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INTRODUCTION

Weathering of rock into regolith or soil is an impor-
tant process that links the geosphere with the bio-
sphere, atmosphere, and hydrosphere. The rates and 
mechanisms of soil formation depend on how these 
spheres interact and contribute to many important 
processes such as nutrient and carbon cycling.  Inte-
grating the rates of physical and chemical changes to 
bedrock over long time scales is one component of 
understanding the evolution of landscapes and part 
of recent NSF initiatives to study processes in the 
critical zone - “ the heterogeneous, near surface en-
vironment in which complex interactions involving 
rock, soil, water, air, and living organisms regulate 
the natural habitat and determine the availability of 
life-sustaining resources” (National Research Coun-
cil, 2001).

In order to examine these processes the project fo-
cused on the eastern side of the High Cascades and 
adjacent Deschutes Basin of central Oregon (Figure 
1) due to the well-documented lithological diversity 
(e.g. Lite and Gannett, 2002) and broad range in 
elevation, which can act as a proxy for climate vari-
ability.

Lithology

The majority of weathering studies on volcanic 
rocks have focused on the breakdown of basaltic 
lavas (e.g. Nesbitt and Wilson, 1992; Aiuppa et al., 
2000; Bendetti et al., 2003; Adot et al., 2006; Egli et 
al., 2008).  Studies of more evolved compositions 
like andesite or rhyolite have focused on pyroclastic 
deposits from volcanic eruptions (e.g. Rasmussen et 
al., 2007), which differ from effusive lavas in glass 
content and porosity.  The degree of crystallinity 
of basalts also affects the leaching of elements.  In 

crystal-poor lavas, secondary mineralization re-
tains Al and Fe, but the flux of Na, Si, Ca, F, and S is 
enhanced relative to crystal-rich lavas (Stefansson 
and Gislason, 2001).  Geochemical changes tend to 
be most pronounced in the initial stages of weather-
ing and immediately precede mineralogical changes 
(e.g. Price et al., 1991; Moon and Jayawardane, 
2004).  The secondary clay minerals produced often 
include allophane, halloysite, kaolinite, gibbsite, 
and smectite, whose more open structures are more 
amenable to chemical exchange.

Volcanic rock weathering is also greatly influenced 
by the amount of time the rocks are exposed to 

WEATHERING OF A VOLCANIC LANDSCAPE: THE 
GEOCHEMISTRY OF THE DESCHUTES RIVER WATERSHED, 

CENTRAL OREGON
HOLLI FREY, Union College
KATHRYN SZRAMEK, Drake University

Figure 1: The Deschutes River Watershed.
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the surface.  Here volcanic rocks offer a substantial 
advantage over other types of bedrock, because the 
rocks are completely unweathered at the time of 
eruption.  The rate at which soils develop affects the 
potential for regrowth of vegetation following volca-
nic eruptions. Chronosequence studies of andesitic 
lavas and mudflows (Nieuwenhuyse et al., 2000; 
Lilienfein et al., 2003) demonstrate the disintegra-
tion of primary minerals into a regular sequence of 
clays.  With increased development, soils are better 
able to retain nutrient thereby sustaining increased 
amounts and diversity of vegetation.

Climate (elevation proxy)

Climatic conditions such as increased precipita-
tion and temperature increase the rate of chemical 
weathering, as evidenced by increased flux of Si and 
Na in granitoids (White and Blum, 1995).  Similarly, 
in rhyolitic volcanic ash, the amount of rainfall af-
fects which clay species develop, as composition is 
primarily controlled by leaching (Parfitt et al., 1983).

The utility of using elevational transects to docu-
ment systematic changes in soil development af-
fected by climate variation was demonstrated for the 
granitic bedrock (Dahlgren et al., 1997) and andes-
itic lahars (Rasmussen et al., 2007) of the central 
Sierra Nevadas.  The range in mean annual precipi-
tation (100 cm), temperature (13˚C), and vegetation 
documented in the Sierras (Dahlgren et al., 1997) is 
comparable to that of the central Cascades, which 
features a similar >2400 m elevation gradient.  The 
parent material in our study (basalt – andesite lavas) 
is more vesicular and mafic than that of the Sierran 
studies, so the rate and type of regolith development 
may be substantially different.

GEOLOGIC SETTING

The eastern side of the High Cascades and adja-
cent Deschutes River Watershed of central Oregon, 
including the Ochoco Mountains (Figure 1) is 
described as Oregon’s high desert due to the overall 
high elevation of the region and the location within 
rain shadow of the N-S trending mountains. 

