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ABSTRACT

Rivers carved into uplifted plateaus are 
commonly disrupted by discrete events from 
the surrounding landscape, such as lava fl ows 
or large mass movements. These disruptions 
are independent of slope, basin area, or chan-
nel discharge, and can dominate aspects of 
valley morphology and channel behavior for 
many kilometers. We document and assess 
the effects of one type of disruptive event, 
lava dams, on river valley morphology and 
incision rates at a variety of time scales, using 
examples from the Owyhee River in south-
eastern Oregon.

Six sets of basaltic lava fl ows entered and 
dammed the river canyon during two peri-
ods in the late Cenozoic ca. 2 Ma–780 ka and 
250–70 ka. The dams are strongly asymmet-
ric, with steep, blunt escarpments facing up 
valley and long, low slopes down valley. None 
of the dams shows evidence of catastrophic 

failure; all blocked the river and diverted 
water over or around the dam crest. The net 
effect of the dams was therefore to inhibit 
rather than promote incision. Once incision 
resumed, most of the intracanyon fl ows were 
incised relatively rapidly and therefore did 
not exert a lasting impact on the river valley 
profi le over time scales >106 yr. The net long-
term incision rate from the time of the oldest 
documented lava dam, the Bogus Rim lava 
dam (≤1.7 Ma), to present was 0.18 mm/yr, 
but incision rates through or around individ-
ual lava dams were up to an order of magni-
tude greater.

At least three lava dams (Bogus Rim, 
Saddle Butte, and West Crater) show evi-
dence that incision initiated only after the 
impounded lakes fi lled completely with sedi-
ment and there was gravel transport across 
the dams. The most recent lava dam, formed 
by the West Crater lava fl ow around 70 ka, 
persisted for at least 25 k.y. before incision 
began, and the dam was largely removed 
within another 35 k.y. The time scale over 
which the lava dams inhibit incision is there-
fore directly affected by both the volume of 
lava forming the dam and the time required 
for sediment to fi ll the blocked valley. Varia-
tions in this primary process of incision 
through the lava dams could be infl uenced 
by additional independent factors such as re-
gional uplift, drainage integration, or climate 

that affect the relative base level, discharge, 
and sediment yield within the watershed.

By redirecting the river, tributaries, and 
subsequent lava fl ows to different parts of 
the canyon, lava dams create a distinct val-
ley morphology of fl at, broad basalt shelves 
capping steep cliffs of Tertiary sediment. This 
stratigraphy is conducive to landsliding and 
extends the effects of intracanyon lava fl ows 
on channel geomorphology beyond the life-
time of the dams.

INTRODUCTION

In recent decades, the rate at which rivers in-
cise through bedrock has been viewed as a pri-
mary control on regional patterns of landscape 
evolution in mountainous or uplifted terrain 
(e.g., Howard, 1994; Whipple and Tucker, 1999; 
Whipple, 2004). Over time scales of 106 yr, val-
ley erosion processes are often considered es-
sentially continuous in both time and space and 
are modeled with “generic” (sensu Whipple, 
2004) incision models such as the unit stream 
power model. In many environments, however, 
rivers are disrupted by singular events, such as 
channel incursions of lava fl ows or large mass 
movements. These “extrafl uvial” processes can 
inhibit incision by burying valley-bottom bed-
rock and altering channel slope, width, and bed 
character; or they can promote incision by gen-
erating cataclysmic fl oods through natural dam 
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failures (O’Connor and Beebee, 2009). Such 
disruptions to fl uvial systems are commonly 
independent of slope, basin area, or channel 
discharge, yet they can dominate aspects of 
valley morphology and channel behavior over 
reaches spanning many kilometers. Recogni-
tion of the potential importance of extrafl uvial 
events in valley evolution and river incision is 
growing (e.g., Hewitt, 1998; Stock et al., 2005; 
Cheng et al., 2006; Ouimet et al., 2007, 2008; 
Pratt-Sitaula et al., 2007; Korup et al., 2010). It 
remains unclear, however, whether and under  
what circumstances long-term patterns of land-
scape evolution are sensitive to extrafl uvial 
events. Korup et al. (2010), for example, argued 
that the infl uence of landsliding on fl uvial proc-
esses and landforms is most effective at ≤104 yr 
time scales, but not over the 106 yr time scale. In 
this study, we document and assess the effects 
of one type of extrafl uvial event, lava dams, on 
river valley morphology and incision rates at a 
variety of time scales along the Owyhee River 
corridor in southeastern Oregon (Fig. 1). This 
setting exemplifi es processes common to many 
semiarid, predominantly extensional settings in 
the western United States and around the world.

The impacts of lava dams on long-term land-
scape evolution depend largely on the duration 
over which the dams persist and, less obviously, 
on the secondary effects of hillslope processes 
involving incised lava fl ows. The persistence of 
lava dams is in part related to the emplacement 
setting and lava-water interactions. Subaque-
ously emplaced lava can create dams of com-
plex character, as in Grand Canyon, where lavas 
poured directly over the rim or erupted within 
the canyon. In Grand Canyon, some lava dams 
were unstable and failed catastrophically, due 
to a combination of emplacement on unstable 

colluvial slopes, hydrothermally weakened or 
fractured layers within the basalt fl ows, and/or 
interbedded accumulations of tephra (Hamblin, 
1994; Fenton et al., 2002; Howard and Fenton, 
2004; Crow et al., 2008). Catastrophic natu-
ral dam failures can generate fl oods with peak 
discharges that far exceed those of meteoro-
logically generated fl oods (Fenton et al., 2006), 
and thus can enhance transport rates of coarse 
sediment or bedrock incision rates downstream 
from the dam failure site.

In contrast, stable lava dams inhibit inci-
sion. Intracanyon lava fl ows can extend both 
upstream and downstream of the incursion site, 
depending on lava fl ow volume and river valley 
characteristics. The lava fl ows bury the valley 
fl oor in new material for up to tens of kilome-
ters. Upstream of the lava dams, fl ow energy 
is too low to accomplish incision during the 
lifetime of the dam. Hence, sediment can accu-
mulate in impounded reaches and temporarily 
shield the channel bed from incision even after 
the lava dam has been incised.

The longevity of stable dams and the specifi c 
processes and rates of incision in different en-
vironments are not well documented. Howard 
et al. (1982) documented rapid rates of inci-
sion through lava dams on the Boise River in 
Idaho, which bear many similarities to the lava 
dams on the Owyhee River. Incision can occur 
through the lava itself or through the surround-
ing bedrock, even when the blockage is less 
resistant to erosion than the bedrock (Howard 
et al., 1982; Pratt-Sitaula et al., 2007; Ouimet 
et al., 2008). Ouimet et al. (2008) suggested 
that epigenetic gorges are generally cut rapidly 
relative to background rates of incision in most 
settings. However, the empirical validity and 
theoretical basis of such claims across diverse 

settings remain unclear, in part because so few 
studies have focused on this issue. In analyz-
ing the impacts of lava fl ows on incision rates 
of the Owyhee River, this study contributes to 
a broader discourse about the rates at which in-
dividual stream reaches can re-incise after per-
turbations, relative to long-term rates of river 
incision.

Little attention has been paid to important 
secondary effects of lava-dam emplacement 
on hillslope morphology and process. The lat-
eral displacement of the river channel by lava 
incursions and the stratigraphic juxtaposition of 
lava fl ows overlying unconsolidated sediment in 
the valley walls could increase the potential for 
landslides, which could themselves block the 
river. These secondary effects potentially extend 
geomorphic infl uences of the lava incursions on 
river valley morphology in both time and space.

The Owyhee River system is particularly well 
suited for investigating the relationships among 
lava dams, fl uvial incision, and valley geomor-
phology at various spatial and temporal scales. 
We characterized and quantifi ed the emplace-
ment, duration, and removal of lava dams formed 
by six sets of Pleistocene basaltic lava fl ows 
that entered the study reach (Figs. 2B, 3, and 4; 
 Table 1). To establish the volcanic, fl uvial, and 
lacustrine stratigraphy that reveals the geomor-
phic response of the river, we conducted exten-
sive fi eld mapping and geochronological analysis 
of a wide variety of well-preserved geomorphic 
features. Herein, we fi rst describe the fi eld area, 
then explain the methods used to map and date 
landforms in the study reach, summarize the vol-
canic stratigraphy, and fi nally interpret the inci-
sion history of the river in light of our new data.

GEOGRAPHIC AND 
GEOLOGIC SETTING

The Owyhee River drains ~30,000 km2 of 
Nevada , Idaho, and southeastern Oregon, fl ow-
ing northward into the Snake River just up-
stream of Hells Canyon (Fig. 1). In the absence 
of previously designated river miles, we specify  
sites by river kilometer (Rk) downstream (north) 
along the modern course of the Owyhee River 
from a starting datum of 0 at Rome, Oregon 
(42°50′N, 117°37′W), to Rk 78 at the confl u-
ence with Birch Creek (Figs. 2B and 3). This 
study focused on the 50 km of river corridor 
from Rk 25 to 76, encompassing the reach most 
affected by Quaternary lava fl ows.

The study area lies within the synvolcanic 
Oregon-Idaho graben southwest of the western 
Snake River Plain at the juncture of the High 
Lava Plains, the Basin and Range, and Columbia 
River Basalt Provinces (Cummings et al., 2000; 
Shoemaker and Hart, 2002; Shoemaker, 2004). pkh
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Figure 4. Schematic representation 
of the relative stratigraphic positions 
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that have entered the Owyhee River 
canyon. This fi gure is a generalized 
compilation from multiple loca-
tions, as no single cross section of the 
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Within the study reach, the Owyhee River is 
incised into Neogene and Quaternary volcanic 
and sedimentary rocks (Plumley, 1986; Evans, 
1991; Malde, 1991; Ferns et al., 1993). Down-
stream of Rome, the river enters a series of 
steep-walled bedrock gorges up to 400 m deep 
formed in massive Miocene rhyolite fl ows. The 
narrow gorges alternate with broad valleys, 
1–2 km wide, through Neogene volcaniclastic 
and lacustrine sediment capped by basalt fl ows.

Several changes in the regional landscape 
were important factors in the evolution of the 
Owyhee River canyon. The presence of detrital 
zircons derived from the Owyhee headwaters in 
sediment deposits in the western Snake River 
Plain records the capture of the paleo–Owyhee 
River watershed by the western Snake River 
Plain ca. 7 Ma (Beranek et al., 2006). The de-
mise of Pliocene Lake Idaho in the western 
Snake River Plain concurrent with the incision 
of Hells Canyon on the Snake River, and the 
resulting integration of the Snake River into the 
Columbia River system occurred between 3.8 
and 2 Ma (Malde and Powers, 1962; Othberg, 
1994; Wood and Clemens, 2002). Regional 
incision followed in southwestern Idaho and 
southeastern Oregon, draining many of the lake 
basins in the area (Smith et al., 2000; Van Tassel  
et al., 2001; Wood and Clemens, 2002) and 
leading to early Quaternary integration and fur-
ther incision of the Owyhee River valley. The 
lava dams on the Owyhee River are broadly 
contemporaneous with several other lava dams 
within the last 2 m.y. on the nearby Snake and 
Boise Rivers of southwestern Idaho (Howard  
and Shervais, 1973; Howard et al., 1982; 
Malde, 1982, 1987; Othberg, 1994; Brand and 
White, 2007).

