2) 

locations i n  convergent topography along 
low-order channel networks, at channel 
heads, and along unchanneled valleys in 
drainage basins where we had mapped the 
channel networks in the field (4, 5). Drain- 
age area was defined as the area upslope of 
the measurement location, basin length was 
defined as the length along the main valley 
axis to the drainage divide, and local slope 
was measured in the field. The structural 
relation of drainage area to basin length (10) 
for our composite data set is 

Inclusion of reported drainage area and 
mainstream length data from larger net- 
works (11-15) provides a composite data 
set that also is reasonably fit (5) by this 
relation. The data span a range of more 
than 11 orders of magnitude in basin area, 
from unchanneled hillside depressions to 
the world's largest rivers (Fig. 2). This 
relation suggests that there is a basic geo- 
metric similarity between drainage basins 
and the smaller basins contained within 
them that holds down to the finest scale to 
which the landscape is dissected (Fig. 3). 
In the field this scale is easily recognized as 

- 106 E - 
f; l o 5  Fig. 2. Basin length versus drainage 
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101 
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given in (5). 

Fig. 3. The coherence of the data in Fig. 2 across 
11 orders of magnitude indicates a geometric 
similarity between small drainage basins and the 
larger drainage basins that contain them. Al- 
though the variance about the trend in Fig. 2 
indicates a range in individual basin shapes, this 
general relation apparently characterizes the land- 
scape down to the b e s t  scale of convergent 
topography. 

that of the topographically divergent ridges 
that separate these fine-scale valleys. 

Equation 1 differs, however, from the 
relation between the mainstream length 
and drainage area first reported by ~ a c k  
(11), in which basin area increases as 
Many subsequent 'workers interpreted sim- 
ilar relations as indicating that drainage 
network planform geometry changes with 
increasing scale. Relations between main- 
stream length and drainage area also have 
been used to infer the fractal dimension of 
individual channels and channel networks 
(1, 16). Mueller (15), however, reported 
that the exponent in the relation ofmain- 
stream length to drainage area is not con- 
stant, but decreases from 0.6 to -0.5 with 
increasing network size, and Hack (11) 
noted that the exponent in this relation 
varies for individual drainage networks. 
We cannot compare our data more quanti- 
tatively with those reported by others be- 
cause the mainstream length will diverge 
from the basin length in proportion to the 
area upslope of the stream head. We sus- 
pect that the difference in the relations 
derived from our data and those reported 
previously reflects variation in the head- 
ward extent of the stream network depicted 
on maps of varying scale (17) as well as 
downstream variations in both channel sin- 
uosity (14) and drainage density (18). The 
general scale independence indicated in 
Fig. 2 suggests that landscape dissection 
results in an integrated network of valleys 
that capture geometrically similar drainage 
basins at scales ranging from the largest 
rivers to the finest scale valleys. Within this 
scale range there appears to be little inher- 
ent to the channel network and to the 
corresponding shape of the drainage area it 
captures that provides reference to an ab- 
solute scale. 

Nonetheless, field studies in semiarid to 
humid regions demonstrate that there is a 
finite extent to the branching channel net- 
work (4, 5, 19-22). Channels do not occupy 
the entire landscape; rather, they typically 
begin at the foot of an unchanneled valley, 
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Fig. 4. Drainage area 
versus local slope for 
channel heads (@), un- 
channeled valleys (0), 
and low-order channel 
networks (A) from 
study areas in (A) coastal 
Oregon, (B) northern 
California, and (C) 
southern California (29). 
~ocal dope was Aei- 2 lo6 
sured in the field, and .g 
drainage area was deter- 2 105 
mined from topographic 
base maps. (D) In these lo4 
field areas. data from 
channel heads define a 
threshold between chan- 
neled and unchanneled 2- 1 I 
regions of the landscape. lo-' 100 10-' 1 o0 
Threshold-based channel Local slope 
initiation models predict that the form of this transition will reflect different channel initiation processes 
(5). The central tendency (black line) will reflect the general environmental controls on channel 
initiation (for example, climate and vegetation). The variance about this relation (shading) is controlled 
by spatial and short-term temporal variability in the factors influencing these processes (4, 5). 

