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Figure 1.  Distribution of Middle Jurassic
ophiolites in the western United States.  In
California and Oregon, these occur as two belts:
the Coast Range Ophiolite (western ophiolite
belt), and the Josephine and related Smartville
Ophiolites (map courtesy of R. Miller).
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Figure 2.  Terrane map of the west-central Klamath Mountains.
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Figure 3.  Tectonostratigraphy of some of the
terranes in Figure 2, showing the Coast Range
and Josephine Ophiolites.  The Rogue Formation
is volcanic (part of an island arc), whereas the
Galice Formation consists of graywacke and
slate (flysch), locally with members of Rogue-like
volcanic rocks.  In California, sedimentary rock
overlying the Coast Range Ophiolite ranges from
predominantly volcaniclastic rocks, to tuf-
faceous chert, to ophiolitic breccia (Hopson and
others, 1981; Robertson, 1990).
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Figure 4.  Simplified geologic map of the central part of the Josephine Ophiolite showing circled stops
for the field trip.
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Figure 5.  The Josephine Ophiolite and conform-
ably overlying sedimentary rocks.  The location
of stops within the section are indicated at the
right.
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Figure 6. Geologic map and cross section of the geology along the Rogue River within the Wild
Rogue Wilderness showing stops made on the field trip (modified from Kosanke, 2000).
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Figure 7. Tectonostratigraphy of the Coast Range Ophiolite and overlying rocks of the Snow Camp
Terrane in the Wild Rogue Wilderness area visited on the field trip. The location of stops within the
section are indicated on the left (modified from Kosanke, 2000).
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Figure 1. Map of the Pacific Northwest showing
the High Lava Plains and adjacent provinces on
the digital topographic base of Thelin and Pike
(1991). HLP = High Lava Plains, HC = High
Cascades, CP = Columbia Plateau, BM = Blue
Mountains, OP = Owyhee Plateau, SRP = Snake
River Plain, B&R = Basin and Range, and YP =
Yellowstone Plateau.
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Field Guide to Geologic Processes in Cascadia:
Oregon Department of Geology and Mineral Industries
Special Paper 36, 2002.
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Figure 2. Maps of the High Lava Plains showing the distribution of (A) rhyolites and (B) basalts, with
distribution of units modified from Walker and Reppening (1965), Walker and others (1967), Greene
and others (1972), Walker (1991), and MacLeod and Sherrod (1992). Both maps show the locations of
40Ar39Ar ages of Jordan (2002), as well as previous age determinations, where not superceded by new
ages, from Parker and Armstrong (1972), Walker (1974), McKee and others (1976), Fiebelkorn and
others (1983), Hart and others (1984), Diggles and others (1990), Pickthorn and Sherrod (1990), and
Johnson (1998). Ages reported prior to 1983 are shown as corrected by Fiebelkorn (1983) for a change
in the 40Ar decay constant. The15.9 Ma age is a weighted mean of two ages reported by Fiebelkorn and
others (1983) for a rhyolite dome near Venator. Isochrons on the rhyolite age map are in 1 Ma incre-
ments, and are in part constrained by points off the map to the south. Abbreviations are:
NC=Newberry Caldera, QM=Quartz Mountain, GB=Glass Butte, JR=Juniper Ridge, IM=Iron Mountain,
PaB=Palomino Butte, DB=Duck Butte, DRG=Dry River Gorge, WB=West Butte, PH=Pot Holes lava,
DG=Devil’s Garden lava, ER=Egli Rim, EL=East lava, FC=Four Craters lava, BR=Burma Rim, AR=Abert
Rim, PiB=Paiute Butte, PJ=Poker Jim Ridge, WP=Wright’s Point, DC=Diamond Craters.