METHODS

Individual lava fl ows were mapped, dated, 
and correlated on the basis of stratigraphic and 
geographic position, mineralogy, geochronol-

ogy, geochemistry, and remanent paleomag-
netism. Supporting data are included in the GSA 
Data Repository.1

Field Observations, Measurements, 
and Mapping

Field observations to determine the relative 
age and correlation of the intracanyon lava fl ows 
included hand-sample mineralogy, surface mor-
phology of the lava fl ows, amount of soil devel-
opment and weathering, geomorphic location in 
the canyon, and stratigraphic position. Descrip-
tions of the hand-sample mineralogy and gen-
eral petrologic characteristics of each lava fl ow 
are included in GSA Data Repository Table 
DR4 (see footnote 1) and Brossy (2007). Geo-
logic mapping of the study area and elevation 
surveys of the lava fl ows and relevant geomor-
phic features were performed using a combi-
nation of extensive fi eld reconnaissance using 
a laser rangefi nder and high-precision GPS 
(Trimble GeoXH Global Positioning System), 
and interpretation of imagery derived from light 
detection and ranging (LiDAR) data and aerial 
photography. Mapping was compiled in ArcGIS 
(ver. 9.2, 9.3, and 10.1) using various represen-
tations of these image types as base layers.

Net long-term incision rates through the lava 
fl ows were calculated from the highest evidence 
of water overfl ow on the downstream side of the 
dam, such as rounded gravels or water-scoured 
basalt, down to either the current mean summer 
water surface of the river or a strath surface of 
known age. The river fl ows on a shallow bed-
rock strath surface throughout much of the reach 

of the West Crater and Saddle Butte lava fl ows. 
The water depth in this reach was no more than 
2–3 m at the low to moderate discharges when 
the fi eld measurements were made.

Geochronology

Absolute ages of lava fl ows and dams were 
determined by 40Ar/39Ar radiometric age 
analysis of basalt fl ows in this and previous 
studies (GSA Data Repository Table DR1 
[see footnote 1]). Samples in this study were 
analyzed at the New Mexico Geochronol-
ogy Research Laboratory at the New Mexico 
Insti tute of Mining and Technology, Rutgers 
University Department of Earth and Planetary 
Sciences, and the Nevada Isotope Geochronol-
ogy Laboratory at the University of Nevada, 
Las Vegas. The GSA Data Repository includes 
descriptions of the procedures for the sample 
preparation, analysis and interpretation of 
the 40Ar/39Ar radiometric ages from each of the 
laboratories, as well as the full analytical re-
sults (see footnote 1). The data evaluation 
protocol was based on Fleck et al. (1977) and 
Dalrymple and Lanphere (1969, 1974).

We conducted cosmogenic radionuclide 
surface-exposure analyses on the youngest of 
the Owyhee River lava dams, the West Crater 
lava dam (70 ka; Table 1), and associated river-
eroded channels, strath terraces, and boulder 
deposits. The surface-exposure ages were deter-
mined through the analysis of cosmogenic 3He, 
henceforth referred to as 3Hec (GSA Data Re-
pository Tables DR1 and DR2 [see footnote 1]). 
These analyses provided age estimates of ero-
sional and depositional features that were used 
to calculate incision rates through the West Cra-
ter lava dam (Table 2). Samples for cosmogenic 
dating were collected and prepared according 
to the methods described by Gosse and Phillips 
(2001) and Fenton et al. (2002, 2004). Analyses 
were completed at the University of Rochester 
and the U.S. Geological Survey in Denver.

1GSA Data Repository item 2012321, supporting 
data and explanatory text for 40Ar/39Ar age analyses, 
tephrochronology, 3He cosmogenic radionuclide 
exposure ages, paleomagnetic correlations, geo-
chemical correlations, and petrologic descriptions of 
the Owyhee Canyon lava fl ows and associated fea-
tures, is available at http://www.geosociety.org/pubs
/ft2012.htm or by request to editing@geosociety.org.

TABLE 1. CHARACTERISTICS OF OWYHEE RIVER LAVA DAMS

Height above modern river 
(m)

Lava fl *egAnoitacolmaDwo
Length
(km)

Elevation of crest
(m) Base Crest

Undivided lower Bogus No remaining evidence of exact dam location >1.7 Ma ~30? ? >115 to 190 ?
)35kR(tnioPnorImiRsugoB 1. 69 ± 0.03 Ma (1.7 Ma) >30 1210 ~260 310

Deer Park Deer Park and Greeley Bar (Rk 70–73.2) 780 ± 50 ka (780 ka) >5 1066 177 210
55>54~969>5.62>)ak512(ak9±41214–93kRettuBskralC

)ak541(ak41±441)82kR(keerCetinarG1ettuBelddaS ≥4 1018 5
54440121>)ak541(ak41±441)33–13kR(keerCssargeyR2ettuBelddaS † 85

388~030121)ak07(ak9±96)14–83kR(tnioPsugoBretarCtseW
*The reported age is a weighted mean average and standard error of the reliable 40Ar/39Ar geochronological data for each lava fl ow. Individual determinations were 

weighted by the inverse of their squared uncertainties (standard deviations) and summed. The uncertainty of the weighted mean is the reciprocal square root of the sum of 
all the individual weights. See GSA Data Repository (see text footnote 1) for a complete list of sample ages and sources, and an explanation of samples used to calculate 
representative ages. The representative age in parentheses is the rounded value of the lava-fl ow age used in the text and in Table 2.

†Saddle Butte 2 fl ow overlies Saddle Butte 1 fl ow; no signifi cant channel incision occurred between these events.
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The 3Hec method is well-suited for dating the 
exposure time of the geomorphic surfaces and 
boulders derived from the olivine-rich, young 
basalt fl ows in the Owyhee study area (Cerling, 
1990; Cerling and Craig, 1994; Cerling et al., 
1994, 1999; Fenton et al., 2002; Kurz, 1986). 
The West Crater lava fl ow contains a high per-
centage of olivine phenocrysts, which produce 
and retain 3Hec (Gosse and Phillips, 2001). In 
most cases, the Owyhee River basalts are too 
young to have accumulated signifi cant radio-
genic helium, and hence contain only mantle gas 
and cosmic 3He. We collected a shielded sample 
from the unexposed ceiling of a >2 m overhang 
under the base of the uppermost West Crater lava 
fl ow unit at Dogleg Bend (Rk 45; Fig. 2B) to 
determine the amount of helium in the samples 
from non cosmo genic (mantle) sources. The re-
sulting helium isotopes from the shielded sample 
were used to correct the fi nal cosmogenic ages 
for any mantle contribution of helium.

Tephra layers from lacustrine deposits that 
accumulated in the reservoir behind the West 

Crater lava dam and behind landslide blocks 
were analyzed for a geochemical match with a 
regional tephra database at the Geoanalytical 
Laboratory at Washington State University.

The representative ages for each lava fl ow 
or group of cosmogenic surface-exposure ages 
are weighted mean averages of the relevant 
geochronological data. Individual determina-
tions were weighted by the inverse of their 
squared uncertainties (standard deviations) 
and summed. The uncertainty of the weighted 
mean is the reciprocal square root of the sum 
of all the individual weights (Taylor, 1997). 
The inclusion or exclusion of samples from 
the calculations of the representative weighted 
mean ages was based on our confi dence in 
the quality of the sample, the stratigraphic or 
geologic relation to other geologic features 
of known ages, and the degree of analytical 
uncertainty. The rationale for the selection of 
samples for each representative age calcula-
tion is described in the GSA Data Repository 
(see footnote 1).

Geochemistry

We analyzed the geochemistry of the lava 
fl ows to correlate the lava-fl ow outcrops in 
the canyon and link them to previously dated 
source vents. New geochemical data on major 
and trace elements produced for this study were 
compared with existing data on the Owyhee 
Plateau (Hart, 1982; Hart and Mertzman, 1983; 
Hart et al., 1984; Bondre and Hart, 2004, 2006; 
Shoemaker and Hart, 2002; Shoemaker, 2004; 
Bondre, 2006). Major-element analyses were 
conducted at Miami University in Oxford, 
Ohio, using direct current argon plasma spec-
troscopy following the methods of Katoh et al. 
(1999). Trace-element analyses were conducted 
at Miami University using direct current argon 
plasma spectroscopy and at Franklin and Mar-
shall College using the X-ray fl uorescence tech-
niques of Mertzman (2000).

For major elements, 22 existing analyses 
(Bondre, 2006) were used to identify fi elds that 
characterize the Al

2
O

3
, Fe

2
O

3
, CaO, K

2
O, and 

TABLE 2. INCISION RATES

Lava fl ow/feature
Location

(Rk)
Height above river

(m)*
Mean age

(ka)†

Incision rate to 
present§

(mm/yr)

Incision rate to
intermediate points#

(mm/yr) (mm/yr)
61.0–60.00002–0071032–51137–05savalsugoBrewoL

Bogus Rim
01335~tsercmadmiRsugoB 16 90 ± 30

(1700)
0.18 BR to CB = 0.17 BR to WC = 0.18

Bogus Rim highest overfl 0725.55slevargwo

Deer Park
05±08701217tsercmadkraPreeD

(780)
0.27

Clarks Butte 
Clarks Butte lava, highest fl 9±412455.94tnanmerwo

(215)
0.25 CB to WC = 0.33

Saddle Butte
41±4415813~tsercmad2ettuBelddaS

(145)
0.59 SB2 to WC = 1.0

Highest overfl 485.13slevargwo

West Crater 
9±963893tsercmadretarCtseW

(70)
1.2

Highest overfl 285.93slevargwo
Paleochannel and dated boulders on dam 43.25 58 62±3 0.95
Airplane Point river polished and eroded fl ow surface 47.75 24 39±2 0.66
Dogleg Bend T5 slightly eroded fl ow top 45 50 58±3 0.86

2.1=2Tot5T8.1=4Tot5T1.13±540554**sredluobecarrethtarts5TgelgoD
0.1=2Tot4T79.03±938354sredluobecarrethtarts4TgelgoD

88.01±715154rabredluob3TgelgoD
29.01±211154rabredluob2TgelgoD

Dogleg T1 boulder bar†† 45 4 9±1 –
Note: Abbreviations: BR—Bogus Rim lava; CB—Clarks Butte lava; SB1 and SB2—Saddle Butte 1 and 2 lavas; WC—West Crater lava; T5–T1—terraces at Dogleg Bend, 

from highest to lowest.
*Height above river refers to the surveyed height above the water surface at low to moderate discharge, which is ≤2 m above the channel bed in most cases.
†Weighted mean and representative ages (in parentheses) of the lava fl ows from Table 1. The ages of the West Crater eroded surfaces and Dogleg terrace boulders are the 

weighted mean of the cosmogenic 3He exposure ages on each (Tables DR1 and DR2 [see text footnote 1]).
§Incision rates are calculated from the dam crest to the modern river surface unless otherwise indicated. Incision rates within the West Crater dam are based on the 

elevations of the outer edges of the terrace or strath surfaces.
#Base of West Crater and Clarks Butte fl ows are 7.5 m and 45 m, respectively, above the water surface of the modern river; elevations of Dogleg terraces are as indicated in 

the table.
**Age of abandonment of Dogleg T5 terrace is based on the mean of the three youngest cosmogenic radionuclide exposure ages of boulders on the strath surface.
††Dogleg T1 is inundated by high fl ows from present-day Owyhee River and was not included in incision calculations. Because of the wide range in cosmogenic radionuclide 

exposure ages of boulders on T1, the age in Table 2 is the mean of only the two youngest boulder exposure ages. 
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MgO concentrations of the Rocky Butte and 
Clarks Butte, West Crater, and Owyhee Butte 
lava fl ows. Nine new samples from this study 
were compared against these major-element 
fi elds (GSA Data Repository Fig. DR1A [see 
footnote 1]). For trace elements, 19 existing 
analyses (Bondre, 2006) of the Rocky Butte, 
West Crater, Bogus Rim, and Owyhee Butte 
lava fl ows defi ned characteristic fi elds for La, 
Nb, Rb, Sr, Ba, and Zr, against which trace-
element analyses of fi ve new samples from this 
study were compared (GSA Data Repository 
Fig. DR1B [see footnote 1]).

