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ABSTRACT: Young basalt terrains offer an exceptional opportunity to study landscape and hydrologic evolution through time, 
since the age of the landscape itself can be determined by dating lava fl ows. These constructional terrains are also highly perme-
able, allowing one to examine timescales and process of geomorphic evolution as they relate to the partitioning of hydrologic 
fl owpaths between surface and sub-surface fl ow. The western slopes of the Cascade Range in Oregon, USA are composed of a 
thick sequence of lava fl ows ranging from Holocene to Oligocene in age, and the landscape receives abundant precipitation of 
between 2000 and 3500 mm per year. On Holocene and late Pleistocene lava landscapes, groundwater systems transmit most 
of the recharge to large springs (≥0·85 m3 s−1) with very steady hydrographs. In watersheds >1 million years old, springs are absent, 
and well-developed drainage networks fed by shallow subsurface stormfl ow produce fl ashy hydrographs. Drainage density slowly 
increases with time in this basalt landscape, requiring a million years to double in density. Progressive hillslope steepening and 
fl uvial incision also occur on this timescale. Springs and groundwater-fed streams transport little sediment and hence are largely 
ineffective in incising river valleys, so fl uvial landscape dissection appears to occur only after springs are replaced by shallow 
subsurface stormfl ow as the dominant streamfl ow generation mechanism. It is proposed that landscape evolution in basalt terrains 
is constrained by the time required for permeability to be reduced suffi ciently for surface fl ow to replace groundwater fl ow. 
Copyright © 2010 John Wiley & Sons, Ltd.

KEYWORDS: landscape evolution; fl owpaths; groundwater; basalt; Cascade Range

Introduction

Understanding the processes driving landscape evolution is of 
fundamental interest to geomorphologists. Landscape evolu-
tion, as refl ected in the degree of drainage network develop-
ment, infl uences many other hydrologic and geomorphic 
processes, including streamfl ow response to precipitation, 
groundwater residence times, and sediment delivery pro-
cesses. In turn, these processes are fi rst-order controls on the 
sensitivity of landscapes to land use and climate change.

In many parts of the world, fl uvial incision and concomitant 
hillslope and mass wasting processes are primary drivers of 
landscape evolution (Whipple and Tucker, 1999). Peak dis-
charges with 1–5 year recurrence intervals do much of the 
geomorphic work in a fl uvial landscape (Wolman and Miller, 
1960), and highly variable precipitation producing fl ashy 
hydrographs results in more effi cient erosion than steady rain-
fall and discharge (Tucker and Bras, 2000; Wu et al., 2006). 
Fluvial incision is controlled by the streamfl ow generation 

process (Dunne, 1980), which is itself a function of the climate, 
topography, soils, and bedrock (Horton, 1933; Hewlett and 
Hibbert, 1967; Anderson and Burt, 1978; Beven and Kirkby, 
1978; Onda et al., 2006; Soulsby et al., 2006).

Numerous fi eld and modeling studies have investigated the 
effects of various combinations of climate, soils, and bedrock 
on runoff generation and landscape evolution (Ijjasz-Vasquez 
et al., 1992; Onda, 1992; Tucker and Bras, 1998; Hattanji 
and Onda, 2004; Huang and Niemann, 2006). Few of these 
studies have focused on landscapes with high permeability, 
where rapid infi ltration of water into large subsurface aquifers 
precludes surface runoff and results in groundwater discharge 
that tends to be very steady over time. Such permeable land-
scapes are found in regions underlain by unconsolidated sedi-
ments, limestone, fractured rock, and young basalt lava fl ows 
(Dohrenwend et al., 1987; White, 2002). The purpose of this 
study is to investigate the co-evolution of streamfl ow genera-
tion mechanisms, hydrograph characteristics, drainage 
network development, and landscape dissection on a young 
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basalt landscape in the Oregon Cascade Range. We seek to 
understand how the high initial permeability of such a land-
scape affects the rate and sequence of hydrologic and geo-
morphic processes, and may constrain the timescales 
necessary for drainage evolution. Although focused on a spe-
cifi c locale, we expect this work to highlight and inform our 
knowledge of the poorly understood linkage between land-
scape evolution and the partitioning of precipitation between 
surface and shallow subsurface runoff contributing to fl ood 
hydrographs and deeper subsurface recharge contributing to 
basefl ow.

Of all landscapes, those constructed by basalt lava fl ows 
have some of the highest permeabilities (10−5 to 10−10 cm2) 
(Freeze and Cherry, 1979), and the additional advantage of 
being independently datable, using radiocarbon, 40Ar/39Ar, K/
Ar and other dating methods. Basalt landscapes are also wide-
spread across Earth’s climatic regions. Basalt landscapes thus 
provide the opportunity to rigorously constrain timescales of 
drainage network development on initially permeable sub-
strates. Hydraulic conductivity within and between basalt 
fl ows can vary by orders of magnitude (Welhan and Reed, 
1997), because of very high porosity and permeability associ-
ated with vesicles, cooling fractures, and rubble zones at fl ow 
tops and bottoms. Individual basalt lava fl ows are 1–20 m 
thick, so a vertical section of 100 m or more encompasses 
many near-horizontal high permeability zones at each of the 
fl ow boundaries, and young basalt landscapes comprising 
these layered fl ows therefore have a high overall permeability 
(Davis, 1969; Kilburn, 2000). Many basalt landscapes are 
characterized by major aquifers, sinking streams, and large 
springs (Meinzer, 1927; Stearns, 1942; Rose et al., 1996; 
Kiernan et al., 2003).

The effects of young basalt lavas on surface and subsurface 
drainage patterns have long been recognized (Stearns, 1942), 
and a relationship between permeability, weathering, and 
drainage development was postulated by Cotton (1942). Baker 
(1988) proposed that drainage evolution on volcanoes pro-
ceeds as a function of climate, relief, rock type, and time. 
Thus, if three factors are held constant, the effect of one vari-
able, such as time, can be studied by assembling a sequence 
of landscapes spanning a range of ages. Chronosequences of 
drainage development on basalts have been observed in 
varying climates throughout the world, including Hawaii 
(Kochel and Piper, 1986; Baker and Gulick, 1987), south-
western USA (Wells et al., 1985; Dohrenwend et al., 1987; 
Eppes and Harrison, 1999), Iceland (Gislason et al., 1996), 
and Jordan (Allison et al., 2000). These chronosequences 
show a progression from recently emplaced lava with no 
surface drainage to deeply dissected landscapes with well 
developed stream networks. These previous studies suggest a 
general trend of increasing fl uvial incision and drainage 
density over timescales of 0·1–5 million years. Climate appears 
to play a role in defi ning this rate, but clear causal linkages 
and climatic controls are not well established.

Various conceptual models have been formulated to explain 
the evolutionary sequence, with the models invoking phe-
nomena such as a substantial stream power threshold for 
incision (Bishop et al., 1985), groundwater seepage erosion 
(Kochel and Piper, 1986; Baker and Gulick, 1987; Kochel and 
Baker, 1990), mantling with fi ne-grained eolian material 
(Dohrenwend et al., 1987; Eppes and Harrison, 1999), sub-
surface clay accumulation during soil development (Lohse 
and Dietrich, 2005), and major landslides combined with 
waterfall erosion (Lamb et al., 2007). Distinguishing among 
these various mechanisms is problematic, however, in part 
because of diffi culty in making process-level observations of 
driving mechanisms. Here we use stream hydrology as an 

additional source of information to illuminate the driving 
processes.