�������������������	������
��
���	�����
������������������	����������������������%>

*�����$���
������	�-$�������
��5����
�����%�
�	��)��
��<����������D0"�:
��
�����
�����,��)��
��#	��	�����-����'���
��)�������
����
�����7
�(����������
������#��������
���������)�����#	7
 ���*�����<��������#�0����
� ������#
�������
 ����#	����
�	����-1)�	���
��
��� ��
�
��������	������>��?����
��%&&�0"

����������
�����������
����#����������
'
 ��,��
��)��2��)�3����$���
���
���)�
+����,���
�9�
�'��*�����$���
������	E�-�0� ��)
���
������	������
����������	��	����	������
���
����)���,�)���$�����#��
��)���(�������	�����
5����
�������7 �����������
��	��-%0��)���,�
�����
����,��)��)���
�����
�
���,�)���$��7
���#���
����#�����
��������
��
#�#�� ������
$�����
���
����#
����� �������������
��	
��������)��
���)��
�<���
��
��*�
�����
��-�0��

����,����
��
#�#�����,7�������������	���F�
�
������
��)��#�����	�
������������)���������
���
-�#�'����
��2#	�)���������&��2���
��
�
��)���������0"�1)����)�������
���� ����
'�������

�����G#�����)����)������	��� ���)����	���(���
�������� #���#��������)����)�������������)��
���	����)�	�	��� ����
'��"�8����������	����
�
�,)��)�2��)�3����$���
��	��	����	���
�����
��������
����� ����#	�7�����������7
��������#�)������#	�7)�����	�����	�
���
�
�# ���)���)��������,������#	��	��������-?����
�
%&&�0��,��)���������
������
��)���������	�
����
��#�����	��	���)�	 �����
���)�������� #���

�����
��� ������(����
�����)���)��������#��#��
�
�������	����
"

��������	��
����������������������������
3����5����
���
����#
���������
��	���

�)��2��)�3����$���
��,�������
���� �	����
-=��"��0"�*)�������,�����#������
�	�����)�
�/&
��	��������	����	���(�����)����	�������)7
���,��#����-$����������'�1#��������
����
��

1#�����
��*������
�'��1#��0���
����������	�
��
�#����-�#������2�	���
��
���#������<#�'����
3�'�0"�5�����)���������	�������)��23$������)�
������
������������������
�-=��"�%0"�.�
��� ��
�(������
����:��
�5�#
���
����%"4�5����	�
���������	�
���74�5����	��"�1)����
������7
���
�������)���#�����������������
�����
����(����
�����)��*������
�'��1#���-�����'��
���#
����
���>�����	�������/0"

�����������'������	��
���)��)7��������)��7
������-H�>�,�I�����0��
������	����#	�
�#����
	�����������'���
��-1� ����0"�*)��������������
�
�#����������)��������	��������������)�������

,��)������
����	 �
����
�����������������
G#���F����
���
��� ��������)��
 ��
�����
�
���
�����(�
���)�
��������-5��3��
����D�
�����'��
���#
��������>��?�)
��
��
�
�#
�����%&&&0"�.�����,7��������)���������
�
��	��)��)7��������)�������������
������������� �
�)������#������>7�&I���������	����
������)�
	�����������,�����#����,)����	����)��)7������
�)�������������
�����������������#�����������7
���
������������F����
������,7��������)�������
-�#
��������%��5��3��
�����D�������'��
�
��)�����������?�)
��
��
���#
�����%&&&�
�����'��%&&%0"

<����������)��2��)�3����$���
�����
������7
��������������'���)���)������"�5����
���
�
$�����
�� ������������-��
��������(�������
���#��
��������
��������
����������0���������������%7>�	
�)��'���
��������		�
����	��������
���	7
��#
���������G#�
���"�;#����
���� ����������)�
23$���
����������#����
�������������������
��%&
����&&�'	�"�5����������������,������#��������	
��
�������
��������
����	���(�����
����)����-���
�(�	������)��=�#����������3����=����0�,�������
 ��	#���������
������		�
�������
������
�
����#���"�5�
��������)������)��)����#������
�
��,�����
��������#��
���	�����	�
�

Figure 3. Classification (after LaBas and others,
1986) of 286 High Lava Plains lavas (late Miocene
and younger). Note the strongly bimodal distribu-
tion (only 7% andesites and dacites). Intermediate
rocks may have been disproportionately over-
sampled because of their petrologic significance,
so the bimodal distribution is real. Data from
MacLean (1994), Johnson (1995), Johnson (1998),
Streck and Grunder (1999), Johnson and Grunder
(2000), Jordan (2002), and unpublished data of
A.L. Grunder and M.J. Streck.
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Table 1. Major and Trace Element Composition of High Lava Plains Rhyolites
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Table 1. Major and Trace Element Composition of High Lava Plains Rhyolites (cont)
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Figure 4. Selected variation plots of 170 High
Lava Plains basaltic lavas.
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Figure 5. Map showing distribution of faults in the High Lava Plains and
northern Basin and Range Province.
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Figure 6. Map showing the route and stop locations described in this field guide. Also shown are
rhyolite domes, late Quaternary basaltic lava fields (with vents), and major Basin and Range faults.
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Figure 7. Photo looking north and northeast across the Dry River Canyon at Stop 2. Ages and con-
tacts of units described in text are shown.
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Figure 8. Photo of inflated lava at the northern margin of the Potholes Lava Field at Stop 3. Flow front
consists of pahoehoe crust, which formed at near the horizontal and was tilted up to 40° during
inflation.
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Figure 9. Geologic sketch map of Quartz Moun-
tain. Location shown on Figure 6.
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Figure 10. Photos of outcrop-scale features
exposed in Quartz Mountain, Stop 4. Photo A
shows the distribution of mahogany and black
streaked obsidian and large intact spherulites.
Photo B shows a train of spherulites and convo-
lute flow banding. Arrows point to lens cap (5 cm)
for scale.
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Figure 11. Photo looking north from the Green Mountain fire lookout. Noted are rhyolite domes and
prominent cinder cones. The margins of the East Lava Field are highlighted by the dashed line.
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Figure 13. Composite section of rocks exposed
at Burma Rim. We will not visit this section but
provide a stratigraphic description because it is
representative of the geology exposed in the
many fault scarps we are passing to the south.
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Figure 12. Annotated air photo of the Crack-in-
the-Ground (Stop 6) showing locations de-
scribed in the text. Note the incursion of the late
Quaternary Four Craters lava into and over the
crack at the north.
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Figure 14. Photo of Alkali Rim at Stop 7, showing the distribution of different units and different facies
of the Rattlesnake Tuff described in the text. Also note the pluvial lake terrace developed against the
rim scarp.
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Figure 15. Distribution of major late Miocene
ignimbrites in eastern Oregon that vented from
the High Lava Plains. Data source: Rattlesnake
Tuff (RST), Streck and Grunder (1995), Streck
and others (1999); Devine Canyon Tuff (DCT),
Green (1972); Prater Creek Tuff (PCT), Walker
(1979); tuff of Hampton and tuff of Buckaroo
Lake-like; Walker and others (1986); outcrop
distributions envelops for DCT, PCT, and tuff of
Hampton and tuff of Buckaroo Lake-like have
been modified or approximately established by
fieldwork of M.J. Streck and A.L. Grunder,
unpublished.
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Figure 16. Lithologic variation in the Rattlesnake Tuff at its type locality on Highway 395 (Stop 9).
Facies descriptions are in Streck and Grunder (1995).