Fig. 5. Dismbution of values of (A/b)s2 for a portion of the northern California study area (contour 
interval is 5 m). Black lines represent the channel network mapped in the field (4). Areas that plot above 
the upper limit of the source area-slope envelope in Fig. 4B [(A/b)s2 > 200 m)] are channeled valleys; 
areas within the range in values defined by the source area-slope envelope [25 m < (A/b)s2 < 200 m)] 
are transitional areas in which channel heads occur; areas that plot just below the lower limit of the 
source area-slope relation [ l o  m < (A/b)s2 < 25 m)], and thus just below the threshold of 
channelization, are the base of hillslopes and the upslope ends of valleys; and areas signilicantly below 
the lower bound to the source area-slope envelope [(A/b)s2 < 10 m)] are smooth, undissected 
ridgetops. The transitional areas correspond to areas mapped in the field as containing Holocene 
colluvial or alluvial fills, areas with thin soils, and bedrock outcrops exposed at the base of steep 
hillslopes. Threshold areas border and essentially surround transitional areas, indicating that the channel 
network extends throughout the landscape to a limit imposed by the drainage area-slope threshold for 
channel initiation. Further applications of this approach are presented elsewhere (26). 

and the location of the channel head shifts in 
response to climatic and land-use changes 
(4, 5, 22). In landscapes where deep-seated 
landsliding and dissolution processes are 
minor geomorphic agents, valleys are 
formed by concentrated runoff and erosion 
in channels and (in steeper valleys) by the 
periodic scour of debris flows. The interven- 
ing hillslopes are shaped by diffusive sedi- 
ment transport processes (for example, soil 
creep, rain splash, and biological activity). 
Field data indicate that the scale of landscape 
dissection and the limit to the scale-indepen- 
dent geometry suggested in Fig. 2 reflect the 
transition fiom sediment transport by hill- 
slope to channel processes. 

Our data from three study areas in the 
Coast Ranges of the western United States 
(Fig. 4) show that an inverse relation be- 
tween the drainage area contributing to a 
channel head (source area) and the local 
valley slope (4, 5) defines a topographic 
threshold between channeled and unchan- 
neled regions of the landscape (23). The 
observed inverse relations exhibit forms ex- 
pected from threshold-based channel initia- 
tion theories for landsliding (4, 21) (Fig. 
4A) and overland flow (5) (Fig. 4, B and C). 
These data demonstrate that channel heads 
lie at a transition between channeled and 
unchanneled portions of the landscape but 
that for any given slope the source-area size 
may vary by as much as an order of magni- 
tude. This scatter probably arises from both 
spatial and temporal variation in the hydro- 
logic and erosional processes governing 
channel initiation and should introduce con- 
siderable variation into channel and valley 
development, thus contributing a random 
aspect to the appearance of many land- 
scapes. 

An empirical test for a relation among 
topographic thresholds, channel initiation, 
and the degree of landscape dissection 
would be to see if this threshold also leads to 
a lower bound to valley development. The 
relation between channel initiation and 
landscape dissection is difficult to study em- 
pirically because climatic and land-use shifts 
have affected the current location of the 
channel head in most places, and it is diffi- 
cult to demonstrate equilibrium. In some 
areas, however, it is possible to argue for a 
linkage between contemporary channel head 
locations and landscape dissection. For ex- 
ample, the channel network in the Tennes- 
see Valley area in Marin County, California 
(the area represented in Fig. 4B), was ag- 
grading throughout the Holocene (5), 
which was drier than the glacial climate in 
this region (24). Recent channel advance 
due to cattle grazing in the last 150 years (5) 
has compensated somewhat for the climati- 
cally driven Holocene retraction of the chan- 
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nel network. Nearly all channel heads are 
downslope of a single unchanneled valley 
rather than downslope of an extensive net- 
work of unchanneled valleys. Consequently, 
we speculate that the channel head locations 
in this area approximate a condition of 
contributing slope and drainage area of 
long-term geomorphic significance. 