In this work, we examined the features and timescales of 
drainage development in the Oregon Cascade Range, where 
basalts have been erupted for over 35 million years (Sherrod 
and Smith, 2000). Undissected Holocene basalts with major 
aquifers are juxtaposed against adjacent deeply dissected 
Pliocene-upper Eocene basalts along the western slopes of 
the Cascade Range (Ingebritsen et al., 1992; Jefferson et al., 
2006; Luo and Stepinski, 2008). Hydrologic and geomorphic 
differences between the Holocene and the Pliocene and 
older landscapes have been recognized (Grant, 1997; Tague 
and Grant, 2004), but the timescales of and controls on 
drainage network development in this environment are 
unexplored.

Our goal is to understand the coevolution of hydrology and 
geomorphology in the Oregon Cascade Range and to do so 
in a way that might be applicable to other initially permeable 
landscapes around the world. We combine data from stream 
hydrographs, USGS topographic maps, and digital elevation 
models with observations of fl uvial and spring geomorphology 
in nine watersheds with dated rock units from 1400 years old 
to 7 million years old (Ma).

Study Area

Our study area lies on the western slopes of the central Oregon 
Cascade Range (Figure 1), a volcanic arc formed by the sub-
duction of the Juan de Fuca plate under the North American 
Plate. The Oregon Cascade Range is commonly divided into 
two subprovinces: High Cascades and Western Cascades. The 
High Cascades lie mostly within a graben where extensive 
Quaternary and Pliocene volcanism has been associated with 
nearly 3 km of rift-related subsidence in the last 5 million 
years (Conrey et al., 2002). This region has produced mostly 
basalt and basaltic andesite lavas from shield volcanoes and 
cinder cones, but also has interspersed composite volcanoes 
of more diverse composition (Sherrod and Smith, 2000). The 
crest of the range lies 1500–2000 m above sea level, with the 
high peaks exceeding 3000 m. The Western Cascades repre-
sents the Miocene-upper Eocene arc, with dacitic tuffs, andes-
ite lava fl ows, and lesser basaltic and rhyolitic volcanic rocks 
(Conrey et al., 2002); peak elevations reach 1800 m.

The Cascade Range has been subjected to three Pleistocene 
glaciations, each of which formed an ice cap over the Cascade 
crest with outlet glaciers carving U-shaped valleys down east-
ward- and westward-draining rivers (Scott, 1977). Glaciation 
also occurred in the higher elevations of the Western Cascades, 
as evidenced by cirques and U-shaped valleys (Swanson and 
Jones, 2002). The last glacial advance of the Pleistocene 
occurred between 11,000 and 12,500 years before present (yr 
BP) (Scott and Gardner, 1990). Two minor glacial advances 
occurred in the past 8000 years. At present, glaciers are 
restricted to the fl anks of the composite volcanoes. There is 
evidence for sub-glacial volcanic activity in palagonites 
exposed at North Sister (Schmidt et al., 2002) and isolated tuya 
forms (Conrey et al., 2002). Most pre-Holocene High Cascades 
volcanoes show extensive glacial erosion and large swaths of 
Pleistocene lavas are blanketed by till.

The High Cascades are the major source of summer stream-
fl ow to western Oregon (Tague and Grant, 2004; Jefferson et 
al., 2007), owing to the steady discharge of groundwater 
stored in the young basalts (Jefferson et al., 2006, 2008). 
Western Cascades watersheds have fl ashy event hydrographs 
resulting from shallow subsurface stormfl ow (i.e. runoff-
dominated streams) (Rothacher, 1965; Tague and Grant, 
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2004). The Quaternary basalts of the High Cascades are char-
acterized by high permeability (~10−5 to 10−7 cm2) for the 
upper several hundred meters (Manga, 1997; Saar and Manga, 
2004; Jefferson et al., 2006). In the Western Cascades, equally 
high permeability is exhibited only in the 1–3 m deep soil 
mantle (Dyrness, 1969; Harr, 1977).

Western Cascades watersheds have been studied exten-
sively, largely because of work associated with the H.J. 
Andrews Experimental Forest (http://andrewsforest.oregon-
state.edu/), which encompasses the watershed of Lookout 
Creek (USGS gage # 14161500). Soils are generally loamy 
with poorly developed profi les, and have extremely high infi l-
tration capacities; no overland fl ow occurs except on artifi -
cially compacted soils (Dyrness, 1969). Exposed bedrock is 
sometimes present in upper reaches of streams, but most 
reaches are alluvial step-pool streams. Channel and valley 
morphology is strongly infl uenced by low frequency, high-
magnitude fl oods and debris fl ows (Grant et al., 1990; Grant 
and Swanson, 1995). Shallow landslides and debris fl ows fol-

lowing heavy precipitation events are major sources of sedi-
ment to streams and do much of the geomorphic work 
(Swanson and Fredriksen, 1982).

In the Cascade Range, more than 70% of annual precipita-
tion falls between November and March. Seasonal snowpacks 
form above 1200 m, with transient snowpacks and rain occur-
ing below 1200 m. There is a strong orographic effect, with 
~2 m of precipitation at lower elevations and up to 3·8 m on 
peaks along the Cascade Range crest (Taylor and Hannan, 
1999). Distributed precipitation climatology data are available 
through the parameter–elevation regressions on independent 
slopes model climate mapping system (Daly et al., 2002). 
Vegetation varies with rock age and elevation. Forests are 
dominated by Douglas fi r (Pseudotsuga menziesii), western 
hemlock (Tsuga heterophylla), and western redcedar (Thuja 
plicata) at lower elevations, and have noble fi r (Abies procera), 
Pacifi c silver fi r (Abies amabilis), Douglas fi r, and western 
hemlock at higher elevations. Vine maple (Acer circinatum) is 
also common on Holocene and Pleistocene lava fl ows.

Figure 1. Map of study areas, showing geology and topography. Study watersheds are outlined and labeled, and volcanic peaks referred to in the 
text are labeled. Basalt and basaltic andesite units are as mapped by Sherrod and Smith (2000). Large springs are labeled from north to south: [1] 
Great Spring; [2] Tamolitch Spring; [3] Sweetwater Spring; [4] Olallie North Spring; [5] Olallie South Spring; [6] Lost Spring; and [7] Roaring Spring. 
Stream network shown as mapped on 1 : 24,000 USGS maps. This fi gure is available in colour online at www.interscience.wiley.com/journal/espl
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Within the McKenzie River watershed, we selected nine 
study watersheds that capture the full exposed range of High 
Cascades rock ages (Figure 1). Three study watersheds are 
tributary to the South Fork of the McKenzie River, and these 
will be referred to as the south study area. Six of the water-
sheds lie within the area upstream of McKenzie Bridge (USGS 
stream gage #14159000); these will be referred to as the north 
study area. The McKenzie Bridge watershed covers an area of 
901 km2, 68% of which is basalt or basaltic andesite, and has 
an elevation range of 435 to 3075 m.

The nine High Cascades study watersheds range in size 
from 6 to 238 km2 (Table I). The three watersheds in the south 
study area are McBee Creek, North Branch of the Roaring 
River (NBRR), and the South Fork of the McKenzie River above 
Frissell Crossing (SFMR). SFMR has two prominent glacial 
troughs. In the north study area, the study watersheds are 
Belknap, Boulder Creek, Browder Creek, Lost Creek, McKenzie 
River at the outlet of Clear Lake, and Olallie Creek. The Lost 
Creek watershed includes the western slopes of two composite 
volcanoes, North and Middle Sister, and a prominent glacial 
trough.