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Figure 17. Simplified geologic map of the central High Lava Plains (modified from
Walker, 1991). Rectangle delineates main sampling area for lavas shown in Fig. 19.
Locations for some basalt samples of Table 2 are shown.
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Figure 18. Chemical composition of rhyolitic
lavas and tuffs from the central High Lava Plains.
Chemical variation trends within the Rattlesnake
Tuff (RST) are based on whole-rock pumice
compositions and dictate magma differentiation
compatible with nonmodal crystal fractionation
(Streck and Grunder, 1997). Other tuffs include
Devine Canyon Tuff (DCT), Prater Creek Tuff
(PCT), and tuff of Hampton; and lavas include
Elk Mountain, Horse Mountain, Juniper Ridge,
Palomino Butte, Burns Butte, and Iron Mountain.
Data sources: Streck and Grunder (1997); M.
Streck and A. Grunder, unpublished data. Eu* is
the Eu concentration predicted by projection of
trends in adjacent rare-earth elements.
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Figure 19. Chemical compositions of mafic lavas from the central High Lava Plains. Most primitive
central HLP compositions overlap with other primitive compositions from Oregon, N. California, and
N. Nevada. Evolved mafic magmas indicate two end-member trends; trend 1 follows an iron-enrich-
ment trend developing trachytic compositions associated with strong incompatible-element enrich-
ment, and trend 2 follows a calc-alkaline trend associated with more silica enrichment but less incom-
patible-element enrichment.
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Figure 1. Geographic features of the central Oregon Cascade Range. Most field trip stops are located
by numbered squares. See Figure 11 for the location of Stop 13.
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Figure 2. Al2O3 and FeO* versus MgO for Western
Cascade basalt samples (SiO2 < 52.5) from
northern Oregon (data from Lux, 1981; Ritchie,
1987; R.M. Conrey, unpub. data). Augite-olivine
fractionation will buffer FeO* and increase Al2O3,
whereas plagioclase-dominated fractionation will
result in Fe-enrichment and decreasing Al2O3.
Magnetite phenocrysts are not present in these
basalts.
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Figure. 3. Distribution of intracanyon lavas in the McKenzie River Valley (based
on Taylor, 1981; Priest and others, 1988; and unpublished mapping and
geochemical sampling of R.M. Conrey). QTb = chiefly reversely polarized
Matuyama and Gauss age mafic lava; Qef = Foley Ridge Basalt; Qeb = early
Brunhes age basalt; Qeba = early Brunhes-age basaltic andesite. The youngest
intracanyon lavas are indicated by the lightest patterning: sb = Sims Butte lava;
sm = Scott Mountain lava; b = Belknap Crater lava; k = Kink Creek lava. All
inferred normal faults are of modest (<250 m) offset and are down to the east.
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Figure. 4. Part of the Bend 1:100,000 geologic
map showing the White Branch Fault Zone
(Sherrod and others, in press). The width of the
fault zone is approximately 2 km. White Branch
Youth Camp is just north of the fault on the south
side of the canyon. Similar faults have been
mapped in Separation and Horse Creeks up to 15
km south of White Branch Creek. The faulted
blocks are invariably east-tilted. Qtb = Matuyama-
age rocks; Qb, Qba = Brunhes-age rocks; Qbsb =
Sims Butte lava.
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Figure. 5. Schematic east-trending cross section
of the western graben boundary fault zone. West
of the fault zone 5-8 Ma ridge-capping lava and
sediment (light pattern) in west-draining
paleochannels has been uplifted. A broad zone of
modestly eastward tilted blocks cut by small
offset faults lies between the unfaulted ridge
caps and the major faults that define the graben
boundary. Significant eastward tilting accompa-
nied the development of the large offset faults.
Younger rocks (dark pattern) banked against the
fault scarp are also tilted and faulted. Individual
blocks within the zone of major offset are riven
by many small faults.