The High Cascades is comprised of shield volca-
noes, cinder cones, and lava flows, which vary from 
Miocene to Quaternary in age (Figure 2).  The major 
volcanic centers, Mount Hood, Mount Jefferson, 
Three Sisters, and Crater Lake range in composi-
tion from basalt to dacite, with subordinate rhyolite 
domes.  Newberry Volcano is 65 km east of the crest 
of the High Cascades, but exhibits a similar range 
in composition.  The oldest volcanic rocks in the 
Deschutes Basin are the John Day Fm (40 to 22 Ma), 
whose low permeability defines the hydrologic base-
ment for groundwater flow (Lite and Gannett, 2002).  
The majority of rocks belong to the Deschutes Fm 
(7.5 to 4.0 Ma), a sequence of basalt-rhyolite volca-
nic deposits and sedimentary beds.  The youngest 
volcanic deposits are the 1,300 year old obsidian 
flows at Newberry Volcano.

Soils within the study area of the Deschutes Water-
shed are mainly developing on volcanic surfaces or 
reworked volcanic material that are Pliocene and 
younger in age. Due to the young age of the mate-

Figure 2: Generalized geologic map for the Deschutes River 
Watershed from O’Conner and Grant (2003).
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rials, the nature of tephra deposits and the colder 
soil temperatures the soils tend to have weak hori-
zon development.  In the La Pine Basin (the upper 
section of the Deschutes watershed south of Bend, 
Oregon) soils are formed mainly of pumice and ash 
deposits from the eruption of Mt. Mazama and tend 
to only have weakly developed A horizons and often 
limited B horizon development (Myhrum, R. and 
Ferry, W., 1999).

Due to their high elevation (>3000 m), the volcanic 
peaks in the Cascades act as an orographic bar-
rier, inhibiting rainfall to the east of the range.  The 
greatest annual precipitation (400 cm) occurs at the 
highest elevations and decreases downslope to <40 
cm in the Deschutes Basin, within 30 kilometers of 
the crest of the range (Taylor, 1993).  Temperature 
also varies from the ridge crest to the valley.  In 
January, the mean daily minimum and maximum 
temperatures at Santiam Pass in the Cascades range 
from -6 and 1 ˚C, whereas the temperatures in the 
valley, measured at Bend, range from -5.5 and 5.5 ˚C 
(Oregon Climate Service, 1999).  A similar dispar-
ity is seen in July, with minimum and maximum 
temperatures of 6 and 23˚C at Santiam Pass and 7 
and 27˚C in Bend (Oregon Climate Service, 1999). 
Evapotranspiration also varies greatly across the 
study area with yearly pan evaporation difference of 
at least half a meter with higher evaporation rates 
to the East and at lower elevations within the basin 
(Western Regional Climate Center, 2010).

The Deschutes River flows north until it joins the 

Columbia River and drains approximately 27,195 
km2 with an average discharge of 5816 cfs (United 
State Geological Survey, 2010).  The project focuses 
on the Upper Deschutes watershed, which mainly 
drains the eastern High Cascades to the west (Fig-
ure 3) and the Crooked River watershed (Figure 4), 
which drains area to the east and the Ochoco Moun-
tains. Land use within the watershed is mainly fed-
eral managed forests (Deschutes and Ochoco NF) 
and federally managed Grasslands (e.g. Crooked 
River National Grassland) watershed, along with 
extensive irrigated crop and rangeland in the east 
portion of basin.  Pine forests dominate the upland 
regions while sagebrush, grasses, and juniper are the 
dominant vegetation in the low land regions.  The 
main population centers in the region include the 
areas surrounding Bend, Redmond, and Prineville, 
however the region has a relatively low population 
density of fewer than 25 persons per square mile.  

Figure 3: View from Davis Lake looking north with Mt. Bachelor and the Three Sisters to the north and the crest of the Cascades to 
the west.  

Figure 4: South Fork of the Crooked River.  Notice the sparse 
vegetation on the slopes away from the riparian zone.
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RESEARCH APPROACH 

The project took place from June 22nd to July 18th 
2010.   The project was divided into two main 
components, with roughly two thirds of the time 
spent in the field location collecting samples of rock, 
soil and water for later analysis and a third of the 
time working at Union College prepping samples 
for analysis, compiling field data into databases and 
creating a Google Earthtm database of all sample 
locations and descriptions.  

Based on interest, the Oregon Keck participants 
divided into two main groups, those working on 
rocks and soil and those working on water.  Each 
group developed a sampling campaign based on the 
geologic and topographic maps available and altered 
them based on the actual field conditions. Each 
group tried to obtain a range of samples that covered 
the diversity of lithology, including streams draining 
various lithology and regional coverage to account 
for climate variability. 

In order to characterize the bedrock volcanic lithol-
ogy and a primary source of elemental flux in the 
Deschutes Watershed, the students collected >75 
lava samples, ranging from basalt to rhyolite in 
composition.  The sampling sites were based on the 
geologic map of Sherrod and Smith (2000) to collect 
a sample from each unique vent or lava flow unit.  
At each site, a weathered surficial sample and a more 
pristine “fresh” sample were collected for physical 
and chemical comparison.  

In order to trace the elemental flux out of the vol-
canic rocks and into the water, soil pits were dug in 
twelve different locations in the basin.  In the field, 
the pits were described using USDA standards (Fig-
ure 5) and a sample was collected from each horizon 
for further analysis, including texture, moisture, car-
bonate content, organic content, and major element 
geochemistry via ICP-MS.  