To test the threshold hypothesis for land- 
scape dissection at this study site, we deter- 
mined a relation for the upper and lower 
range of channel heads in Fig. 4B, used a 
digital terrain model (25) to define the up- 
slope drainage area and ground slope for 
roughly 20-m2 elements of a 1.2-km2 basin, 
and then plotted the spatial distribution of 
elements lying well below, close to, within, 
and above the data range for channel heads. 
Upper and lower bounds to the range in 
channel head locations are defined by the 
relations 

The digital terrain model was used to 
divide the modeled land surface into discrete 
elements by drawing the equivalent of flow 
lines across the contours from valley bot- 
toms to drainage divides at a specified inter- 
val. Because measured elevation points are 
distributed at an -10-m spacing (26), we 
selected 20 m as a reasonably small interval 
for the flow lines. This resulted in 5632 
individual elements, defined by a pair of 
contour lines on the upslope and downslope 
sides of the element and a stream line on 
each lateral boundary. In order to minimize 
the effect of element size on the analysis, we 
divided the areas in Eqs. 3 and 4 by 20 m 
and used the resulting relations to analyze 
topographic threshold patterns relative to 
the extent of the valley network: 

where A / b  is the drainage area per unit 
contour length. 

The analysis showed that the entire chan- 
nel network and nearly all of the unchan- 
neled valleys (areas of concave contours 
above and tributary to the channeled valleys) 
lie either within or above the channel head 
threshold range (Fig. 5). The hillslopes bor- 
dering the channels, and lying at the heads 
of unchanneled valleys, are consistently just 
below the topographic threshold (27). Field 
inspection indicates that although some 
fine-scale valleys are not represented in the 
topographic map of Fig. 5, these valleys lie 
either within, or very close to, areas predict- 
ed to be within the variance for channel head 
locations. The ridge lines are well below this 

threshold everywhere. We interpret the re- 
lations shown in Fig. 5 as strong evidence 
that the topographic conditions setting the 
threshold to channelization also define the 
limit of valley dissection and, consequently, 
the hillslope length. 

Although our results support the thresh- 
old hypothesis of landscape development, 
they do not refute the alternative model for 
dissection limitation originally set forth by 
Smith and Bretherton (7). They proposed 
that landscape dissection proceeds until the 
hillslopes are dominated everywhere by dif- 
fusive sediment-transport processes, which 
result in convex slope profiles that are stable 
to random topographic perturbations that 
would grow into valleys. Their model pre- 
dicts that concave topography will be unsta- 
ble to even infinitesimal perturbations, and 
only recently (8) has progress been made in 
understanding quantitatively what sets finite 
amplitude perturbations. Although the 
Smith and Bretherton hypothesis suggests 
that the transition from unchanneled to 
channeled portions of the landscape should 
correspond to the convex to concave transi- 
tion downslope along a hillslope profile, 
further development of this theory is needed 
to guide field tests of this hypothesis. A 
similar transition, however, would likely 
form from variation in channel head loca- 
tions along valleys in response to changes in 
the factors controlling the threshold of chan- 
nelization. 

A threshold-based limit to landscape dis- 
section links the development of channel 
networks, valleys, and hillslopes and implies 
that there is a hysteresis in the response of a 
landscape to changes in the factors influenc- 
ing channel initiation. This hysteresis, in 
part, makes testing of this hypothesis diffi- 
cult. If climate change or land disturbance 
decreases the drainage area necessary to ini- 
tiate a channel, then expansion of the chan- 
nel network into unchanneled valleys and 
incision into hillsides will result. In contrast, 
an increase in the drainage area necessary to 
sustain a channel will result in local infilting 
of valley heads and the development of dry 
valleys, or hollows, only at the upslope ends 
of the channel network. Furthermore, chan- 
nels or rills may be carved into unchanneled 
valleys and hillslopes relatively quickly when 
the threshold for channel initiation is de- 
creased, but significant time may be required 
to i d  valleys when the threshold for chan- 
nel initiation increases. Such a time lag 
between process and form reflects the rela- 
tive magnitude of processes acting to round 
and incise the landscape. Because these pro- 
cesses may change faster than the landscape 
can respond, an equilibrium condition will 
most likely never be strictly achieved in 
natural landscapes. Consequently, our re- 

sults point to the need to focus on processes 
conkolling. the location of the channel head " 
for both practical problems, such as predict- 
ing landscape response to urbanization, ag- 
ricultural practices, and climate change, and 
the theoretical problems of predicting land- 
scape morphology and evolution. 
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Electrical Transport Properties of Undoped 
CVD Diamond Films 