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Figure. 6. Left panel is a geologic map of the Sand Mountain–Nash Crater lava field (E.M. Taylor, in
Sherrod and others, in press). Relative age relations between adjacent lavas are indicated. Right
panel shows selected geochemical variations, all plotted  versus SiO2.
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Figure. 7. Cross section from Fish Lake over
Santiam Pass to Suttle Lake. Two geothermal
boreholes help constrain the geometry. The Fish
Lake Fault is the solid black line. Inferred faults
are dashed. Note the asymmetry in surface
geology across Santiam Pass, suggestive of a
fault coincident with the pass (and see mileage
99.5 below). Hill (1992) proposed the fault be-
neath the Sand Mtn vent alignment.
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Figure. 8. Distribution of Shevlin Park (light gray pattern) and Desert Springs (black) Tuffs east of the
Bend Highland in central Oregon. Potential source or near-source deposits for the Shevlin Park Tuff
near Three Creek Lake are indicated. The radial distribution of the Shevlin Park about the Bend High-
land suggests a highland source; a source at or near Three Creek Lake would be more likely to gener-
ate the distribution shown than one at Triangle Hill. A dome or lava near Tumalo Lake is likely the
source of the Desert Spring Tuff.
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Fig. 9. Distribution of three Deschutes Fm ash-
flow tuffs at Green Ridge (adapted from Smith,
1986, with additions by R.M. Conrey). Black
pattern indicates outcrop; gray pattern is inferred
extent. See Stops 10 and 11 for tuff descriptions.
Note that all of the tuffs have similar east-elongate
distributions, which suggests that the source
volcanoes were all west of Green Ridge. Virtually
all of the lava and tuff at Green Ridge flowed
down an east-trending paleodrainage (Conrey,
1985).
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Figure. 10. Cross section across the Green Ridge Fault Zone to Abbot Butte (Unocal 82-3) core hole
(Conrey and Sherrod, in prep.). Deschutes Fm rocks are downdropped by two major faults east of the
Metolius River and one buried fault west of the northward strike extension of Wizard Ridge. The latter
must have a very large offset because the Deschutes Fm is completely buried west of that fault. The
Deschutes rocks must be downdropped a total of approx 3 km to satisfy the constraints provided by
the Abbot Butte core hole. Correlation of Matuyama-age lavas in the core hole with surface exposures
in a reversely-polarized intracanyon bench (Table 3) implies maximum offset on the order of 300-500
m of 1.0-1.5 Ma age rocks, depending on the paleoslope (here assumed equivalent to the present one;
a lower gradient paleoslope would imply lower total offset). This offset likely occurred on a fault that
coincides on strike to the north with the faulted off south ridge of Bald Peter. The largest offset fault
that downdrops the Deschutes rocks could have only offset Matuyama-age rocks a small amount, as
such rocks are present west of that fault. The zone of active faulting apparently has moved inward
since the downfaulting of the Deschutes Fm; thus the structural style is a Quaternary graben within a
Pliocene graben.
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Figure. 11. Map of late Miocene (5-8 Ma) paleo-
drainage in the Western Cascades (Santiam
drainages based on Walker and Duncan, 1989,
and reconnaissance mapping by D.R. Sherrod
and R.M. Conrey; McKenzie drainage from E.M.
Taylor, in Priest and others, 1988). The ancestral
course of the Middle Santiam River is marked by
ridge-cap deposits between the modern river and
Quartzville Creek. The ancestral South Santiam is
marked by ridge-caps south of the modern
drainage. The ancestral McKenzie drainage lay
along Lookout Ridge; the distal end of the drain-
age is not known but may be marked by suspect-
ed ridge-capping mafic lava above Nimrod (Peck
and others, 1964). The fault pat-tern is simplified
close to the graben. Field trip stops 1, 3, and 13
shown by numbered squares.