Surface and groundwaters within the Deschutes 
watershed were sampled to capture the diversity 
in lithology, climate and landuse.  Students chose 

sample sites based on access to site, the lithology 
and landuse of the sub drainage and the locations of 
tributaries.  In the field, waters were measured for 
pH, water temperature, conductivity and samples 
were collected for later analysis for alkalinity, cation, 
anion and trace elements Selected sites were col-
lected for DOC and CFC analysis.  

At Union College the students performed a majority 
of the preliminary analytical work: made thin sec-
tion chips, powdered samples for major and trace el-
ement geochemical analysis, photographed samples, 
and conducted bulk density measurements.  Stu-
dents analyzed trace element concentrations in both 
water and rock samples using the ICP-MS at Union.  
Analysis of oxide components in the soils was done 
at UNC Charlotte by Harwood.  Microprobe analy-
ses of plagioclase phenocryts were done at UCLA by 
Melendez.   Anion components were done via ion 
chromatography at University of Arizona.  Dissolved 
organic carbon and ICP-OES was done at the Uni-
versity of Michigan.  Major element analyses of rock 
and soil samples were done at AcmeLabs. Chloro-
fluorocarbon analysis was performed at the Tritium 
Lab at the University of Miami.

Figure 5: Typical soil pit for the study region.
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STUDENT PROJECTS

Rocks and Soils

Matthew Kissane (Union College) analyzed the 
bulk major and trace element geochemistry of the 
silicic volcanic rocks (andesites and dacites) within 
the watershed.   He was interested in element mo-
bility as the rocks weather and how different fac-
tors, such as silica content, age, and porosity affect 
mobility.  In the pairs of lavas studied, there was 
a decrease in density from the fresh to weathered 
samples, along with subtle petrographic indications 
of volcanic glass and mineral alteration and break-
down.  There was little variation among major ele-
ments in fresh and weathered samples, whereas all 
Quaternary weathered samples showed enrichment 
in trace element concentrations.  Trace elements 
are thus a more suitable proxy for recording incipi-
ent weathering and are significantly affected before 
major elements or mineral phases.

Ashley Melendez (CSU Fullerton) investigated 
the plagioclase geochemistry within the volcanic 
rocks in the basin and how distance from vesicles 
may affect the weathering and breakdown of major 
mineral phases.  Despite some textural evidence of 
plagioclase weathering (decrease in birefringence, 
yellowish brown discoloration, scalloped rims on in-
dividual phenocrysts, dusty textures within crystals, 
etc.), there was no discernible difference in major 
element plagioclase composition with respect to 
distance from pore spaces.  Because Ca and Na are 
typically among the more mobile elements during 
weathering, their lack of depletion suggests that the 
plagioclase has not yet begun to break down into 
clay minerals.

Matthew Harward (UNC Charlotte) collected soil 
samples forming on a variety of geomorphic sur-
faces in order to investigate the geochemistry of 
the soils developing over the volcanic rocks within 
the basin.  The geomorphic features investigated 
include flood plains, hillslopes, alluvial fans, upland 
surfaces, and lava flows.  Developmentally, the soils 
are relatively immature (>50% sand-sized fraction), 
but have nonetheless experienced chemical weather-

ing.  Plot of oxide components normalized to TiO2 
concentration (assumed immobile) relative to depth, 
show general trends of elemental increasing with 
depth, with the exception of the upland surfaces.  
The elemental depletion at depth is attributed to 
interaction with the water table.

Water

Livia Capaldi (Oberlin College) investigated the 
controls on solutes within the Deschutes River Wa-
tershed.  She created a GIS map of the region where 
she was able to better determine the physiographic 
characteristics of the watershed and sub-watersheds. 
She then linked the stream geochemistry to physical 
aspects of the drainage basin such as drainage area, 
slope and length of stream to determine the possible 
relationships between the various characteristics.  
She determined that within the Deschutes watershed 
drainage basin area is linked to the total concentra-
tion of solutes, but did not observe a link between 
chemistry and slope or length of stream. 

Julia Schwarz (Carleton College) investigated 
springs within the basin using trace element and rare 
earth element (REE) geochemical data along with 
residence times developed from chlorofluorocarbon 
(CFC) dating to better understand the processes 
influencing the geochemistry of regional groundwa-
ters, such as residence time and lithology.  She notes 
marked geochemical differences between springs 
draining the western and eastern edges of the basin, 
however the CFC age range for the springs were 
small therefore indicating that other processes such 
as climate or lithology controlling the differences 
within the springs not residence time.

Lauren Werckenthien (DePauw University) exam-
ined inorganic and organic carbon within the De-
schutes watershed focusing on how HCO3

- and DOC 
(dissolved organic carbon) vary with lithology, lan-
duse, the dissolved load of the streams and the links 
between carbon and mineral weathering. Her results 
link older lithlogies to higher HCO3

- concentration 
with in the basin. 
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