For purposes of comparison between the High Cascades 
and Western Cascades, data from two typical Western 
Cascades watersheds are also presented. These two water-
sheds, which also lie within the McKenzie River watershed, 
are Lookout Creek (USGS gage # 14161500) and Blue River 
below Tidbits Creek (USGS gage # 14161100). The bedrock 
geology of the Western Cascades watersheds is more silicic 
than that of the High Cascades watersheds, refl ecting the 
typical lithological differences between the two subprovinces 
of the Oregon Cascade Range. Examining these watersheds 
allows us to evaluate whether the High Cascades landscape 
evolves toward hydrology and landscape form that is similar 
to the Western Cascades.

Methods

Mapped and dated rock units were used to constrain times-
cales of drainage development and to calculate weighted 
average ages for each study watershed. Sherrod and Smith 
(2000) mapped volcanic rocks of the Oregon Cascade Range 
and divided the Eocene through present into ten age classes, 
six of which are present in the study area as basalts and basal-
tic andesites (Figure 1). Maps by Sherrod et al. (2004) and 
Schmidt and Grunder (2009) provide more detail, particularly 
of late Quaternary lava fl ows, but only cover parts of the study 
area. Weighted ages for each watershed were calculated by 
multiplying the fractional area of each rock unit by a corre-
sponding age. Ages were determined using the best available 
data (Sherrod and Smith, 2000; Sherrod et al., 2004; Schmidt 
and Grunder, 2009). Age assignments for rock units mapped 
by Sherrod et al. (2004) and Schmidt and Grunder (2009) were 
based on ages assigned in those publications. Rock units of 
Sherrod and Smith (2000) were assigned to the lower limit of 
their age class, because these assignments provided the closest 
match to 40Ar/39Ar and radiocarbon dates on the same units 
within the study watersheds.

Mapped and previously dated rock units were supple-
mented with three 40Ar/39Ar ages. We collected samples in the 
vicinity of three springs for 40Ar/39Ar dating of rock age, in 
order to constrain the range of ages of rocks hosting major 
aquifers. Major and trace element chemistry data for the 
samples are published by Jefferson et al. (2006), and spring 
locations are shown in Figure 1. At Roaring Spring, a basaltic 
andesite sample (AJ-04-5) was collected from the spring 
orifi ce. A basalt sample (AJ-04-3) was obtained from an 
outcrop 10 m from Olallie North Spring. Olallie South spring 
emerges from beneath a talus slope, so a basalt sample (AJ-
05-5) was collected from an outcrop above the talus slope as 

Table I. Characteristics of the study watersheds

Watershed

Weighted age 
based on best 
available data 

(ka)*
Watershed 
area (km2)

Elevation 
range (m)

Mean 
elevation 

(m)

Percentage 
basalt and 

basaltic 
andesite**

Percentage 
glacial 

deposit**

Annual 
precipitation 

(m)***

WY04 mean 
unit discharge 
(m3 s−1 km−2)

High Cascade
Belknap 17 27·1 901–2086 1412 89 11 2·16 –
Olallie Creek 84 29·7 609–1858 1224 65 33 2·12 0·140
Boulder Creek 180 32·7 533–1859 1227 37 63 2·12 0·009
Lost Creek 182 197 520–3075 1603 79 6 2·49 0·030
North Branch Roaring River 

(NBRR)
230 6·84 1155–1671 1413 12 88 1·88 0·106

South Fork McKenzie River 
(SFMR)

541 136 805–2064 1452 49 51 1·96 0·028

McKenzie River at the outlet 
of Clear Lake (MRCL)

576 238 918–2051 1215 77 13 2·20 0·049

McBee Creek 1068 6·38 962–1733 1246 59 41 1·87 0·049
Browder Creek 2242 20·1 839–1651 1239 98 0 2·70 0·050∧

Western Cascade
Lookout Creek 8000 62·4 434–1628 986 28 0 2·22 0·051
Blue River below Tidbits 

Creek 
15534 117 432–1628 974 4·2 0 2·22 –∧∧

* Best available data includes mapping by Sherrod and Smith (2000), Sherrod et al. (2004), Schmidt and Grunder (2009) 40Ar/39Ar dates 
published in this study, and 14C dates calibrated in this study.
** Based on Sherrod and Smith (2000).
*** Derived from parameter-elevation regressions on independent slopes model (PRISM) precipitation estimates for the 1971–2000 climate 
normal period (Daly et al., 2002).
∧ Discharge data for Browder Creek is based on USGS gage #14158790 (Smith River above Smith River Reservoir)
∧∧ USGS gage #14161100 was discontinued on 30 September 2003.
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a best estimate of the groundwater-bearing strata. Whole rock 
samples were analyzed using a MAP 215-50 rare gas mass 
spectrometer at the Noble Gas Laboratory, College of 
Oceanographic and Atmospheric Sciences, Oregon State 
University. Incremental heating in a double-vacuum resis-
tance furnace released argon gas over fi ve or six steps follow-
ing the methods of Duncan and Hogan (1994). Ages were 
calculated using ArArCalc version 2·2 software (Koppers, 
2002), and age plateaus were defi ned as three or more con-
tiguous heating steps that yielded ages within error of each 
other. Errors cited on 40Ar/39Ar ages are all 2σ (95% confi dence 
level). Data tables with complete Ar analyses, irradiation con-
stants, and age calculations for each sample are archived at 
http://www.earthref.org. Radiocarbon (14C) ages from Sherrod 
et al. (2004) were calibrated using OxCal v.4.0.5 (Bronk 
Ramsey, 1995, 2001) and the IntCal04 atmospheric calibra-
tion curve (Reimer et al., 2004). The calibrated calendar age 
used for estimating watershed age is the weighted mean of the 
1σ sigma distribution.

To quantify discharge patterns from study watersheds, we 
established stream gages in previously ungaged watersheds. 
In July 2003, water level recorders were installed on Boulder 
Creek, Lost Creek, McBee Creek, North Branch Roaring River, 
Olallie Creek, and South Fork McKenzie River. Stage–dis-
charge relationships were developed using standard methods 
(Carter and Davidian, 1968) and daily discharges were calcu-
lated for the period of 13 July 2003 to 10 December 2004. 
There is a USGS gage at McKenzie River at the outlet of Clear 
Lake (USGS gage # 14158500). No gage was installed in 
Browder Creek because there is a USGS gage (#14158790) on 
Smith River, to which Browder Creek drains. The Browder 
Creek watershed comprises 48% of the Smith River watershed, 
and the geology of both watersheds is predominantly 2–7 Ma 
basalts (Sherrod and Smith, 2000). No gage was installed in 
the Belknap watershed because there is no stream. In order to 
calculate the stormfl ow and basefl ow contributions to the 
stream hydrographs, were performed graphical hydrograph 
separations were performed for water year 2004 (1 October 
2003 to 30 September 2004) using the sliding interval of 
Pettyjohn and Henning (1979) and Sloto and Crouse (1996).