Figure. 12. Middle Santiam River cross section in
the Western Cascade Range (Conrey and
Sherrod, in prep). The ancestral river channel is
defined by an inverted paleovalley that extends
from Marks Ridge to Galena Mt (established
through mapping and chemical and petrographic
correlation; R.M. Conrey and D.R. Sherrod, unpub
data). East from Galena Mtn discontinuous ridge-
cap exposures of mafic lava and interbedded
fluvial sediment extend to Scar Mtn The amount
of uplift suggested is on the order of 700 m, if the
base of the Scar Mtn sequence (presumably the
paleovalley floor) is chosen as the reference
datum. Note that the geometry suggests a broad
zone of uplift extending some 30 km west of the
graben margin.



������	��������
���	��	�������	��
������
�����
�
	������	�

������	�             83

���������/�
�
����-����
+�<����������#����
���
��������������������/�
�����	����������
�
��������
�������/��
���	����!������������
9..��*������������
�����������
����
+��������

�������������
����-��
#����
�
�		�
�
�����

�	���������������������������������������/�
�

���������������+

��
�������-���/�
�����=1�2.+����
%�+%  ��/���������,/���7����
M1���	��


�������	�������A�
���������
�������	������-�+����
$..+' G7���H�
�	�M��A�������
���������+����
$.2+% :��
�����������	������A�������+����
$.4+� =�����1���+����
$$$+2 ������������A�������+�1�	����������

,/���7����
�,�����!�	
���	�	�����	�����*+����

��������	�������
���������
���
�������	�������	���
���

������������/��������������	���������������

�������������,/���7����
�,����+�,������������
�����������������������
�A������������������$4
�����������/��	�����
��1��-�������2.92�!������
���A���������������������/�������2.92���
�������$+'���*+

$$'+% @��������/��������������
������1����
8����!��
�����
*+����
$$�+4 L�����+����
$$%+2 B����������������2'����!?��#�$%�2*+����
$2.+& ��A������-�+����
$22+& ��A������-�+����
$29+' B����������������$&����!?��#�$%�2*+����
$29+� B����������������24����!1�����#�$%&�*+
���
$24+9 L����6-��������A�������+����
$24+& B������������������������������2'���
$�����!?��#�$%�2*#���������������+����
$25+$ ��
����?����-��/������!������������*+
����������������
����������������
����	���

-�
�������������)+��������
����/�
�����1/���
:����������	���
��������
�����
����	�+����

������ ��!	"�#	�$������%
	�����������	
&������'#�	��(���

����
����	���
�������	�������������-�����
���	�������-���������������#�	��

�#�����/�����
���A���������
����������
����!%4%2*#����������
�������������	���������!0����)�6����#����
����
������+#�2..$*+�,�����-����
���0"���	�����4+'�3
.+9����!I+8+� ��������#����)����������������#
$%�%*+�I���
���
��������
����	����-��������
���
����

��������������8���
���� ���������A�������

��������	��$9.+5+�,�������-�������1�����1������
��-����������������������'����������	�/�����
��������
������
�;������!�	���������
�����
7���������������������-������-�*+�"��������-���#
�����?������7��������������������	��������

�����
;���������������	���������
����2���+

,�������
����	����-���
���������������
�����	�����������
������������-����������
���
���������!%4%$(���	
+�$$�����$2*+�,�����-���

�����������������	������������������-�
�
��
����
�����������������������������������
�������

�������/��������
����������������
��������
����
������������1���������-��+�1�-���������
����������/������	�
���-����������
������
��������������������������������,��#����

�����
������	������/�
��������	
�����������	����

����������������������!�+�+
1������������+�+�������#�$%%4#������+����
���	�������-������		��	�����
*+�"���-���������
����������	����/�����������������
���0"���	�
���5+9�3�.+$����!I+8+� ��������#����)���������
������#�$%�%*+�,�����	���
���������
�
�����/���
���������	������	�
�����������
�(���������

���	���	���
��������
���/������������	�������
�������
�����������������	�������

�	��

#
/������
�������-������	���"��������+

$9.+5 8���
���� ���������A�����������/�
����
���
����
����1/����:���+�! 	
���	�	�����	
�������������� ��!	*+�����
$42+5 ���
��
�����	������)�������������
����

���?������+����
$49+9 ,����?����"���������+����
$45+� ,����?����:/��94+�I�����������?�	+
8�������/�
��������-����
+

%')*+,-.$/�.*�&
)�������/���	�������

�
�������������/�

��	�����8�����:�����(�������
��������������
,����������������������������������,����
���
)����1����	
(�?���������/��������������
@��
������������
�����
��������������
�(�0��
?�����������
��������������������=+1������	����
1��-��(�����	��8���
�#�������7����#����������
#
���������)�������������B��	����������������
�����	��������������<���
����
(��������
������������)������1��������������
����
� ��
�����B�
��-�����(������ ��������(�0���
)�6����(����������@���
���#�/�����-������
���
/�������$�������������������������������	