Paleomagnetic Correlations

Changes in the direction of remanent mag-
netism (McElhinny, 1973; Kuntz et al., 1986) 
were used to distinguish among the lava fl ows 
found in the Owyhee Canyon and to correlate 
isolated lava outcrops to previously dated lava 
fi elds or vents. Changes in remanent magneti-
zation direction that occur on time scales of 
1–105 yr are termed geomagnetic secular varia-
tion (Butler, 1992) and can occur at geologi-
cally rapid rates of ~4° per century (Champion 
and Shoemaker, 1977). These changes are not 
cyclic and can be characterized as a random 
walk about a mean on a path that can cross itself 
(Butler, 1992).

Individual lava flows from known source 
vents were sampled to characterize the rema-
nent magnetism and provide a base value to 
compare with isolated lava fl ow outcrops, fol-
lowing the methodology of Champion (1980). 
Paleomagnetic sample sites were chosen in 
outcrops from 10 different lava fi elds (Table 
DR3 [see footnote 1]). The sites were se-
lected in horizontal, stable areas of the lava 
fl ows that had not been tilted after cooling and 
magnetization. Where possible, sample sites 
were located in road cuts or where the sur-
face of the fl ow had been removed recently 
by erosion to reduce the presence of isother-
mal rema nent magnetization (IRM) resulting 
from lightning strikes. A hand-held, water-
cooled, gasoline-powered coring drill was 
used to collect eight independently oriented, 
2.5-cm-diameter samples at each site. A sun 
compass was used to orient the azimuth of 
the fi eld cores because the magnetic character 
of mafi c volcanic rock infl uences a magnetic 
compass. The remanent magnetization of the 
cores was measured using an automatic cryo-
genic magneto meter at the U.S. Geological 
Survey in Menlo Park, California. The mean 
directions of magnetization for each site were 
then calculated and plotted on an equal-area 
diagram (GSA Data Repository Fig. DR2; 
Table DR3 [see footnote 1]).

OWYHEE RIVER LAVA FLOWS 
AND DAMS

The lava fl ows in the Owyhee canyon are 
compound pahoehoe fl ows, composed of multi-
ple overlapping fl ow lobes (Self et al., 1998; 
Walker, 1971). The lava dams typically exhibit 
three distinct components in vertical section: 
subaerial topset beds, a transitional passage 
zone, and subaqueous foreset beds (Fig. 4; 
Jones and Nelson, 1970). The uppermost sheet 
of lava forms a topset bed that supplies lava 
to the front of the fl ow, where it contacts the 
water surface. Pillow lavas and shattered vol-
canic glass (hyaloclastite) indicative of lava-
water interaction often break off the toe of the 
upstream-advancing lobe of the lava fl ow and 
form dipping deltaic foreset beds below the 
water surface of the dammed lake. The passage 
zone is the transitional boundary between the 
subaerial and subaqueous portions of the lava 
fl ow, and it marks the elevation of the water 
surface into which the lava fl owed (Jones and 
Nelson , 1970). In some instances, this three-
tiered structure is repeated or stacked in vertical 
section. Multiple or rising passage zones within 
a lava-fl ow dam indicate that the water level 
rose during the construction of the dam but did 
not exceed the rate of lava infl ux.

The six distinguishable sets of Pleistocene ba-
saltic lava fl ows entered the Owyhee River can-
yon between Granite Creek (Rk 25) and the Birch 
Creek confl uence at Rk 78 (Fig. 2B). The lava 
fl ows entered and dammed the river during two 
time intervals: an early Pleistocene period from 
ca. 2 Ma to 780 ka, and a later period from 215 to 
70 ka (Table 1). The fl ows issued from vents on 
both sides of the present river canyon and inter-
acted with the river in diverse ways. Many of the 
lava fl ows that we mapped in this study are un-
named or were assigned informal names by pre-
vious workers. Where appropriate, we retained 
these informal names or assigned new informal 
names on the basis of local geographic features 
shown on U.S. Geological Survey (USGS) 7.5′ 
topographic maps.

Undivided Lower Bogus and Bogus Rim 
Lava Flows

The lava of Bogus Rim and the undivided 
Lower Bogus lavas beneath it are the oldest 
intracanyon lava fl ows included in this study 
(Table 1). The lava of Bogus Rim (hereafter 
Bogus Rim lava) is an informal name for the 
widespread lava fl ow, the southwestern mar-
gin of which forms Bogus Rim on the Lambert 
Rocks 7.5′ USGS topographic quadrangle map 
(Fig. 2B). This lava fl ow was identifi ed as the 
lava of Bogus Bench by Bondre (2006), but be-

cause the topographic feature Bogus Bench is 
also associated with other older lava fl ows, we 
have renamed the fl ow in accord with the promi-
nent geomorphic feature of Bogus Rim. The se-
quence of undivided lava fl ows stratigraphically 
beneath, and older than, the Bogus Rim lava is 
hereafter referred to with the informal name of 
lower Bogus lavas. This sequence includes the 
undivided Pliocene–Pleistocene lavas (QTb2, 
QTbd) shown in Figure 2B.

Undivided Lower Bogus Lava Flows
The lower Bogus lava fl ows fi lled an Owyhee 

River canyon that was much wider, shallower, 
and higher than present. A 6-m-thick deposit of 
river gravel overlying a bedrock surface at the 
base of the lower Bogus lava group, 115 m above 
the modern river (965 m elevation) at Rk 74, 
provides a minimum channel elevation (Fig. 3; 
Table 1). Farther upstream near the Bogus  Rim 
dam site (Rk 50; Fig. 2B), the exposed basal 
contact of the lower Bogus lava fl ows is 190 m 
above the modern river. The contact is with older 
bedrock, not Owyhee River gravel, and there-
fore the contempo raneous channel was presum-
ably lower. The basal contact elevation of the 
Bogus  lava fl ows in the intervening reach gradu-
ally decreases between these two end-member 
elevations.

The lower Bogus lava fl ows are exposed 
only in the cliffs of the Owyhee Canyon. An 
40Ar/39Ar age of 1.672 ± 0.03 Ma on the fl ow 
immediately underlying the capping Bogus Rim 
lava fl ow provides a minimum limiting age for 
the lower Bogus lavas. Another age of 1.92 ± 
0.22 Ma on a vent east of Bogus Rim (Bondre, 
2006; Fig. 2B; GSA Data Repository Table DR1 
[see footnote 1]) is most likely from one of the 
lower Bogus lava fl ows. They are well exposed 
downstream of Iron Point (Rk 53) but fl ank the 
river as far upstream as Rk 32–38 near Bogus 
Point (Figs. 2 and 3).

The sequence of fl ows composing the lower 
Bogus Lavas could have caused multiple 
episodes of river damming. The exact loca-
tion of the lava dam(s) formed by the lower 
Bogus  lavas is not evident, but a likely area is 
near Rk 53, where the high terrain of the up-
lands surrounding Deer Butte and Iron Point 
constricted the Owyhee River paleocanyon. 
Sequences of pillow lavas, hyaloclastite, and 
lacustrine sediment up to 25 m thick occur in 
the lower Bogus lavas for at least 10 km up-
stream of Rk 50, suggesting the presence of 
a lake. A 32-m-thick pillow-lava delta with 
an elevation of 1158 m at the upper bound-
ary (Rk 25–26; unit QTbd in lower right of 
Fig. 2B) is capped by 6 m of subaerial lava 
that erupted from Owyhee Butte. Although 
the Owyhee Butte lava fl ow is not part of the 
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lower Bogus lava group, it fl owed into a lake 
that was probably dammed by one of the lower 
Bogus lava fl ows. An 40Ar/39Ar age of 1.86 ± 
0.12 Ma (Bondre, 2006; GSA Data Repository 
Table DR1 [see footnote 1]) on the Owyhee 
Butte lava fl ow is within the age range of the 
undivided lower Bogus lava fl ows.

Bogus Rim Lava Flow

The Bogus Rim lava fl ow is the most vo-
luminous and laterally extensive of the intra-
canyon fl ows. It erupted from vents east of the 
Owyhee Canyon, fl owed westward, and cre-
ated a broad, gently sloping surface (Fig. 2B). 
The age of the Bogus Rim lava fl ow is con-
strained by a 40Ar/39Ar age of 1.67 ± 0.06 Ma 
on the uppermost unit of the lower Bogus lava 
group immediately underlying it (GSA Data 
Repository Table DR1 [see footnote 1]). Its 
reversed magnetic polarity also places it after  
the Olduvai period of normal polarity from 
1.77 to 1.95 Ma. These data suggest an age of 
≤1.7 Ma for the Bogus Rim lava fl ow (Table 1). 
The lava fi lled and dammed the paleo–Owyhee 
River canyon from Rk 49 to 53 (Fig. 2B). The 
narrow section of the modern Owyhee Canyon 
along the dam reach resulted from river inci-
sion at the contact between the thick canyon fi ll 
of the Bogus Rim lava and the rhyolite of the 
Iron Point area. The fl ow(s) traveled ~40 km 
downstream to at least 10 km past Birch Creek 
(Rk 78), beyond which there are no clearly 
visi ble lava remnants (Fig. 3).

The Bogus Rim lava dam was well above 
the modern river. A surveyed elevation of 
1210 m on the rim of the canyon at the most 
likely position of the Bogus Rim lava dam 
(Rk 53) places a maximum limit on the ele-
va tion of the crest of the dam. This point is 
~310 m above the modern river channel. River 
gravels at elevations of 1170 m (Rk 50) and 
1080 m (Rk 56) place the base of the dam at 
200–260 m above the modern river (Fig. 2B; 
Table 1). Subrounded to well-rounded basalt 
and banded rhyolite boulders, cobbles, and 
gravel on the surface of the dam downstream 
of the crest document the eventual overtopping 
of the lava dam by the river. The overfl ow de-
posits occur up to an elevation of 1168 m at 
Rk 55.5, and the thickest deposit (6 m) is at an 
elevation of 1143 m at Rk 58 (Fig. 5A).

Areally extensive deposits of river cobbles 
and fine-grained sediment several meters 
thick have been mapped on the canyon rim 
upstream of the Bogus Rim lava dam (Evans , 
1991; Ferns et al., 1993) at elevations up to 
1200 m (3940 ft) (unit Qrgo on Fig. 2B). Simi-
lar elevations of the dam crest and the highest 
river cobbles and lacustrine sediments pro-

vide evidence that sediment completely fi lled 
the lake blocked by the Bogus Rim lava dam. 
The lower portion of this fi ne-grained lacus-
trine stratigraphic sequence could be asso-
ciated with either the Bogus Rim lava dam 
or an earlier dam from one of the undivided 
lower Bogus lava fl ows.