One measure of the level of drainage development in a 
landscape is drainage density, which is defi ned as the length 
of stream in the watershed divided by watershed area 
(km km−2). To calculate drainage density, we digitized stream 
networks from ‘blue lines’ on 1 : 24,000 USGS topographic 
maps. This ‘blue line’ stream network was compared to a 
valley detection algorithm of Luo and Stepinski (2008), which 
bases its delineation on the topographic curvature measured 
in the direction of the tangent to contour at a given point. Luo 
and Stepinski (2008) used this algorithm to show dissection 
density contrasts between the High and Western Cascades in 
Oregon, and found that it matched the blue line network 
better than other automated stream delineation algorithms. 
Eleven channel heads were located in the fi eld using handheld 
GPS, for comparison to blue line and algorithm-based drain-
age networks. The channel heads were randomly selected, 
based on rock type and age class units of Sherrod and Smith 
(2000) and fi rst-order blue lines. Drainage densities were cal-
culated using both blue lines and the valley-detection algo-
rithm for each study watershed and each rock type and age 
class of Sherrod and Smith (2000).

To further explore the degree of landscape development 
through time, we examined relationships between local slope 
and contributing area for the study watersheds following the 
precedents of Flint (1974), Montgomery and Dietrich (1989), 
Tarboton et al. (1992), and Stock and Dietrich (2003) among 
others. Such slope–area relationships allow comparison of the 

topographic signature of hillslope, debris fl ow, and fl uvial 
processes within a watershed. Contributing areas and slopes 
for each DEM pixel in the watershed were computed with a 
D-infi nite algorithm (Tarboton, 1997) on a 10 m DEM derived 
from 1 : 24,000 USGS topographic maps. Results were binned 
into 100-pixel groups sorted by contributing area. Average 
slopes for contributing areas <1 ha were also calculated. All 
statistical regressions were fi tted using JMP, Version 7 (SAS 
Institute Inc., Cary, NC).

Results

Chronology

The nine High Cascades study watersheds have weighted 
average ages ranging from 17 thousand years ago (ka) to 
2242 ka (2·2 Ma). The youngest basalts in the study area are 
those from Belknap Crater (1310 ± 110 to 1500 ± 180 yr BP; 
Sherrod et al., 2004). These basalts are located in the Belknap 
and Lost watersheds. The oldest basalts in the study area are 
7–17 Ma; these rocks outcrop in the Western Cascades Blue 
and Lookout watersheds and in a small area near the outlet of 
the Boulder watershed. Weighted ages and watershed charac-
teristics for the nine study watersheds are reported in Table I.

Three new 40Ar/39Ar dates constrain ages for the lava fl ows 
from which several large springs emerge. Olallie North Spring 
discharges from a Scott Mountain basalt lava (Jefferson et al., 
2006), and an 40Ar/39Ar date of 35,000 ± 25,000 years was 
determined. A date younger than 12,500 yr BP is unlikely 
since all Scott Mountain lavas are covered with glacial till at 
higher elevations. Another large spring, Sweetwater Spring, 
also emerges from Scott Mountain lava and a similar age is 
presumed. The sample from the cliff above Olallie South 
Spring yielded an age of 535,000 ± 63,000 years. In the south 
study area, Roaring Spring emerges from basaltic andesite with 
an 40Ar/39Ar age of 684,000 ± 40,000 years.

Fluvial hydrology and morphology

Striking contrasts exist among the hydrographs of the study 
watersheds (Figure 2). During water year 2004, fi ve water-
sheds had annual peak fl ows more than 10 times greater than 
the minimum fl ow during the same period. In the other three 
watersheds, annual peak fl ows were 250 times greater than 
the minimum fl ow. Field reconnaissance, USGS topographic 
maps, and 0·6 m resolution aerial photographs demonstrate 
that Belknap watershed has no surface drainage, so there are 
no discharge data to report. The fi ve watersheds with damped 
hydrograph variability had basefl ow >94% of total annual 
fl ow, but in the three fl ashy watersheds basefl ow contributed 
<85% of the annual fl ow. Damped hydrographs are typical of 
spring-fed streams in the Oregon Cascade Range, and four of 
the fi ve damped hydrograph streams in this study are known 
to be sourced in large springs. Flashy hydrographs are char-
acteristic of regional streams fed by shallow subsurface storm-
fl ow (Manga, 1999; Tague and Grant, 2004; Jefferson et al., 
2008), and only one of the three fl ashy streams in this study 
has a mapped spring in its watershed. The mapped spring in 
the Boulder Creek watershed is a small seep, as determined 
by observation.

Watershed age is a moderate predictor of the percentage 
basefl ow (Figure 3), suggesting that watersheds may evolve 
from having a damped hydrograph almost entirely consisting 
of groundwater-fed basefl ow to a fl ashy hydrograph with 
lower basefl ows. Comparison of the study watersheds with the 
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Figure 2. Hydrographs of streams in High Cascades watersheds from 
13 July 2003 to 10 December 2004. Tick marks represent the fi rst day 
of each month. MRCL is gaged by the USGS (# 14158500). Browder 
watershed composes 48% of the Smith River watershed area, and 
Smith River is gaged by the USGS (#14158790). Data are reported as 
measured at the Smith River gage. Data gaps for Boulder and McBee 
result from equipment failure.

Figure 3. Percentage of basefl ow composing hydrographs in High 
Cascade watersheds in water year 2004 (1 October 2003 to 30 
September 2004) versus watershed age. Hydrographs were separated 
using the sliding interval graphical methods of Pettyjohn and Henning 
(1979) and Sloto and Crouse (1996). Data from Lookout Creek in the 
Western Cascades are plotted for comparison, data from Blue River 
are not available for water year 2004.

Western Cascades 8000 ka Lookout watershed suggests that 
percentage basefl ow will continue to decline over time at a 
rate similar to that observed in the High Cascades.

Boulder watershed (180 ka) differs from the pattern of stable 
hydrographs in young watersheds and fl ashy hydrographs in 
older watersheds. The unit discharge of Boulder Creek is sub-
stantially lower than other streams in the study area, and previ-
ous work on probable groundwater fl owpaths suggests that 
some precipitation falling on Boulder watershed may go to 
recharge aquifers that feed the springs in Olallie watershed 
(Jefferson et al., 2006). We suggest the fl ashy hydrograph of 
Boulder Creek is a result of shallow subsurface fl ow on the 
older, early Pleistocene–Pliocene portions of the watershed 
and the absence of bedrock groundwater discharge from 
younger portions of the landscape, due to that deeper water 
crossing the topographic drainage divide.

There are seven large springs (≥0·85 m3 s−1) in the study 
area, and details of their hydrogeology are given by Jefferson 
et al. (2006). These large springs discharge from basalts 
ranging in age from 1310 ± 110 to 1500 ± 180 yr BP (Sherrod 
et al., 2004) at Tamolitch Spring to 684,000 ± 40,000 yr BP 
at Roaring Spring. Discharge from the six large springs in the 
north study area was previously reported by Jefferson et al. 
(2006). On a unit area basis, large spring discharge is 
0·067 m3 s−1 km−2 on basalts and basaltic andesites <12 ka, 

declines to 0·026 m3 s−1 km−2 on basalts and basaltic andesites 
between 25 and 780 ka, and is zero on older units. Large and 
small springs are identifi ed on 1 : 24,000 USGS topographic 
maps. The density of springs drops from 0·07 per km2 on 
Quaternary basalts to zero on Pliocene–Miocene basalts. 
Within Quaternary units there is no relationship between 
basalt age and spring density. These results suggest that the 
number and discharge of springs declines over time, and that 
there may be an upper bound on the age of rock that can host 
a large spring.