Polycrystalline diamond films synthesized by microwave-assisted chemical vapor 
deposition (MACVD) were examined with transient photoconductivity, and two 
fundamental electrical transport properties, the carrier mobility and lifetime, were 
measured. The highest mobility measured is 50 centimeters squared per volt per 
second at low initial carrier densities (<lo1' per cubic centimeter). Electron-hole 
scattering causes the carrier mobility to  decrease-at higher carrier densities. Although 
not measured directly, the carrier lifetime was inferred to be 40 picoseconds. The 
average drift length of the carriers is smaller than the average grain size and appears to  
be limited by defects within the grains. The carrier mobility in the MACVD films is 
higher than values measured in lower quality dc-plasma films but is much smaller than 
that of single-crystal natural diamond. 

w ITH THE DEVELOPMENT OF SYN- 

thetic diamond films made by 
chemical vapor deposition 

(CVD), diamond devices have been envi- 
sioned for consumer and industrial products 
such as space applications, process control 
equipment, electric power installations, and 
automobiles. Diamond electronic devices 
would be ideally suited for applications as- 
sociated with high power, high frequency, 
high temperatures, and harsh radiation en- 
vironments. This is clear from the extreme 
physical and electronic properties of dia- 
mond. Single-crystal natural diamond has 
the highest room-temperature thermal con- 

ductivity (20 W cm-' K-') (I), the lowest 
coefficient of thermal expansion (0.8 x 

(2), the highest electron- and hole- 
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saturated velocities (1.5 x lo7 cm s-' and 
1.05 x lo7 cm s-', respectively) (3), the 
highest electrical breakdown field (lo7 V 
cm-') (4), a low dielectric constant (5.7) 
(S), high intrinsic resistivity (as high as lo2' 
ohm-cm) (6), and high electron and hole 
mobilities (-2000 and 1200 cm2 V-' s-', 
respectively). In addition, diamond is chem- 
ically inert and radiation-hard. The Keyes 
(7) and Johnson (8) figures of merit for 
diamond are nearly two orders of magnitude 
better than that for silicon. Simple proto- 
type diamond devices, such as p-n junction 
diodes and transistors containing both nat- 
ural and synthetic diamond, have been fab- 
ricated [see (9) ] .  

The recent growing interest in diamond 
stems from significant advances in the 
growth of synthetic diamond films made by 
CVD, which have led to films of large area 
and thickness and of improved quality (10). 
In the CVD method, a gas mixture contain- 
ing C and H is excited to form a plasma. A 
typical gas mixture contains -1% methane 
and -99% H,. Under certain gas pressure 
and substrate temperature ranges (typically 
20 to 100 torr and 700" to 950"C, respec- 
tively), graphitic (sp2-bonded) C growth is 
suppressed, while diamond-bonded (sp3- 
bonded) C is successfully deposited. Films 
with little or no nondiamond-bonded C can 
now be deposited on a variety of substrates. 

All CVD films deposited on nondiamond 
substrates to date are polycrystalline. Even 
so, the electrical and optical properties of 
CVD films are approaching those of natural 
diamond. For example, the resistivity of 
natural insulating diamond is typically great- 
er than 1015 ohm-cm, and values as high as 
1013 ohm-cm have been achieved in CVD 
films (1 1). Being able to produce CVD films 
with high resistivity is promising, but resis- 
tivitv alone does not determine whether a 
material is suitable for electronic applica- 
tions because the resistivity can depend on 
carrier concentration, carrier mobility, and 
space charge (12). Traditional characteriza- 
tion uses the Hall effect to determine both 
the mobility and the concentration of the 
carriers, but in undoped, insulating materi- 
als this measurement is difficult because of 
the low intrinsic carrier concentration (13). 

A powerfid technique that is suitable for 
characterizing such resistive materials is 
transient photoconductivity (PC), in which 
a known carrier concentration is created by 
intrinsic photoexcitation. From the magi-  
tude of the photocurrent and its transient 
decay, two fundamental properties for de- 
vice applications, the mobility and lifetime 
of the carriers. can be determined. This 
technique has been applied to natural IIa 
diamonds (14). In this report we discuss 
results on CVD polycrystalline diamond 
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