Deer Park Lava Flow

The lava of Deer Park (hereafter called Deer 
Park lava) is an informal name defi ned in this 
study by the place name “Deer Park,” where the 
lava fl ow spilled into the Owyhee River can-
yon. The location is shown on USGS 7.5′ topo-

A

B

Figure 5. Fluvial deposits on lava-dam surfaces indicating the overtopping of the dams by 
the river. (A) Deposit of rounded boulders, cobbles, and gravel up to 6 m thick on top of the 
Bogus Rim lava dam, downstream of the dam crest (Rk 58.5). Total thickness of Bogus lavas 
in this section is ~130 m. (B) Large, rounded basaltic boulders on the upper rim of the West 
Crater lava dam (1029 m elevation; Rk 39.75) possibly demarcating the pre-incision path of 
the river along the outer margin of the lava fl ow (photo by Josh Michaels).
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graphic quadrangle “The Hole in the Ground.” 
The Deer Park lava is equivalent to the Greeley 
Bar basalt identifi ed and informally named by 
Brossy (2007).

The Deer Park lava entered The Hole in 
the Ground reach of the Owyhee River from the 
southeastern canyon rim by way of two steep 
lava cascades (Fig. 3). Our mapping separates 
the Deer Park lava from a group of older lava 
units surrounding Deer Butte, refi ning mapping 
by Plumley (1986). The lava likely erupted from 
vents on Hill 4737 (Fig. 3), fl owed westward 
across older lavas, and cascaded into the can-
yon. It then fl owed across the Bogus Rim lava, 
which is below the canyon rim at this location, 
and dammed the Owyhee River at Rk 70–71. 
A second lobe from the same vent entered the 
canyon by a cascade at Deer Park at Rk 73 
(Fig. 3). An 40Ar/39Ar age of 780 ± 50 ka and 
the reversed polarity of both lobes indicate that 
the Deer Park lava fl ow must closely predate the 
paleomagnetic reversal at 780 ka. The remanent 
paleomagnetic signature of the two lobes is simi-
lar, but not identical, indicating that the Deer 
Park lava dam might be constructed of fl ows of 
slightly different ages, but both close to 780 ka. 
At just over 5 km in length, the Deer Park lava 
dam has the shortest footprint along the river, 
pinching out near Rk 75.5.

At least three passage zones within the Deer 
Park lava dam indicate a sustained period of 
lava-river interaction and a rising lake behind the 
lava dam (Jones and Nelson, 1970). The Deer 
Park lava effectively dammed the river, judging 
from the 20- to 30-m-thick sections of hyaloclas-
tite in sections upstream of the dam (Rk 70–71), 
and no observed hyaloclastite at downstream ex-
posures between Rk 73 and 75.5. The elevation 
of the dam crest was at least 1054 m. The chan-
nel at that time, marked by the base of the lava 
fl ow on unweathered river cobbles at an eleva-
tion of 1008 m, was ~200 m above the modern 
river (Table 1).

Clarks Butte Lava Flow

The lava of Clarks Butte (hereafter Clarks 
Butte lava) is the informal name adopted by 
Hart and Mertzman (1983) and Bondre (2006) 
for lava fl ows from the vent named Clarks Butte 
(Fig. 2A) on the Jordan Craters South USGS 7.5′ 
topographic quadrangle (43°2′N, 117°25′W). A 
weighted mean age of 214 ± 9 ka (rounded to 
215 ka; Table 1) was determined from a combi-
nation of samples collected at different locations 
(GSA Data Repository Table DR1 [see footnote 
1]). The Clarks Butte lava is well exposed in the 
upper Bogus Creek drainage, but it is buried by 
the younger West Crater lava fl ows 7 km east 
of the modern Owyhee River, preventing con-

tinuous tracing of Clarks Butte lava from the 
broad fl ow surfaces on the uplands (Fig. 2A) to 
the isolated remnants within the canyon (Figs. 
2B, 3, and 6). The Clarks Butte lava entered the 
Owyhee River from the Bogus Creek drainage 
somewhere to the east of Rk 39–41, much like 
the younger West Crater lava, and fl owed down-
stream for at least 34 km.

Isolated outcrops of the Clarks Butte lava, all 
less than 10 m thick, are perched on bedrock 
strath terraces and deposits of Owyhee River 
gravels at a height of 42–46 m above the river at 
Rk 49. Major- and trace-element geochemistry 
and remanent magnetism support correlation of 
the discontinuous outcrops in the canyon to the 
Clarks Butte source (GSA Data Repository Figs. 
DR1 and DR2 [see footnote 1]). The relatively 

uniform thickness, outcrop height, and consistent 
geochemistry (GSA Data Repository Fig. DR1 
[see footnote 1]) suggest that the dam is com-
posed of only a few fl ow units, or perhaps even a 
single unit. The elevations of these Clarks Butte 
remnants consistently decline to a height of 23 m 
above the river at Rk 75.25. The perched lava 
fl ow remnants throughout this reach allowed us 
to reconstruct the river channel gradient immedi-
ately prior to the Clarks Butte eruption.

The AM-PM site (Rk 49–49.5; Fig. 2B) illus-
trates the relation between the Clarks Butte lava 
and the river. Here a 10-m-thick unit of Clarks 
Butte lava overlies ~1 m of unweathered fl uvial 
gravel on the highest of three fl uted and polished 
rhyolite strath surfaces, 44 m above the river (Fig. 
6A). Less than 0.5 m of hyaloclastite at the base 
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Figure 6. Schematic representation with vertical scale (A) and photograph (B) of Clarks 
Butte and West Crater lava fl ows and strath terraces at the AM-PM site, river left (Rk 49, 
Fig. 2B). Each lava fl ow overlies 0.5–1 m of gravel and cobbles that rest on rhyolite strath 
surfaces. Rounded boulders rest on both the West Crater fl ow and on an intermediate strath 
surface that is not covered by a lava fl ow.
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of the lava fl ow indicates minimal water in the 
river channel at the time of lava fl ow emplace-
ment, as the river had been mostly de watered 
where the lava fl ow blocked the Owyhee Canyon 
upstream. The river subsequently incised to an 
intermediate, lava-free strath terrace 22 m above 
the river, which hosts several rounded basalt 
boulders. The 70 ka West Crater lava is perched 
upon the lowest set of strath-terrace remnants, 
8.5 m above the modern river.

Saddle Butte Lava Flows

The lavas of Saddle Butte (hereafter Saddle 
Butte lava fl ows) follow the terminology of 
Ciesiel  and Wagner (1969) and Evans (1991) 
for lava fl ows forming the “Saddle Butte” lava 
fi eld delineated on the Iron Mountain USGS 7.5′ 
topo graphic quadrangle. The source vents for the 
extensive lava fi eld of Saddle Butte lie ~30 km 
southwest of the Owyhee Canyon (Fig. 2A). 
The fi rst Saddle Butte lava fl ow (Saddle Butte 
1) entered the Owyhee Canyon at Granite Creek 
at Rk 28. It extended upstream for nearly 1 km 
and downstream for at least 3 km (Fig. 2B). A 
second fl ow (Saddle Butte 2) entered the canyon 
at Rk 33 via Ryegrass Creek. It fl owed upstream 
2 km and buried the downstream end of the 
Saddle  Butte 1 lava (Figs. 2B and 7). Outcrops of 
the second Saddle Butte fl ow also extend at least 
6 km downstream to Rk 39. Together, the two 
Saddle Butte fl ows created a blockage at least 
73 m tall and produced a lake stretching ~30 km 
upstream (Table 1).

A sample of the Saddle Butte lava 8 km from 
the source vent yielded an 40Ar/39Ar age of 144 ± 
14 ka (Table DR5; Fig. DR3 [see footnote 1]), 
which we have rounded to 145 ka (Table 1). It 
was not possible to determine whether the dated 
sample was from Saddle Butte lava fl ow 1 or 2, 
as the lava advanced many kilometers farther 
downslope before splitting into separate lobes. 
Paleomagnetic analyses of samples from Saddle 
Butte fl ows 1 and 2 in the canyon show over-
lapping remanent directions, indicating that they 
are very close in age (Fig. DR2 [see footnote 1]). 
They also match the paleomagnetic signature of 
the dated sample 8 km from the source vent. For 
these reasons, the two Saddle Butte lava fl ows 
are regarded as one damming episode.

The Saddle Butte 1 lava at Rk 28.25 rests 
directly on 9 m of unweathered river cobbles, 
gravel, and sand. The basal contact of these fl u-
vial deposits is at the elevation of the modern 
river. This exposure is the site of a perennial 
spring known as the Weeping Wall (Fig. 2B), 
where spring water issues from the contact be-
tween the lava and the gravel. The lava had to 
span only 270 m to block the river in this nar-
row bedrock reach of the canyon. Thick, stacked 

sequences of pillow lavas, passage zones, and 
subaerial lavas at different elevations upstream 
indicate that the lake height rose concurrently 
with latter stages of dam construction. No fl uvial 
deposits are interbedded within the lava dam, 
suggesting fairly rapid and continuous dam con-
struction. No signifi cant deposits of pillow lavas 
or hyaloclastite were found downstream of the 
Saddle Butte 1 dam, aside from a few lava pil-
lows near Rk 30.8 in the plunge pool of the Sand 
Spring Creek waterfall, probably resulting from 
lava interacting with the water in this tributary.

Following the damming by the Saddle Butte 1 
lava fl ow, the Saddle Butte 2 lava fl ow entered 
and dammed the river near Hill 3562 at Rk 34 
(Fig. 2B). Hyaloclastite and pillow-lava de-
posits, tens of meters thick at the base of the 
Saddle Butte 2 lava fl ow (Fig. 8A), indicate 
that the river had overtopped the Saddle Butte 
1 lava dam and was fl owing down the canyon 
by the time the Saddle Butte 2 lava fl ow entered 
the canyon downstream. The absence of simi-
lar exposures of hyaloclastite downstream of 
the Saddle  Butte 2 lava dam indicates that this 
lava fl ow completely dammed the river. The lava 
fl owed upstream and halted at the Sand Spring 

drainage, where the blunt and steep upstream 
face of the dam is well displayed (Rk 30.7; 
Figs. 2B and 7). The Saddle Butte 2 lava fl owed 
downstream for at least 8 km to near Rk 39, 
where it is exposed below the younger West 
Crater lava on the opposite side of the river. 
Beyond this point, it is obscured by landslides 
that cover much of the lower canyon walls. The 
absence of the Saddle Butte lava at the AM-PM 
site (Rk 49), where the older Clarks Butte and 
younger West Crater lavas rest on strath ter-
races, indicates that it did not extend that far 
downstream. Approximately 5 m of sandy silt, 
gravel, and rounded river cobbles accumulated 
on top of the Saddle Butte 1 lava at Sand Springs 
Wash (Rk 31), immediately upstream of the 
Saddle Butte 2 dam (Figs. 2B and 7). Rounded 
boulders on top of the Saddle Butte 1 lava dam 
at Granite Creek (Rk 28, Fig. 2B) were most 
likely deposited by the river fl owing across the 
Saddle Butte 1 surface after the emplacement of 
the Saddle Butte 2 dam. Evidence of the river 
overtopping the Saddle Butte 2 dam is preserved 
at White Rock Creek (Rk 31.5, Fig. 2B), where 
a remnant of the Saddle Butte 2 lava is perched 
on the eastern canyon wall at the elevation of the 

Slump block of SB2

SB2Fluviolacustrine
sediments 

Owyhee River

SB1

Pillow lava
delta

SB1

Steep upstream
face of dam

~73 m

Figure 7. Saddle Butte 2 (SB 2) lava dam at Sand Springs Wash (Rk 30.7), which is one of 
the best examples of a lava dam in the fi eld area. Here, the younger SB 2 dam overlies the 
older Saddle Butte 1 (SB 1) lava fl ow. The SB 2 dam contains a well-developed lava delta 
with pillow-laden foreset beds that dip up valley. The upstream face of the dam is a steeply 
sloping surface of chilled lava aligned perpendicular to the course of the valley, typical of 
lava dams on the Owyhee River. The surface of the older SB 1 lava is buried by lacustrine 
silty sediment capped by fl uvial gravel that accumulated upstream of the SB 2 dam.
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dam crest (1044 m). Patches of intact pahoehoe  
ropes identify the original lava fl ow surface, but 
in places the surface has been smoothed by fl u-
vial erosion. The surface is littered with rounded 
boulders and cobbles of diverse lithologies up 
to an elevation of 1043 m. Some of the boul-
ders match the lithologic characteristics of the 
Saddle  Butte lavas, indicating erosion of the 
dam itself (Table DR4 [see footnote 1]).