All of the large springs in the study area have morphologies 
that appear to be controlled by the constructional morphology 
of lava fl ows. Great Spring emerges into a ~12 m wide, 7 m 
deep pool along the lateral contact between two Sand 
Mountain lava fl ows (2830 ± 320 to 3140 ± 380 yr BP; Sherrod 
et al., 2004). Water seeps out through multiple small orifi ces 
in the younger lava close to the pool surface, and the pool 
level fl uctuates by <0·5 m seasonally. The spring drains to a 
100 m channel entering Clear Lake. This channel is positioned 
in a small gap between the two lava fl ows. Local relief above 
the pool is ~5 m and exhibits the constructional morphology 
of aa lava. Tamolitch Spring emerges in the bed of McKenzie 
River at the base of an 18 m waterfall. With natural river 
discharges, the waterfall is dry except during snowmelt-runoff 
periods (April–June), because the entire discharge of the 
McKenzie River sinks into Belknap lava (1310 ± 110 to 1500 
± 180 yr BP; Sherrod et al., 2004) and emerges 1·5 km further 
downstream at the spring at the base of the waterfall (Stearns, 
1929). Groundwater emerges from fi ssures ~3 m above the 
spring pool and falls into the ~10 m deep pool. Since 1963, 
a hydroelectric project has diverted the McKenzie River 
around the losing reach and spring, and water emerging from 
the spring now seeps out below the pool level. The main 
Olallie North Spring cascades out of Scott Mountain lava and 
down a steep slope for 5 m, before joining Olallie Creek with 
water from secondary springs. The morphology of Olallie 
South Spring is obscured by large (≥1·5 m) talus blocks fallen 
from a cliff face to the south. The largest spring, Lost Spring 
emerges from Sims Butte basalt (7·6–20 ka; Sherrod et al., 
2004), 2·5 km upstream of the fl ow toe. The spring emerges 
over a broad area of >100,000 m2 in a series of quiet shallow 
pools. Water levels in the pools vary <1 m annually. Surface 
fl ow appears and disappears several times before forming a 
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single-thread channel. Most pools are <1 m deep with <2 m 
local relief above the pool level. This topography appears to 
result from the constructional morphology of the lava fl ow. A 
similar morphology is observed at Sweetwater Spring, which 
emerges from Scott Mountain lava. Roaring Spring discharges 
from a horizontal fracture >100 m long at the top of a ~8 m 
cliff face.

There is no correlation between spring morphology and the 
age of the basalt from which the spring issues. Only Tamolitch 
Spring exhibits theater-headed valley morphology, and at that 
site there is some evidence for plunge pool erosion from the 
ephemeral waterfall, possibly a result of paleo-fl oods. Further, 
the applicability of a theater shape as diagnostic of seepage 
erosion in bedrock has been cast into serious doubt by the 
work of Lamb and others (2006; 2007; 2008). Other features 
that have been used to identify groundwater seepage erosion 
include overhanging alcoves, large rock debris in the pool, 
and evidence of sediment transport in the downstream channel 
(Dunne, 1990). None of the springs in the study area have 
these features. Seepage weathering has been inferred to occur 
where salt precipitation or freeze–thaw cycles occur at spring 
orifi ces, but no salt precipitation has been observed, and the 
springs fl ow at constant 4·5–6·3°C temperatures (Jefferson et 
al., 2006), precluding freeze–thaw cycling. Thus, there is no 
evidence for seepage weathering or erosion at springs in the 
study area.

Downstream of the springs, spring-fed streams display mor-
phologies contrasting with runoff-dominated streams. The 
channel downstream of Olallie North Spring (1·7 m3 s−1; 
Jefferson et al., 2006) lies in a steep-sided valley that appears 
to result from a gap between lava fl ows rather than fl uvial 
erosion. The channel occupies the entire valley bottom, which 
is <5 m wide near the spring and 18 m wide, 800 m down-

stream. The nearby channel below Olallie South Spring 
(2·3 m3 s−1; Jefferson et al., 2006) is <3 m wide, conveys chan-
nel-fi lling discharge for most of the year, and lacks evidence 
for overbank fl ow or incision of a valley larger than the 
modern channel. No sediment transport in spring-fed chan-
nels was visually observed during fi eld work over the full 
range of annual fl ows. Large wood in the channels shows no 
evidence of transport, and is moss-covered a few centimeters 
above the water surface. These observations are consistent 
with those made in spring-fed channels on the east side of the 
Oregon Cascade Range (Whiting and Stamm, 1995; Whiting 
and Moog, 2001). In contrast, runoff-dominated Boulder 
Creek has step-pool morphology and large wood jams, and 
has been observed to fl ow overbank and transport bed mate-
rial. Based on morphology and lack of evidence for sediment 
transport, spring-fed streams do not seem to be effective geo-
morphic agents of valley incision, possibly because they lack 
large fl oods, transported sediment to act as fl uvial tools, and/
or suffi cient time for bedrock incision.

Drainage development

Despite the observations that water discharged from springs 
does not appear to be eroding channels, drainage density 
increases with time for basalts in the north study area (Figure 
4a). USGS blue line and valley-detection algorithm-derived 
networks both show an increase in drainage density with time, 
with the algorithm delineating greater stream lengths and 
higher drainage densities for every age unit. The majority of 
the study area is covered with basalt lava, so we are unable 
to compare drainage densities on basalts with those on rock 
units of similar age but differing lithologies.

Figure 4. Drainage density versus rock unit 
and watershed age. (A) Drainage density of 
basalts and basaltic andesites in the north 
study area. Stream lengths were measured 
from digitized 1 : 24,000 topographic maps 
(gray circles) and obtained from the valley 
detection algorithm published by Luo and 
Stepinski (2008) (white circles). Shaded bars 
represent the range of ages for map units of 
Sherrod and Smith (2000), and circles repre-
sent the median age of each unit. The regres-
sion lines were fi tted through the median 
ages. (B) Black diamonds represent the total 
drainage density of each study watershed. 
Gray diamonds represent integrated drainage 
density of watersheds where integrated drain-
age density is lower than total drainage 
density. Integrated drainage density is defi ned 
as the length of stream connected to the 
watershed outlet, divided by watershed area. 
Lengths of streams that drain to closed basin 
lakes or wetlands are not counted in the inte-
grated drainage density calculation. Dashed 
lines show the relationship between total 
drainage density and integrated drainage 
density for specifi c watersheds.
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Locations of 11 fi eld-observed channel heads on Pleistocene 
and Pliocene–Miocene basalts were compared with the 
upstream termini of the blue line and algorithm-derived net-
works. The distance between the blue line termini and fi eld-
observed channel heads ranges from 30 to 1100 m, with eight 
channel heads <250 m from USGS mapped locations. The 
location of one channel head was >1000 m from the mapped 
location, in a low-relief wet-meadow area. The distance 
between algorithm-derived valley termini and fi eld-observed 
channel heads ranges from 110 to 8600 m, with fi ve channel 
heads more than 1000 m from their algorithm-derived loca-
tions. There was no trend with age for rocks older than 25 ka 
in the distance between fi eld-observed and USGS mapped or 
algorithm-derived channel heads, although the sample sizes 
were very small. Based on this metric, we conclude that the 
USGS blue line network is a better indicator of fl uvial chan-
nels in the study area than the valley detection algorithm of 
Luo and Stepinski (2008). However, we are unable to fi nd any 
evidence for two of the USGS mapped fi rst order streams on 
Holocene lavas. This suggests that the blue line network could 
substantially overestimate the extent of stream channels devel-
oped on the youngest basalts, and that true drainage density 
might be lower than that calculated. Additionally, the drain-
age density of the oldest Quaternary basalt map unit (Qb5, 
Figure 1) is limited by the rocks’ exposure primarily along 
ridgelines where contributing areas are low.

Despite these uncertainties, the overall trend of increasing 
drainage density with basalt age is demonstrated by both the 
USGS blue line network and the valley detection algorithm. 
These results show that there is a continuum of drainage 
development from Holocene to Pliocene basalts in the study 
area. Based on a linear regression, drainage density increases 
at a rate of ~0·1 km km−2 Ma−1 (Figure 4a), but this regression 
allows drainage density to be >0 when the landscape is con-
structed. The blue line data is equally well fi tted by a loga-
rithmic regression, and the fi t is improved by assuming zero 
drainage density on 1 ka rocks. The resulting regression is y 
= 0·093 ln(x) + 0·65, where y is drainage density (km km−2), x 
is rock age (ka), and the least squares fi t (r2) is 0·79 (P = 0·018). 
This result suggests that drainage density increases relatively 
quickly on young basalts, and the rate of increase slows on 
older rocks.

The increase in drainage density with rock age is supported 
by a general increase in drainage density with age for the nine 
High Cascades study watersheds (Figure 4b). The highest 
drainage densities in the High Cascades are comparable with 
drainage densities in the Western Cascades Lookout 
(0·73 km km−2) and Blue (1·1 km km−2) watersheds. Drainage 
density values calculated for watersheds exhibit more scatter 
than do those calculated for single rock types, possibly refl ect-
ing the infl uence of glacial till on drainage development. Till 
has a drainage density of 0·56 km km−2 in the north study 
area, and most of the stream length in the Boulder and NBRR 
watersheds is on till.

In the Lost, MRCL, and SFMR watersheds, substantial stream 
lengths are not connected to the trunk stream and instead 
drain to closed basins. These closed basins are the result of 
lava-dammed lakes and deranged drainage of glacial origin. 
We defi ne an integrated drainage density as the length of 
stream connected to the watershed outlet, divided by water-
shed area. Lengths of streams that drain to closed basin lakes 
or wetlands are not counted in the integrated drainage density 
calculation. Integrated drainage densities for Lost, MRCL, and 
SFMR are 31 to 63% lower than the standard measurement of 
drainage density. Integrated drainage density is also a signifi -
cantly better predictor of hydrograph behavior than the stan-
dard drainage density (Figure 5). Integrated drainage density 

may covary with hydrograph characteristics because it 
expresses both the lengths and topology of surface water and 
groundwater routing. Water may move by shallow subsurface 
stormfl ow to a stream and contribute to a peak fl ow in a closed 
basin, but that peak fl ow is subsequently fi ltered and damped 
by transmission through the groundwater system and ulti-
mately discharges as basefl ow in a stream connected to the 
watershed outlet. Only water that moves by overland or 
shallow subsurface stormfl ow to a connected stream contrib-
utes to event fl ow at the watershed outlet, and integrated 
drainage density provides a measure of the network where 
such transmission is possible.

Landscape dissection

The relationship between contributing area and local slope 
was examined for the nine study watersheds, in order to 
understand the timescales and processes of landscape dissec-
tion (Figure 6). Local slopes and upslope contributing areas 
were calculated for each DEM pixel based on its elevation 
relative to neighboring cells, as fully described in the methods 
section.

Belknap (17 ka), Olallie (84 ka), Boulder (180 ka), and 
Browder (2242 ka) watersheds are of similar size and eleva-
tion range, but diverge in their degree of landscape dissection. 
Each watershed is tributary to the upper McKenzie River, and 
lacks cirques, U-shaped valleys, and other features of glacial 
erosion. Belknap, Boulder Creek, and Olallie Creek water-
sheds are all on the fl anks of shield volcanoes, which typically 
have constructional slopes of 0·07 to 0·14 (Walker, 2000). 
Areas distal from the volcano may be infl uenced by pre-
existing topography. Minor parts of the watersheds are occu-
pied by cinder cones, which have constructional slopes 
averaging 0·4 and footprints averaging 0·33 km2, based on 
Holocene cinder cones in the study area. The initial topo-
graphic conditions of Browder Creek watershed are more 
diffi cult to infer, but the style of volcanism in this segment of 
the Cascade Range arc has been similar for >5 million years 
(Conrey et al., 2002), suggesting that the basalts likely origi-
nated from a shield volcano. Base level lowering through 
trunk stream incision has occurred throughout the past 5 
million years, so there is on-going transient response in all 
watersheds.

Figure 5. Drainage density versus percentage basefl ow. Large black 
diamonds represent the total drainage density of each study water-
shed, and small gray diamonds represent integrated drainage density. 
Points in which gray and black diamonds are superimposed represent 
watersheds where total drainage density and integrated drainage 
density are the same. Integrated drainage density is defi ned as the 
length of stream connected to the watershed outlet, divided by water-
shed area.
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The Belknap watershed (17 ka) lacks surface drainage, and 
has a land surface which consists predominantly of <5000 
year old lavas from Belknap Crater and the Inaccessible Cones 
(88% of area). Field observations and aerial photographs show 
primary lava fl ow structures (e.g. pressure ridges, swales) on 
Belknap Crater lavas and provide no evidence for fl uvial, 
glacial, or landslide erosion. Based on these observations, the 
Belknap slope–area relationship (Figure 6a) is interpreted to 
represent the constructional morphology of shield volcanoes, 
which typically have their steepest slopes near the summit. 
There is no break in slope at high contributing areas because 
there are no debris fl ow-dominated or fl uvial channels present 
on the landscape.

Browder watershed (2242 ka) encompasses a third order 
stream, and the longitudinal profi le for Browder Creek has a 
generally concave up shape with an average gradient of 4%. 
Channel heads in the watershed indicated by blue line termini 
on 1 : 24,000 topographic maps have an average contributing 
area of 2·9 × 105 m2. Somewhat above that value, the slope-
area relationship shows a distinct infl ection at a contributing 
area of 5 × 105 m2 and slope of ~0·2 (Figure 6i). This infl ection 
is inferred to represent the transition from debris fl ow channels 
to fl uvial channels (Montgomery and Foufoula-Georgiou, 1993; 
Tucker and Bras, 1998). The slope at the infl ection point is 
similar to fi eld-observed debris fl ow–fl uvial transitions in the 
Oregon Coast Range and Marin County, California (Montgomery 
and Foufoula-Georgiou, 1993), although it is higher than the 
~0·03 to 0·1 reported by Stock and Dietrich (2003). Steep hill-
slopes in the watershed are scarred by debris fl ow tracks, with 
channels scoured to bedrock, and surrounding trees obliterated 

by the mass movement. These tracks are very similar to those 
observed in the Oregon Coast Range and elsewhere (Stock and 
Dietrich, 2003). The slope–area relationship for Browder Creek 
corroborates fi eld observations of the importance of debris 
fl ows as a geomorphic process in older watersheds of the 
Oregon Cascade Range. Debris fl ows cannot initiate on such 
low slopes as those of constructional shield volcanoes, so some 
degree of landscape dissection by fl uvial or glacial processes is 
a prerequisite for the initiation of debris-fl ow channels.