West Crater Lava Flow

The lava of West Crater (hereafter West Crater  
lava) is the informal name adopted by Bondre  
(2006) for lava fl ows originating from the vent 
named West Crater (43°0′N, 117°32′W) on the 
Bogus Bench USGS 7.5′ topographic quad-
rangle. The youngest lava dam in the study 
area was formed by the West Crater lava fl ow 

(Fig. 2), which traveled 13 km down Bogus 
Creek into the Owyhee River. A weighted mean 
age of 69 ± 9 ka (Table 1; rounded to a represen-
tative age of 70 ka) was derived from 40Ar/39Ar 
ages of samples collected near the source and 
in the canyon (Bondre, 2006; Table DR1 [see 
footnote 1]). Closely overlapping remanent 
paleo magnetic signatures from upper and lower 
fl ow units of the West Crater lava indicate that 
the lava was emplaced over a short time interval 
(Fig. DR2; Table DR3 [see footnote 1]; Cham-
pion and Shoemaker, 1977).

The West Crater lava fi rst dammed the river 
east of the present river channel location at 
Rk 40–41, from which it fl owed 8 km down-
stream and 3 km upstream (Figs. 2B and 9). The 
crest of the West Crater lava dam stands at an 
elevation of 1030 m. The highest overfl ow grav-
els lie at an elevation of 1029 m at 39.5 km (Fig. 
5B). The base of the West Crater lava sits 8.5 m 
above the modern river channel in the narrow 
gorge from Rk 47.75 to 49.5. Thick exposures of 
pillow lava and hyaloclastite capped by passage 
zones (Fig. 8B) indicate the advance of the lava 
fl ow upstream into a rising lake. No extensive 
outcrops of pillow lavas or hyaloclastite were ob-
served downstream of the dam, although a 15-m-
long, 0.5-m-thick outcrop of hyaloclastite and a 
few weakly developed lava pillows ~30 m above 
the river near Rk 43 indicate either minor leaking 
of the dam or local damming of a tributary. There 
is also a 1- to 2-m-thick lens of basalt-rich gravel 
between two West Crater fl ow units at Rk 45 that 
might suggest enough time between these units 
for the river to fi ll and overtop the initial portion 
of the dam before it was completed.

Isolated outcrops of West Crater lava form 
ledges perched on bedrock strath terraces within 
the narrow gorge from Airplane Point (Figs. 2B 
and 10) to the AM-PM site (Rk 49.5) (Figs. 2B 
and 6). The upper surfaces of these West Cra-
ter lava remnants are sculpted and polished by 
water and capped with rounded basalt boulders. 
At Airplane Point, an 18-m-thick remnant of the 
West Crater lava sits on a strath cut into rhyolite, 
8.5 m above river level, and sparse river gravel 
is present at the base of the lava at this site. The 
farthest downstream outcrop is at the AM-PM 
site (Rk 49.5), where a 3-m-thick remnant of 
West Crater basalt is perched on 1.5 m of imbri-
cated rounded cobbles overlying a strath surface 
cut into Tertiary sediment 8.5 m above the river. 
The lava is in turn overlain by ~1 m of rounded 
cobbles.

Several types of evidence indicate the im-
poundment of water behind the dam and over-
fl ow across the dam surface. Shallow channels 
across the top of the lava dam from Rk 39 to 
45 (Figs. 2B and 9) record fl ow of the Owyhee 
River over the surface prior to significant 

Owyhee River

Paleovalley wall
West Crater lava

Sediment lens

Saddle Butte lava

PZ

FB

FB

FB

B

~52 m

Subaerial lava

Passage zone

Delta foreset beds of pillow
lava and hyaloclastite

~60 m

A

Figure 8. Examples of passage zones and pillow lava–hyaloclastite 
breccias typical of Owyhee River lava dams. (A) An exposure of the 
Saddle Butte 2 (SB 2) lava fl ow near Rk 34.25 clearly illustrating 
the subaqueous delta foreset beds of hyaloclastite and pillow lavas, 
passage zone marking the water surface at the time of emplacement, 
and capping subaerial lava (Jones and Nelson, 1970). (B) An expo-
sure of the West Crater lava dam on the eastern canyon wall (river 
right) at Rk 39.25, overlying the SB 2 lava. Foreset beds (FB) of pil-
low lavas and hyaloclastite dip upstream. Three stacked sequences 
of foreset beds, passage zones (PZ), and subaerial lava indicate that 
the lake level rose during construction of the WC dam. The dashed 
ellipse encircles an outcrop of Tertiary sediment that formed the 
western margin of the valley prior to the fi lling of the Owyhee chan-
nel by the Saddle Butte (SB) lava fl ow. The lens of sediment in the 
center of the photo is interpreted to be the former channel of Rye-
grass Creek, which would have joined the Owyhee River to the east 
of the present river canyon prior to the SB lava (Fig. 9). The river 
subsequently incised the present channel to the west of its former 
location, cutting through the former valley wall.
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Figure 9. Map of Rk 37.5–39.5 
showing the West Crater lava 
dam, landslides, lacustrine sedi-
ment, and fl uvial deposits of the 
Owyhee River. The river fl ows 
to the north (up) in this  image. 
The West Crater lava flow 
entered  the Owyhee Canyon 
from the east down the Bogus 
Creek canyon (Fig. 2B), and the 
dam extended ~3 km upstream 
from its point of entry. Lacus-
trine sediment (Qlw) later ac-
cumulated in the lake behind 
the West Crater lava dam (Fig. 
11). The yellow star marks the 
location of the sediment lens de-
picted in Figure 8B.
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incision  of the dam. A sample of the numerous 
rounded basaltic boulders on the surface of the 
West Crater lava along the rim of the Owyhee 
canyon in this reach (Fig. 5B) yielded a mean 
3Hec exposure age of 62 ± 3 ka (Table 2; Table 
DR1 [see footnote 1]). Upstream of the dam (Rk 
38), deposits of fi nely bedded lacustrine silts up 
to 20 m thick and capped with Owyhee River 
gravel drape the sides of the canyon to an eleva-

tion of 1018 m, approaching the height of the 
dam crest (Fig. 11). Two Mount St. Helens set 
C tephra layers with ages of ca. 55 and 47 ka 
(Berger and Busacca, 1995; Negrini et al., 2000) 
were identifi ed within these lacustrine sections 
(Orem, 2010; Table DR1 [see footnote 1]).

Cobble terraces up to an elevation of 995 m 
are common in the canyon for at least 5 km 
upstream of the West Crater dam to Artillery 

landslide complex at Rk 34 (Fig. 2B). These ter-
races and the gravel-capped lacustrine silt repre-
sent Owyhee River sediment that fi lled the lake 
behind the West Crater dam. They were sub-
sequently incised as the river cut through and 
around the dam. This fl uvial and lacustrine sedi-
ment also overlies the lower parts of a series of 
rotational landslides immediately upstream of the 
lava dam on the eastern canyon wall, indicat-
ing that some of the canyon-fl anking landslides 
were older than or contemporaneous with the 
lava dam. The West Crater lava flow buried 
the toe of the downstream-most landslide, which 
is overlain by two tephras in the closed depres-
sion at the back of the slide, above the elevation 
of the West Crater lava dam crest: the Trego Hot 
Springs tephra (23.2 ka) and the Mazama tephra 
(7.7 ka) (Table DR1 [see footnote 1]). Neither of 
these tephra layers was found in the lake sedi-
ment behind the West Crater dam.

FORMATION, STABILITY, AND 
REMOVAL OF LAVA-FLOW DAMS

The six lava dams affecting the Owyhee 
River corridor over the last ~2 m.y. share basic 
similarities, supporting generalizations regard-
ing dam emplacement, longevity, and removal.

Lava-Dam Emplacement and Geometry

The basaltic lavas that formed the Quaternary 
lava dams on the Owyhee River fl owed 0.5–
30 km from their sources before entering the 

Sample sites

25 m

Basalt

Rhyolite

Geologist

Owyhee River

Figure 10. Photograph of a 
downstream portion of the 
West Crater lava dam perched 
on a rhyolite strath surface at 
Airplane Point (Rk 47.75). The 
mean cosmogenic 3He surface 
exposure age of 39 ka on the 
two fluvially polished upper 
surfaces of the lava fl ow helps 
to constrain the timing of dam 
overfl ow prior to the re-incision 
of the channel (Tables DR1 and 
DR2 [see text footnote 1]). The 
confi ned, bedrock canyon at 
this location forced the river to 
incise directly through the ba-
salt lava dam.

Tephra layers

Cw
ca. 55 ka

Cy
47 ka

West Crater lava dam
Figure 11. Photograph of silty lacustrine 
sediment that accumulated behind the West 
Crater lava dam at Rk 38 (Fig. 9). Arrows 
denote Mount St. Helens set Cw and Cy 
tephra layers in the stratigraphy. Circle 
marks the location of a geologist for scale. 
The elevation of the top of the pictured de-
posit is 997 m, but the elevation of the high-
est preserved section of lacustrine sediment 
behind the West Crater dam is 1018 m, 
which approaches the dam crest of 1030 m.
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river corridor. As the various lava fl ows entered 
the Owyhee River canyon, they fl owed both up-
stream and downstream, and so the topographi-
cally highest part of the valley blockage is near 
the point of entry. Resulting dam crests were 
many tens of meters above the river channel at 
the time of dam emplacement (Table 1).

As is the case for most intracanyon lava fl ows, 
the geometry of most Owyhee River lava dams 
is strongly asymmetric. The lava fl ows extend 
no more than 3 km upstream from their point 
of entry. The upstream faces of the best pre-
served dams form steep, blunt escarpments 
where lava fronts were quenched by their im-
pounded lakes (Figs. 7, 9, and 12). The lavas 
fl owed many kilome ters down valley on a dry 
channel bed, exemplifi ed by the >30 km down 
valley extent  of the Bogus Rim and Clarks Butte 
lavas (Fig. 12). These long travel distances of 
lava fl ows along river channels are consistent 
with measure ments of lava fl ows that traveled 

up to 100 km down valley in other canyon 
rivers , such as the Boise River in southwestern 
Idaho (Howard et al., 1982), the Little Colorado 
River in northeastern Arizona (Duffi eld et al., 
2006), and the Colorado River in Grand Canyon 
(Hamblin, 1994; Crow et al., 2008).

The characteristics of the lava and the inter-
action between lava and river water control the 
structure and competency of the resulting lava 
dam (Howard et al., 1982; Long and Wood, 
1986; Hamblin, 1994; Lyle, 2000; Howard and 
Fenton, 2004; Crow et al., 2008; Milazzo et al., 
2009). In the Owyhee River Canyon, >10-m-
thick deltas of hyaloclastite and lava pillows with 
upstream-dipping foresets (Fig. 8A) refl ect up-
valley delta progradation into lakes impounded 
behind growing lava dams. Subaerial lava con-
stitutes 30%–50% of the total thickness in the 
upstream portions of the lava dams. This ratio 
of subaerial to subaqueous lava and rising pas-
sage zones capped by subaerially emplaced lava 

indicate that the supply of lava to the dam site 
exceeded the supply of water (Jones and Nelson, 
1970). By contrast, if lava infl ow were less than 
the rate of water infl ow into the impoundment, 
the resulting outcrops would more likely consist 
of thick sections of hyaloclastite and lava pillows 
nearly all the way to the top of the dam (Howard 
et al., 1982). The paucity  of clastic fl uvial depos-
its interbedded within the lava fl ows indicates 
that the initial blockages formed rapidly during 
single, discrete episodes, in contrast to some of 
the Grand Canyon lava dams that contain river 
sediment deposited during pauses in dam forma-
tion (Hamblin, 1994). Subaqueously emplaced 
lava can create dams that are more susceptible 
to leakage or failure (Fenton et al., 2002). In the 
case of the long, low dams on the Owyhee River, 
however, the combination of subaqueous lava at 
the upstream end changing to subaerial lava in the 
long downstream portion of the lava fl ows appears 
to have contributed to dam stability and longevity.
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Figure 12. Longitudinal profi les 
of the Owyhee River and intra-
canyon lava fl ows from Rk 19 
to 76. The lithologic units at 
the base of the diagram indi-
cate the geologic units that 
compose the canyon walls at 
the river level in each reach. 
The narrow, bedrock canyon 
reaches are characterized by 
basalt  (QTb) and rhyolite (Tr) 
bedrock, and the wider reaches 
are dominated by sediment 
inter bedded with thin volcanic 
layers (Tsv) or landslide debris 
(Qls). The surface of the West 
Crater fl ow markedly steepens 
as it approaches the bedrock 
gorge at Rk 46. Arrows indicate 
locations where the lava directly 
overlies river gravels (O) or trib-
utary gravels (T), which most 
closely represent the paleo–river 
channel elevations. The dotted 
lines approximate the paleo-
valley gradients based on the 
basal contacts of the lava fl ows. 
The basal profi les of the lower 
Bogus  and Bogus Rim lava 
fl ows portray a valley gradient 
signifi cantly steeper than today 
through the rhyolite gorge. The 
paleochannel profi le preserved 
by the strath terraces overlain by 
remnants of the Clarks Butte 
lava is only slightly steeper than 
that of the modern river.
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Lava-Dam Stability

Several of the lava flows that entered the 
Owyhee canyon formed dams that were suffi -
ciently stable and impermeable to allow lakes 
to fi ll with water and overfl ow. The upper sur-
faces near the crests of the Bogus Rim, Saddle 
Butte, and West Crater dams contain rounded 
cobbles and gravel, as well as fl uvial erosional 
features signifying overtopping by impounded 
lakes (Figs. 5, 9, and 12). Of these, the Bogus 
Rim lava dam created the largest lake, attaining 
a maximum elevation of 1210 m with a depth 
of up to 100 m near the blockage site (the pre-
dam river elevation is not known precisely in 
this reach). Thick deposits of lacustrine sedi-
ment and river cobbles occur up to an elevation 
of 1200 m on the modern canyon rim upstream 
of the Bogus Rim lava dam (Evans, 1991). 
Using present topography and a conservative 
lake-surface elevation of 1200 m, the Bogus 
Rim lava-dam lake would have inundated 
~1170 km2 and extended more than 60 km up-
stream. The actual dimensions were probably 
smaller, as independent evidence shows that 
the river channel elevation was higher at that 
time. Nevertheless, a lake of that size would 
have required decades to fi ll at the present mean 
annual river discharge of 25 m3/s. The smaller 
lakes (<1 km3) that formed behind the Saddle 
Butte fl ows (maximum lake elevation 1044 m) 
and the West Crater lava dam (maximum lake 
elevation 1030 m) were close to 80 m deep at 
the dams and would have extended 30–40 km 
upstream, slightly beyond the present location 
of Rome at Rk 0. These lakes would have been 
largely contained within the existing narrow 
canyon, except where the valley widens near 
Rome (Rk 0–8). They would have taken less 
than 1 y to fi ll at the present mean annual river 
discharge (Orem, 2010). Insuffi cient preserva-
tion of the lava dams and lacustrine or fl uvial 
deposits associated with the Deer Park and 
Clarks Butte lava dams precludes inferences 
regarding the stability of those dams.

Lacustrine deposits of varying thicknesses 
and containing identifi ed tephra units of known 
ages (Fig. 11) indicate that the lava-dammed 
lakes were long lasting. Each of the lakes behind 
the Bogus Rim, Saddle Butte, and West Crater 
lava dams fi lled with lacustrine sand, silt, and 
clay and are capped by fl uvial gravel (Orem, 
2010). Lacustrine sediment accumulation to el-
evations approaching the heights of dam spill-
ways has been observed for other lava-dammed 
lakes within the region as well, such as the Yahoo  
Clay behind the Pleistocene McKinney  Basalt 
lava dam on the nearby Snake River (Malde, 
1987). The thick lacustrine sequence behind the 
well-documented West Crater lava dam required 

>104 yr to accumulate (Orem, 2010). The greater 
thickness and volume of sediment behind the 
much larger Bogus Rim lava dam could have 
taken a proportionately longer time to accumu-
late, depending on the variations in the sediment 
yield between 70 ka and ≤1.7 Ma.

Various geochronological data indicate that 
the lake behind the West Crater lava dam per-
sisted at least 25 k.y. before the initiation of 
incision. Fluvially rounded boulders in shal-
low channels near the crest of the West Crater 
lava dam yielded cosmogenic ages of 58–67 ka 
(Tables DR1 and DR2 [see footnote 1]), which 
indicate lake fi lling and overfl ow soon after 
the emplacement of the lava fl ow at ca. 70 ka 
(Table 1). Mount St. Helens Cw and Cy tephra 
layers in the lacustrine sediment behind the dam 
(Fig. 11) show that the dam and its reservoir 
were present until after 46 ka. Incision through 
the dam probably began shortly thereafter, as 
indi cated by the 3Hec exposure ages of 42–44 ka 
on the uppermost strath surfaces eroded into the 
dam surface downstream at Dogleg Bend and 
Airplane Point (Fig. 2B; Table 2). The absence 
of the 23 ka Trego Hot Springs tephra (Table 
DR1 [see footnote 1]) in the lake sediment also 
suggests that the lake had drained or lowered 
below the top of the sediment sequence by that 
time. Less is known about the durations of the 
lakes behind the other lava dams. The 145 ka 
Saddle Butte lava dam lasted less than 75 k.y., as 
the river had re-incised close to its present eleva-
tion by the time of the emplacement of the West 
Crater lava fl ow at ca. 70 ka.

Lava-Dam Removal

Several lines of evidence point toward grad-
ual or episodic removal of long-lived lava dams 
on the Owyhee River rather than catastrophic 
failure soon after emplacement. This fi nding 
is consistent with scant evidence worldwide of 
coherent lava-fl ow dams failing in a manner 
that produces outburst fl oods (O’Connor and 
Beebee, 2009). In the few previous cases where 
catastrophic failure of lava dams has been pro-
posed, a combination of factors led to poten-
tially less stable dams, such as emplacement on 
unstable colluvial slopes, hydrothermally weak-
ened or fractured layers within the lava fl ows, or 
interbedded accumulations of tephra within the 
dam (Hamblin, 1994; Fenton et al., 2002, 2004, 
2006; Howard and Fenton, 2004; Crow et al., 
2008; Kataoka et al., 2008). These characteris-
tics were not present in the Owyhee River lava 
dams. The Bogus Rim, Saddle Butte, and West 
Crater lava dams could not have produced size-
able outburst fl oods, as the impounded lakes had 
fi lled completely with sediment prior to incision 
of the dam. Outburst fl ood boulders would have 

been deposited downstream from the dam crests 
or dam remnants at elevations consistent with 
the paleoprofi le of the channel at the time of the 
lava incursion. We have found no deposits fi t-
ting those criteria that could be traced directly 
to the failure of the other lava dams, although 
subsequent landscape changes could have oblit-
erated any such evidence.

The initiation of dam incision was controlled 
in part by sediment transport in the river, es-
pecially substantial gravel transport over the 
dam. At the three lava dams in the study area 
for which upstream lacustrine deposits are pre-
served (Bogus Rim, Saddle Butte 2, and West 
Crater), there is evidence that the upstream 
lakes fi lled with sediment to elevations closely 
approaching the dam crests. The gravel cap on 
top of the lacustrine sediment behind the West 
Crater and Bogus Rim lava dams indicates the 
transport of Owyhee River bed material to, and 
presumably over, the dams. No signifi cant in-
cision or lowering of these dam spillways oc-
curred before the dams fi lled with sediment, 
supporting the interpretation that gravel trans-
port plays a critical role as an erosional tool 
(Sklar and Dietrich, 2001; Stock et al., 2005; 
Pratt-Sitaula et al., 2007; Cowie et al., 2008) in 
dam removal.

DOES THE RIVER GIVE A DAM?

Infl uence of Lava-Dam Perturbations on 
the River Profi le

The intracanyon lava fl ows have infl uenced 
the geomorphic evolution of the Owyhee River 
and its canyon over various spatial and tempo-
ral scales. The lava dams represent short-term 
perturbations in the longitudinal profi le of the 
canyon, superimposed upon regional base-level 
fall related in part to the drainage integration of 
the Owyhee, Snake, and Columbia River drain-
ages over the last 4–7 m.y. (Wood and Clemens, 
2002; Beranek et al., 2006). The lava fl ows both 
document and affect channel incision and valley 
geomorphology, and have also infl uenced the 
style and distribution of mass movements along 
the valley margins.

The Bogus Rim and lower Bogus lavas are 
the earliest for which we can trace the course 
of the lava fl ows down a fl uvial canyon. These 
voluminous basalt fl ows established the general 
course of the modern Owyhee River. The river 
migrated around the edge of the fl ows into the 
more easily eroded sedimentary units or was 
pinned against the rhyolite bedrock and forced 
to incise narrow gorges through volcanic rocks. 
The subsequent lava fl ows were largely confi ned 
to the canyon geometry that was partly shaped 
by the Bogus Rim and lower Bogus lava fl ows.
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The lava thickness, substrate topography, 
and bedrock lithology acted together to control 
the lava-dam longevity and the effects of the 
dams on the channel and valley morphology. In 
reaches where the river was confi ned by rhyolite 
bedrock or older lava fl ows, the river was forced 
to incise through the core of the lava dam itself, 
leaving lava remnants on either wall, exempli-
fi ed by remnants of the Saddle Butte 1 lava at 
Granite Creek (Rk 28), West Crater lava down-
stream of Airplane Point (Rk 47.75), and Clarks 
Butte lava from Rk 49 to 60 (Fig. 2B). In wider 
reaches where the canyon was formed largely 
in more easily eroded late Tertiary fl uviolacus-
trine and volcaniclastic units, the river incised at 
the contact between the lava fl ow and previous 
valley wall, thereby avoiding direct incision into 
the lava fl ow. For example, by the time of the 
eruption of the West Crater lava at 70 ka, the 
river had incised a new channel around the mar-
gin of the Saddle Butte 2 lava fl ow (145 ka), up 
to 1 km east of its earlier position (Fig. 2B). The 
longitudinal profi le of the Owyhee River is af-
fected by many factors, ranging from long-term 
incision to individual landslides or fl oods that 
form localized gradient irregularities (Wood and 
Clemens, 2002; Carter et al., 2006; Cowie et al., 
2008; Safran et al., 2008). Superimposed upon 
the net decrease in the vertical elevation of the 
Owyhee channel, there is an additional cumula-
tive 300–350 m of channel incision through the 
repeated incursion of lava fl ows that dammed 
the river over the last 1.7 Ma since the emplace-
ment of the Bogus Rim lava dam (Fig. 13).