Adjacent Olallie (84 ka) and Boulder (180 ka) watersheds 
differ from each other in their source of streamfl ow, hydro-
graph characteristics, and drainage density (Table I). Olallie 
watershed has channels beginning at two large springs, and a 
concave stream profi le with an average gradient of 7%. 
Boulder Creek watershed (180 ka) has a drainage density of 
0·55 km km−2, and the streams do not begin at large springs. 
Upslope of the channel heads, the slope–area relationships for 
the two watersheds are very similar, and there are no pro-
nounced infl ections in the slope–area trends for either the 
Olallie or Boulder watersheds (Figure 6b, 6c). The average 
contributing area of the Olallie springs is 3·6 × 106 m2 and 
there is considerable scatter in the slopes at greater contribut-
ing areas. For Boulder, slopes steepen slightly at areas >1·9 × 
106 m2, the average channel initiation point. The longitudinal 
profi le of Boulder Creek has a distinct slope change in its 
lower reaches, representing an early transient response to 
continual base level lowering by the McKenzie River. Such a 
response may be possible in Boulder watershed with its fl ashy 
hydrograph, but not in Olallie watershed where only geomor-
phically ineffective spring-fed streams are found.

Figure 6. Slope–area relationships for High Cascades study watersheds. The vertical bar represents the average contributing area of channel 
heads in the watershed, with points to the left of the bar representing unchanneled areas and points to the right of the bar representing the stream 
network. There are no channels in the Belknap watershed.
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Landscape dissection is strongly contrasting in the two small 
watersheds in the south study area (NBRR, McBee). The 
McBee slope–area relationship has a clear infl ection at 3·6 × 
105 m2 (Figure 6h), which corresponds to the mapped channel 
head. In the NBRR watershed, there is little slope break at the 
mapped channel head (Figure 6e), possibly because most of 
the discharge in the stream is supplied by a spring <400 m 
upstream from the gaging site. McBee (1068 ka) has higher 
slopes than NBRR (230 ka) in unchanneled areas (Figure 7).

The three large watersheds (Lost, SFMR, MRCL) have slope–
area relationships that are similar to each other, with gradually 
declining slopes with increasing area above ~104 m2. The 
MRCL watershed (576 ka) has a slope break around the 
average contributing area of mapped channel heads (Figure 
6g). In the watershed, 56% of the area is covered by <25 ka 
rocks and sediments and is relatively undissected. Most of the 
dissection in MRCL has taken place in the 25% of the water-
shed that is >2000 ka. In the Lost (182 ka) and SFMR (541 ka) 
watersheds, slopes are lowest at the highest contributing areas 
(Figures 6d,6f), but infl ection points are somewhat masked by 
high slopes on steep walls of the glacial troughs. This glacial 
topographic signature shows up in the slope–area plots of Lost 
and MRCL as outlying steep slope points with contributing 
areas around 107 m2. Such scatter in slope at high contributing 
areas is not found in watersheds lacking glacial troughs.

Taken together, the nine study watersheds exhibit a pattern 
of increasing hillslope steepness and greater slope breaks asso-
ciated with channel initiation as watershed age increases. 
Watershed age is a strong predictor of average slope in con-
tributing areas <1 ha (Figure 7). These results suggest a con-
tinuous process of landscape dissection that begins with the 
initial establishment of streams in the watershed. Comparison 
of >1 Ma High Cascades with the slope–area relationships of 
Lookout and Blue watersheds (not shown) suggests that the 
older High Cascades landscapes have reached the same topo-
graphic maturity as Western Cascades landscapes. Differences 
between the Belknap (17 ka) and Browder Creek (2242 ka) 
and McBee Creek (1068 ka) slope–area relationships (Figure 
6) indicate that constructional morphology can be largely 
obliterated by hillslope, mass movement, and fl uvial processes 
within 1 million years. In Olallie Creek (84 ka), Boulder Creek 
(180 ka), and NBRR (230 ka) watersheds (Figure 6), the lack 
of concave-up longitudinal stream profi les and slope–area 
scaling breaks at the channel heads suggest that fl uvial erosion 
requires more than 200,000 years to develop its topographic 
signature, regardless of hydrograph characteristics and drain-
age density. For contributing areas >2 × 106 m2, all watersheds 
have similar slopes (<0·1), suggesting that slope is not the 

factor limiting fl uvial erosion in the young watersheds. The 
heterogeneity of rock ages and conspicuous glacial erosion in 
the larger watersheds limits their utility in understanding the 
timescales of landscape dissection.

Discussion

Hydrologic and geomorphic observations portray a landscape 
evolving from undissected constructional volcanic morphol-
ogy having bedrock groundwater drainage, to an erosional 
landscape having fl ashy hydrographs and well-developed 
stream networks draining steep hillslopes. This complete 
transformation takes ~1–2 million years on the western slopes 
of the Oregon Cascade Range, as evidenced by the similarities 
between the oldest High Cascades watersheds and Western 
Cascades watersheds.

In watersheds <1 Ma, well-developed stream networks 
having smooth, concave longitudinal profi les are not found, 
nor is evidence of debris fl ows. Rather, slope–area relation-
ships and stream profi les seem to be controlled by a mixture 
of constructional form, glacial form, and transient response to 
base level lowering. The relative importance of each of these 
factors varies between watersheds, but it is clear that the 
landscape bears a long-lasting imprint of constructional vol-
canic activity. In spring-fed watersheds, landscape dissection 
appears to be stunted by the geomorphic ineffectiveness of 
spring sapping and lack of powerful peak fl ows, whereas in 
comparably-aged watersheds without springs (e.g. Boulder 
Creek) drainage development has progressed further. Of 
course, streams are curvilinear features on landscapes such as 
the Western Cascades and therefore occupy very small parts 
of their watersheds, but these well-dissected landscapes still 
have hillslopes with characteristic forms indicative of bound-
ary conditions imposed by the adjacent streams. In contrast to 
such fl uvially dominated landscapes, the weight of evidence 
suggests that, despite an abundance of water, most of the High 
Cascades landscape shows little evidence of modifi cation by 
fl uvial processes.

Bedrock groundwater-fed springs are the dominant mode of 
drainage in the youngest lavas of the west slope of the High 
Cascades. Radiometric dating of the spring-bearing rocks sug-
gests that these springs can arise from rocks as old as ~700 ka, 
but can be absent in watersheds as young as 180 ka, because 
of a lack of congruence between topography and subsurface 
fl owpaths. The absence of large springs emerging from rocks 
older than ~700 ka, suggests that drainage evolves away from 
vertical infi ltration into the bedrock and towards lateral fl ow 
through the soils.

Once a basalt landscape is constructed, soil development 
and vegetative establishment occur within a few hundred to 
a few thousand years (Inbar et al., 1995), but there is a 10 to 
20 ka lag before surface drainage develops. This lag seems 
likely a result of the high permeability of young basalt. Such 
high permeability promotes vertical infi ltration of precipitation 
and the formation of large groundwater systems. Indeed, 
bedrock groundwater-fed springs are the dominant mode of 
drainage in the youngest lavas of the west slope of the High 
Cascades. Surface drainage appears to develop opportunisti-
cally where constructional morphology concentrates ground-
water discharge or where glaciers deposit till, which has a 
lower permeability than young basalt (10−9 to 10−15 cm2 versus 
>10−8 cm2; Freeze and Cherry, 1979). Even in watersheds with 
surface drainage upslope of springs (e.g. NBRR), much of the 
streamfl ow still originates as spring-fed basefl ow.