Although lava fl ows temporarily raised the 
channel bed of the Owyhee River multiple 
times, they did not have equivalent conse-
quences on the evolution of the river profi le. 
The river took more than 1 m.y. to fully respond 
to the voluminous, canyon-fi lling lower Bogus 
and Bogus Rim lava fl ows (≥1.7 ka). The chan-
nel was still more than 50 m above its pre–lava 
fl ow elevation in the Hole-in-the-Ground reach 
(Rk 73; Fig. 3) by the time of the Deer Park 
lava fl ow ca. 780 ka (Fig. 13). The river channel 
incised close to its modern elevation sometime 
between the Clarks Butte (215 ka) and Saddle 
Butte (145 ka) lava fl ows. The incision sub-
sequent to the later and smaller Clarks Butte, 
Saddle  Butte, and West Crater (70 ka) lava 
dams was much more rapid than through the 
earlier Bogus Rim lava dam.

The short-term perturbation of the smaller 
fl ows is most clearly shown by the 145 ka 
Saddle Butte lava dams. At the time of the fi rst 
of this pair of fl ows, the Saddle Butte 1 lava 
dam, the Owyhee River channel elevation was 
within a few meters of its present elevation at 
Rk 28.25 (Fig. 12). Despite the massive block-
age of Saddle Butte lava fi lling the valley with 

as much as 80 m of basalt, and evidence for a 
sediment-fi lled lake basin behind it, the river 
profi le resumed a position close to its former 
elevation before the infl ux of the West Crater 
fl ow at 70 ka. Similarly, the present river profi le 
seems unaffected by the 70 ka West Crater lava 
fl ow, which also fi lled the Owyhee River canyon 
with more than 80 m of lava at its upstream end 
and persisted as a dam for at least 25 k.y. Once 
incision of the West Crater lava fl ow began, it 
proceeded to rapidly attain a local longitudinal 
profi le similar to that before emplacement of the 
lava dam.

Several factors could be responsible for the 
much greater time for the river to resume its 
former profi le following the emplacement of 
the Bogus Rim lava dam than following the 
younger lava fl ows. Some of the difference can 
be explained by characteristics of the lava dams 
and local river canyon. The much greater vol-
ume of lava and length of the Bogus Rim lava 
fl ow down the canyon were larger impediments 
to the river than the later, smaller lava fl ows. 
This dam also created an immense lake that 
would have taken much longer to fi ll with sedi-
ment than the reservoirs behind the later, smaller 
lava dams. The fully sediment-laden Owyhee 
River is a more effective agent of erosion than a 
spilling lake outlet that has access only to sedi-
ment entrained from the dam and the abutments. 
Thus, removal of the larger dams with larger 
reservoirs requires more time.

Another contributing factor could be the 
erodibility of the particular reach of the river 
that was fi lled by each lava fl ow. At least half 
the length of the Bogus Rim lava fl ow within 
the Owyhee canyon, from Rk 50 to 63 (Figs. 
2B and 3), was within a narrow gorge confi ned 
by Tertiary rhyolite and basalt. The river would 
have been forced to incise directly through the 
lava fl ow or the resistant bedrock in this reach. 
In contrast, the Saddle Butte lava largely fi lled a 
wider reach of the river where a Tertiary basalt 
cap overlies more easily eroded fl uviolacustrine 
sediment. However, the majority of the Clarks 
Butte lava fl ow (49.5–63 Rk) and the down-
stream 2 km of the West Crater fl ow were also 
within a bedrock gorge (Figs. 2B and 3), so 
erodibility does not completely explain the dif-
ferences in the river response.

Regional factors such as changes in climate 
and relative base-level could have affected the 
rate of removal of the older and younger lava 
dams. Variations in river discharge and sedi-
ment load related to regional climate change 
could have affected the time required to fi ll 
the reservoirs with sediment and initiate inci-
sion. Several other major rivers in the western 
United States incised deep canyons sometime 
after 600 ka (Dethier, 2001). This increased 
rate of bedrock canyon incision in the middle 
to late Pleistocene has been proposed to refl ect 
some aspect of regional climate change, such 
as extended periods of increased discharge 
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related  to snowmelt  (Dethier, 2001). The older 
and younger lava dams on the Owyhee span the 
time of this regional change, and thus incision 
through the dams might be affected by the same 
regional climatic factors. The rate and timing 
of ongoing base-level lowering on the Snake 
River after 4 Ma (Wood and Clemens, 2002) 
also could have infl uenced timing of headward 
migration of incision up the Owyhee Canyon.

The profi le formed by the perched rem-
nants of the Clarks Butte lava on strath terraces 
from Rk 47.75 to Rk 75 and the basal profi le 
of the lower Bogus lava document changes in 
the river gradient over time (Figs. 6 and 12). 
The Clarks Butte remnants trace the river bed 
ca. 215 ka, when it was slightly steeper and 
23–46 m higher than present. The basal contact 
of the lower Bogus lavas (≥1.7 Ma) on older 
Tertiary lava units or sediment also indicates a 
signifi cantly steeper valley gradient than today 
in the bedrock gorge from Rk 50 to 60 (Fig. 
12). This steep gradient persisted through the 
time of the Bogus Rim lava after 1.7 ka. The 
specifi c driving mechanisms responsible for 
the change in the Owyhee channel gradient 
have not been confi rmed. The age of the Bogus  
lavas  closely follows the draining of Lake 
Idaho in the Snake River Plain between ca. 3.8 
and 2 Ma (Malde and Powers, 1962; Othberg, 
1994; Wood and Clemens, 2002). This timing 
suggests the possibility that the steeper chan-
nel gradient preceding the Bogus lavas could 
represent headward migration of a knickpoint 
up the Owyhee canyon in response to a falling 
base level in the Snake River. However, the gra-
dient could also indicate regional uplift within 
the Owyhee Plateau itself. The river continued 
to incise into the rhyolite bedrock following the 
emplacement of the Clarks Butte, and later the 
West Crater lavas, on successively lower strath 
surfaces. A strath surface covered by rounded 
boulders but no overlying lava fl ow is pres-
ent at an intermediate elevation between them 
(Fig. 6). The vertical profi le continued to re-
spond to the fall in the regional base level with 
little apparent lasting effect of these two lava 
dams in this reach. The river elevation in this 
reach during the time of the Saddle Butte lava 
dam cannot be assessed, as the remnants of that 
dam are farther upstream.

Incision Rates

Most of the lava dams have not had a signifi -
cant long-term effect on regional incision rates. 
We were able to isolate and quantify the incision 
rates between dated control points within and 
between individual lava fl ows (Table 2). In most 
cases, the calculated incision rates are approxi-
mate values, because the amount of time that the 

channel bed spent at the endpoint elevations pre-
ceding or following incision is not known.

Estimates of the average long-term incision 
rate of the Owyhee River from ≥1.7 Ma to the 
present range from 0.06 to 0.16 mm/yr, based 
on the maximum and minimum elevations and 
age estimates of the basal exposure of the lower 
Bogus lava fl ows (Table 2; Fig. 12). This long-
term rate estimate is within the ranges of calcu-
lated average incision rates of other rivers that 
have experienced damming by lava fl ows, for 
example, the Boise River (0.05–0.10 mm/yr), 
which is a nearby tributary of the Snake River 
(Howard et al., 1982), and Grand Canyon (0.05–
0.175 mm/yr; Pederson et al., 2002; Karlstrom 
et al., 2007). The incision rate values are con-
sistent with the average 0.12 mm/yr lowering 
of Lake Idaho due to the incision of the Snake 
River through Hells Canyon over the last 4 m.y. 
(Wood and Clemens, 2002), which ultimately 
controls the Owyhee River base level. Pleisto-
cene incision rates of 0.02–0.3 mm/yr for rivers 
across western North America also encompass 
the same range (Dethier, 2001).

Minimum incision rates from the lava-dam 
crests to the modern river range from 0.18 to 1.2 
mm/yr (Table 2). The greater incision rates for 
successively younger lava dams does not nec-
essarily imply a change in the long-term rates 
over time but is more likely a result of incre-
mentally shorter periods over which the mea-
surements are averaged. Over the longer time 
periods, the river would have experienced mul-
tiple blockages from lava fl ows and landslides, 
and thus more cumulative work expended on 
incision (Fig. 13). There is also no means to as-
sess the amount of time that the river channel 
remained at stable elevations within the longer 
time periods.

A few locations provide data to determine in-
cision rates for shorter time periods or through 
individual lava fl ows. For example, the rhyolite 
strath terraces that underlie the Clarks Butte 
and West Crater lava remnants in the narrow 
canyon at the AM-PM site (Rk 49.5) and the 
Dogleg Bend terraces (Figs. 2B and 14) mark 
specifi c elevations of the river just before the 
lavas were emplaced (Fig. 6). Using the 70 ka 
date and elevation of the pre–West Crater 
channel as the younger endpoint increases the 
calculated incision rates for the Clarks Butte 
fl ow (0.33 mm/yr) and the Saddle Butte 2 fl ow 
(1.0 mm/yr) (Table 2).

Incision through the West Crater lava dam 
is well documented by 3Hec geochronology on 
fi ve terraces cut into the dam at Dogleg Bend 
(Rk 45–47, Figs. 2B and 14; Table 2; Tables 
DR1 and DR2 [see footnote 1]). At this site, the 
West Crater lava fl ow consists of multiple units 
of subaerially emplaced lava. The river has in-

cised vertically through the upper few lava-fl ow 
units, and then around the edge of the West 
Crater  lava fl ow into the Tertiary fl uviolacus-
trine sediment that forms the canyon wall (Fig. 
14). Dogleg Bend is immediately upstream of 
the narrow, rhyolite gorge at Airplane Point (Rk 
47.75, Fig. 2B) where West Crater lava remnants 
are preserved on both sides of the canyon. The 
incision into and around the margin of the West 
Crater lava fl ow at Dogleg Bend was therefore 
controlled by the rate at which the river could cut 
directly through the basalt that fi lled the gorge 
downstream (Rk 47.75; Fig. 2B). The mean 3Hec 
age of boulders on the uppermost strath terrace 
at Dogleg Bend (terrace T5, 42 ka) is very close 
to the mean age of the fl uvially eroded surface 
of the West Crater lava at Airplane Point (44 ka; 
Fig. 10), indicating that the river began incising 
through the lava fl ow approximately simultane-
ously at both sites. By ca. 10 ka, the river reached 
its predam elevation between Dogleg terraces T2 
(12 ka) and T1 (9 ka; Fig. 14B).

Dogleg Bend terrace T5 is an eroded strath 
surface and channel on the top of the West 
Crater  fl ow. It is close to the height of the un-
altered fl ow top and is mantled with scattered 
rounded, basalt boulders. Terrace T4 is a strath 
terrace cut into the West Crater fl ow and covered 
with up to 5 m of Owyhee River gravels and lo-
cally derived, large basalt boulders. Terraces T3 
and T2 are large boulder bars, with clasts up to 
3 m in diameter. The boulders at the upstream 
end of T3 consist of slightly rounded basalt 
columns that were entrained from the adjacent 
West Crater lava exposed in the T4 terrace riser. 
The boulders are preserved in all stages of re-
moval, including columns that are only partially 
separated from the wall, and are increasingly 
rounded with distance from the source. These 
boulders close to the bedrock source were good 
candidates for 3Hec exposure ages, because of 
the reduced likelihood of error introduced by 
previous surface exposure (Fenton et al., 2006). 
The T2 boulders could not be directly traced to 
their source, but they still yielded a tight cluster 
of exposure ages (Table DR1 [see footnote 1]). 
T1 is also a boulder bar, but the fl otsam lines 
from recent fl oods in 1993 and 2006 demon-
strate that this surface is intermittently inundated 
by the river. Cosmogenic ages of boulders from 
T1 were widely scattered, indicating that some 
are reworked from older deposits. This terrace 
was thus omitted from incision rate calculations.

Rates between intervening pairs of terraces 
range from 0.9 mm/yr to 1.8 mm/yr (Table 2). 
Although these episodic incision rates are the 
highest calculated for the Owyhee River, they 
are still minimum rates, because the bedrock 
base of the river channel would have been 
at least several meters below the T2 and T3 
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 boulder bars. The incision rate of 1.8 mm/yr be-
tween strath terraces T5 and T4 probably most 
closely approaches the actual episodic incision 
rate, because these two terraces have the best 
age and elevation controls. Rapid incision rates 
of >1 mm/yr through individual lava fl ows are 
consistent with previous studies showing that 
bedrock incision rates around natural dams 
(Cheng et al., 2006; Pratt-Sitaula et al., 2007) 
or in fractured bedrock susceptible to pluck-
ing (Lamb and Fonstad, 2010) can increase by 
orders  of magnitude above long-term rates.

The greater incision rate through the West 
Crater fl ow at the dam crest (>1 mm/yr) than 
downstream at Airplane Point (0.66 mm/yr; 
Fig. 2B) is probably largely due to the bedrock 
composition in the two reaches. In the confi ned 
canyon at Airplane Point, the river was forced 
to incise directly through the basalt or rhyolite 
bedrock (Fig. 10). At the dam crest, the river 
incised around the margin of the lava fl ow into 
the more easily eroded Tertiary sediment and 
weathered volcaniclastic units. However, even 
in this reach, incision did not begin until the 

reservoir fi lled with sediment at least 25 k.y. 
after the dam was emplaced. In the fi nal stages 
of dam removal, the incision rate at the down-
stream bedrock gorge (Rk 47.5–49.5) would 
have controlled the maximum rate of incision 
through the remaining thickness of the lava dam 
upstream of that point (Rk 38.5–47.5; Fig. 2B).

Effects on Valley Geomorphology

The river and canyon morphology retains 
different geomorphic imprints from the various 
Pleistocene intracanyon lava fl ows. The Bogus 
Rim, Saddle Butte 2, and West Crater fl ows 
form steep escarpments that mark the interface 
between the lava fl ows and the lakes they created 
upstream (Figs. 2B, 7, and 9). Especially in the 
case of the Bogus Rim lava fl ow, the prominent, 
sharp escarpment that stretches across much of 
the valley reorganized local tributary drainage. 
It funneled the subsequent Clarks Butte and 
West Crater lava fl ows to entrance points around 
its upstream periphery and into the new gorge 
that had incised along its outer margin. Hence, 
the most extensive lava fl ows not only shifted 
the river channel laterally, but redirected subse-
quent lava fl ows to different parts of the valley. 
Examination of other lava fl ows within the pla-
teau region encompassed by the Owyhee River 
watershed (Fig. 1) surrounding the study reach 
indicates that the volcanic/geomorphic associa-
tion of the source vent(s), down-valley extents 
of fl ow complexes, and up-valley–facing es-
carpments is a common landscape element that 
has infl uenced the geomorphic evolution of this 
region during much of the late Cenozoic.

With its great longitudinal extent down the 
river canyon (>30 km), the Bogus Rim fl ow has 
signifi cantly infl uenced the position and width 
of much of the subsequent course of the river 
canyon (Figs. 2B and 3). As one of the larg-
est and earliest intracanyon lava fl ows along 
the modern river course, the Bogus Rim fl ow 
established the position of the modern, deeply 
incised Owyhee canyon. Prior to the eruption 
of the Bogus  Rim lava fl ow, the canyon was 
wider, and the channel was 100–200 m above 
the present river. By the time of the eruptions of 
the much younger Clarks Butte, Saddle Butte, 
and West Crater intracanyon lava fl ows, the river 
had incised a narrow, deep canyon between the 
edge of the Bogus Rim lava and the rhyolite-
dominated bedrock.

Lateral shifting of the river channel by the 
lava fl ows has induced lasting effects on the river 
canyon geomorphology. Multiple paleochannel 
positions are most apparent in the reach from Rk 
30 to 47, where the river was moved eastward 
more than 1 km by the Saddle Butte fl ows, then 
later back to the west by the West Crater fl ow 
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below Rk 38 (Figs. 2B and 9). The sequential 
infl ux of large volumes of lava from alternating 
sides of the valley has resulted in a distinct val-
ley morphology characterized by relatively fl at, 
broad basalt shelves bounded by steep cliffs that 
are the loci of landslides and otherwise locally 
persistent additions of very large sediment to the 
river. Re-incision of the river around the mar-
gins of the lava dams created fresh exposures of 
basalt-capped Tertiary lacustrine and volcani-
clastic sediment. This stratigraphic combination 
is highly susceptible to failure in large, rota-
tional slump blocks and earth fl ows that intro-
duce great quantities of sediment into the river 
channel, including numerous large basalt blocks 
(Othus, 2008; Safran et al., 2011; Fig. 15).

The widespread landslides spawned in the 
wake of the intracanyon lava fl ows could pro-
duce one of the more lasting impacts of the 
lava fl ows on the canyon geomorphology. 
Like the lava fl ows, the largest landslides also 
shift the river channel laterally (Figs. 2B, 3, 
and 15). The consequent incision of a similar 
stratigraphic sequence on the opposite canyon 
wall can induce additional landslides. Large 
boulder bars immediately downstream of many 
landslides indicate that many of the landslides 

dammed the river and failed catastrophically 
(Othus, 2008). Through the ongoing process 
of landsliding, the intracanyon lava fl ows thus 
indirectly continue to impact the channel mor-
phology and local bed load 104–106 yr beyond 
the lifetime of the lava dams.

CONCLUSIONS

At least six sets of lava fl ows entered and 
dammed the Owyhee River between ca. 2 Ma 
and 70 ka, creating various temporal and spatial 
impacts on the river channel profi le, rates of ver-
tical incision, and valley geomorphology. The 
variety of geochronological and geomorphic 
evidence of the emplacement, duration, and 
removal of the lava dams in the Owyhee River 
provides an exceptional opportunity to quantify 
the persistence of lava dams in a fl uvial system. 
The lava dams were stable for periods of >104 yr 
and were suffi ciently impermeable for lakes to 
form and subsequently fi ll with lacustrine sedi-
ment to elevations approaching the dam crests.

Removal of the lava dams was episodic, but 
none shows evidence of catastrophic failure. 
After a period of initial stability, the dams were 
ultimately incised by increased fl uvial erosion 

related to the culmination of sediment accumu-
lation in the reservoirs. The most recent lava 
dam, formed by the West Crater lava fl ow ca. 
70 ka, persisted for at least 25 k.y. before inci-
sion began, and the dam was largely removed 
within another 35 k.y. The initiation of this 
episode of relatively rapid incision was syn-
chronous with the increased transport of fl uvial 
sand and gravel across the dam surface once the 
lake fi lled with sediment. Thick accumulations 
of river gravels upstream of the other lava dams 
that are still well-exposed on the landscape, e.g., 
at the Saddle Butte and Bogus Rim dams, sup-
port the conclusion that the transport of coarse 
bed-load sediment over the lava dams was an es-
sential factor in dam removal. In reaches where 
the dams abutted Tertiary sediment, the river 
carved a new path around, rather than through, 
the dams.

Most of the intracanyon lava fl ows do not 
appear to have exerted a lasting impact on the 
river valley profi le at time scales >106 yr, despite 
repeatedly fi lling the valley bottom and block-
ing the river. Net average long-term incision of 
the Owyhee River canyon since the emplace-
ment of the Bogus Rim lava fl ow (≤1.7 Ma) 
is 0.18 mm/yr; and episodic incision rates 
through individual lava fl ows are up to an order 
of magnitude greater. However, the lava dams 
did produce direct and varied consequences on 
the river channel and regional geomorphology, 
some of which have persisted to today or gen-
erated secondary effects. The early, most volu-
minous lower Bogus and Bogus Rim lava fl ows 
created a perturbation in the vertical profi le of 
the river that lasted ~106 yr, whereas the later, 
smaller lava fl ows caused profi le perturbations 
on time frames of 104 yr. Lava volume and dam 
size almost certainly infl uenced the duration of 
the lava dams in the river system. Additional 
unquantifi ed factors such as the time required 
to fi ll the reservoir with sediment and changes 
in relative base level, climate, sediment supply 
to the reservoir, and valley geometry probably 
contributed to the river’s response to individual 
lava dams as well.

One of the broadest regional geomorphic ef-
fects of the lava fl ows has been to redirect the 
river and subsequent lava fl ows to different 
parts of the canyon. The most extensive lava 
fl ow, Bogus Rim, produced a prominent, up-
valley–facing escarpment across the valley that 
reorganized tributary drainages and funneled 
subsequent lava fl ows to entrance points around 
its periphery. The association of gradually slop-
ing, down-valley fl ows and blunt, up-valley–
facing escarpments is a common landscape 
element that has infl uenced the geomorphology 
of the Owyhee region during much of the late 
Cenozoic.

Figure 15. Mass wasting of lava fl ows (Rk 31–36) typical of the process by which the river 
canyon has migrated laterally and gradually widened after incising around the intracanyon 
lava fl ows. Flow direction in the river is toward the top of the photo (north). The Saddle 
Butte 2 fl ow on the left bank of the river is failing by slumps and cantilevered blocks. On the 
right bank, the combination of the Tertiary basalt cap rock overlying lacustrine sediment 
generates landslide complexes indicating multiple mobilization events. These mass move-
ment events hold the potential for repeated damming of the river.

 as doi:10.1130/B30574.1Geological Society of America Bulletin, published online on 2 October 2012



Ely et al.

20 Geological Society of America Bulletin, Month/Month 2012

The infl ux of large volumes of lava into the 
valley shifted the river position laterally multi-
ple times. This process created a distinct valley 
morphology characterized by relatively fl at, 
broad basalt shelves bounded by steep cliffs, 
which are the loci of landslides and otherwise 
locally persistent additions of large sediment 
blocks to the river. The steep canyon walls of 
Tertiary sediment capped by basalt lava are par-
ticularly prone to rotational slumps, earth fl ows 
and rockfalls, some of which have also dammed 
the river. The intracanyon lava fl ows thus indi-
rectly continue to impact channel morphology 
and local bed load 104–106 yr beyond the dura-
tion of the lava dams, through the ongoing land-
slides spawned in their wake. This tandem effect 
could produce one of the more lasting impacts 
on the channel morphology.
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