We propose that permeability reduction over time acts to 
reduce groundwater recharge and transmissivity of the bedrock 

Figure 7. Average slope of DEM pixels with contributing areas less 
than 1 ha versus watershed age. Black circles represent the High 
Cascades study watersheds, and gray circles depict the Western 
Cascades watersheds. Linear regressions are fi tted to the High 
Cascades data.
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groundwater systems, so that drainage via shallow subsurface 
stormfl ow increases. Specifi cally we suggest that the switch in 
drainage mechanism is produced when development of low 
permeability soil horizons is coupled with extensive bedrock 
weathering. Further work on soil development, chemical 
weathering rates, and concomitant changes in permeability in 
the Oregon Cascade Range is required before our proposed 
mechanism explaining the switch from bedrock springs to 
shallow subsurface stormfl ow can be accepted. Nonetheless, 
our hypothesis is supported by work in other locations and by 
extrapolated estimates of chemical weathering rates, as dis-
cussed below.

Some previous work on drainage development on basalt 
landscapes has focused on the development of low permeabil-
ity mantles on top of the basalts, from processes such as eolian 
deposition (Dohrenwend et al., 1987; Eppes and Harrison, 
1999) and in situ weathering and soil development (Lohse and 
Dietrich, 2005). Soil development resulting in low permeabil-
ity, clay-rich soil layers that cause lateral subsurface and over-
land fl ow has been proposed as the cause of erosion and 
channel development on Hawaiian basalts (Lohse and 
Dietrich, 2005). Our study area is humid, densely vegetated 
and located upwind of the major ash-producing composite 
volcanoes along the Cascade crest, suggesting that dust and 
ash deposition rates are low relative to other volcanic regions. 
In situ soil development and till deposition are the most likely 
contributors to a low permeability mantle that could block 
groundwater recharge. Indeed, soil thickness increases rapidly 
with basalt age in the study area (Jefferson and Lewis, unpub-
lished data).

The persistence of major groundwater discharge after the 
establishment of surface channels suggests that emplacement 
of a low permeability blanket on the landscape surface is 
insuffi cient to shift most fl owpaths toward shallow subsurface 
stormfl ow. Instead, reduction of lava permeability must occur 
for bedrock groundwater to cease being the major drainage 
mechanism in basaltic landscapes. A likely mechanism for 
such permeability reduction is chemical weathering. For 
basalts and andesites in the western USA, weathering takes 
~100,000 years to produce a sizable fraction of clay-sized 
particles (Colman, 1982). In Western Cascades volcanic and 
volcaniclastic rocks, smectite is the most abundant clay 
mineral, with smectite-rich soils retaining water and prone to 
mass wasting (Ambers, 2001). Chemical weathering rates have 
not been determined in the Cascade Range, but can be roughly 
constrained by basalt weathering rates in other places. The 
global runoff and temperature-based basalt weathering cor-
relations of Dessert et al. (2003) yield a silicate weathering 
rate of ~36 t km−2 yr−1 for the study area. In the Oregon Coast 
Range, the chemical denudation rate calculated for a small 
greywacke catchment is 32 ± 10 t km−2 yr−1 (Anderson and 
Dietrich, 2001). These local estimates combined with studies 
on other basalt landscapes ( Gislason et al., 1996; Louvat and 
Allegre, 1998; Benedeti et al., 2003) and the fact that basalts 
weather more rapidly than many other rocks (Meybeck, 1987) 
suggest that silicate weathering rates in the study area could 
be 30–50 t km−2 yr−1. Given a bulk density of basalt of 
2800 kg m−3, these estimates translate to 0·011 to 
0·018 mm yr−1, or 11–18 m of weathering in 1 million years. 
Such extensive chemical weathering would have signifi cant 
impacts on permeability of the basalts.

Changes in drainage density with time have been quantifi ed 
for several lithologies, including glacial till (Ruhe, 1952), sedi-
mentary rocks (Tokunaga et al., 1980; Talling and Sowter, 
1999), and eolian deposits on basalt lava (Wells et al., 1985; 
Dohrenwend et al., 1987). These studies span midlatitude 
climate zones from arid to humid, making direct comparison 

diffi cult, because of the inability to extricate lithology from 
climate, and we know of no other studies compiling drainage 
density for a chronosequence of crystalline rocks. Nonetheless, 
the previously published data allow calculation of drainage 
density doubling rates. All of the published data yield dou-
bling times less than ~70,000 years, with the fastest drainage 
development occurring on glacial tills in Iowa (Ruhe, 1952), 
and the slowest drainage development on anticlinal conglom-
erates in the San Joaquin Valley, California (Talling and 
Sowter, 1999) In contrast, on the basalts of the High Cascades, 
drainage density takes ~1 million years to double from its 
mapped Holocene values. We suggest that the slowness of 
drainage development on the High Cascades landscapes is 
due not only to the diffi culty of incising streams into bedrock, 
but to the lag associated with the initial establishment of chan-
nels on the landscape and to the geomorphic ineffectiveness 
of groundwater drainage. We hypothesize that the rate of 
drainage development on crystalline bedrock landscapes is, 
in part, a function of permeability. Further investigations of 
chronosequences of drainage development on other crystal-
line rocks would help constrain this hypothesis.

Conclusions

Hydrogeomorphic observations constrain the timescales of 
drainage development on the western slopes of the Oregon 
Cascade Range. Holocene basaltic lava fl ows are exclusively 
drained by bedrock groundwater, and there appears to be little 
or no drainage network development within the fi rst 10 to 
20 ka after lava emplacement. Pleistocene lava fl ows are 
drained by both groundwater and surface water, with bedrock 
groundwater remaining important for at least 700 ka in some 
watersheds, while networks fed by shallow subsurface storm-
fl ow are established in less than 200 ka in other watersheds. 
Large springs persist after the establishment of runoff-domi-
nated channels upslope, so that there is a period when the 
two drainage mechanisms operate simultaneously. By 1 Ma, 
watersheds established extensive drainage networks and 
lacked major springs.

Observations of spring and channel morphology and hydro-
graph characteristics demonstrate that groundwater seepage 
erosion and incision by spring-fed streams are geomorphically 
ineffective agents of landscape change in the Oregon Cascade 
Range. Instead, landscape dissection seems to be driven by 
glacial erosion, streams fed by shallow subsurface stormfl ow, 
and debris fl ows on previously steepened slopes. Such storm-
fl ow produces fl ashy hydrographs with high peak fl ows 
capable of moving more sediment than spring-fed streams. 
Within 1 Ma, runoff-driven erosion completely obliterates the 
constructional morphology of the landscape, replacing it with 
steep hillslopes, extensive drainage and debris fl ow networks, 
and a clear infl ection in the slope–area relationship that marks 
the channel initiation area.

The observed timescales for drainage development in the 
Oregon Cascade Range are not directly transferable to regions 
having different climates or geologic histories. Nonetheless, 
the observed sequence and evolution of drainage mechanisms 
may be applicable to other basalt landscapes, including places 
like Hawaii, Iceland, Japan, and the south-western USA. 
Regardless of the setting, drainage evolution on basalt land-
scapes likely follows the sequence of early groundwater drain-
age being geomorphically ineffective until replaced by a 
channel network with more powerful peakfl ows. This neces-
sary alteration in the hydrologic fl owpath partitioning may 
cause a lag in the landscape evolution of permeable land-
scapes relative to other lithologies.
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