������	����I�	�������������
�����������
���
���
�	����+�I����������������
��������	�
������
�	����������������-����������
��������+



�4�������������������������������������������	
�����������������
���
����������

Table 1. Selected X-ray Fluorescence Analysesa (Major Elements Wt% Oxide; Trace Elements
ppm) of Cascade Range Rocks—Day 1
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Table 1. Selected X-ray Fluorescence Analysesa (Major Elements Wt% Oxide; Trace Elements
ppm) of Cascade Range Rocks—Day 1  (continued)
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Table 2. Selected X-ray Fluorescence Analysesa (Major Elements Wt% Oxide; Trace
Elements ppm) of Cascade Range Rocks—Day 2
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Table 2. Selected X-ray Fluorescence Analysesa (Major Elements Wt% Oxide; Trace Ele-
ments ppm) of Cascade Range Rocks—Day 2 (continued)
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 Candle Crk 

lava 

Abbot Butte 

core 

Candle Crk 

lava 

Abbot Butte 

core 

Candle Crk 

lava 

Abbot Butte 

core 

 Hackleman 

Crk basalt 

Mixing 

calculation 

EWEB 1 

core 

Sample 97-267 817' depth  MJ-CC5 1,065'depth  MJ-CC6 1,259' depth   97-112  440'  depth  

 
 SiO2   51.63 51.58 51.30 51.06 48.96 48.34  47.78  48.09  48.12  

 Al2O3  18.06 17.70 17.30 17.47 17.00 17.02  18.39  16.83  16.97  

 TiO2   1.41 1.41 1.46 1.50 1.46 1.49  1.32  1.64  1.62  

 Fe2O3* 10.04 10.22 10.70 10.86 11.24 10.95  10.88  12.20  12.36  

 MnO    0.16 0.16 0.17 0.16 0.17 0.18  0.17  0.21  0.19  

 CaO    8.22 8.07 8.36 8.02 9.51 9.65  10.02  9.62  9.64  

 MgO    5.38 5.39 5.71 5.63 7.84 8.37  7.71  7.29  7.28  

 K2O    0.88 0.89 0.79 0.76 0.32 0.33  0.23  0.28  0.40  

 Na2O   3.69 4.04 3.73 4.02 3.22 3.39  3.13  3.38  2.98  

 P2O5   0.54 0.53 0.49 0.50 0.28 0.28  0.36  0.45  0.44  

           

 Ni     60   60 74 72 141 138  129    110   

 Cr     87   70 100 88 261 239  177    160   

 Sc 23   25 28 28 32 38  27   33 36   

 V      188   211 196 211 221 222  218   260 251   

 Ba 375   356 332 324 152 101  213   256 273   

 Rb 12   9 9 8 1 1  1    3   

 Sr 580   578 515 530 367 350  535    449   

 Zr 160   166 164 165 118 113  113   136 133   

 Y 26   29 30 27 28 27  26   31 30   

 Nb 12.0 12.7 12.7 12.9 6.3 5.2  7.3 8.8 8.8 

 Ga 20   22 20 22 14 18  18    20   

 Cu 81   50 97 53 86 61  107    106   

 Zn 104   97 103 98 84 78  108    117   
 

Candle Creek area samples 97-267, MJ-CC5 and CC-6 are sparsely porphyritic reverse-polarity lavas exposed at surface; CC-5 overlies CC-6. Abbot Butte drill 

core samples (all reversely polarized and sparsely porphyritic) that most closely match the surface lavas are shown.

Hackleman Creek basalt is coarsely plagioclase- and olivine-bearing and normally polarized (see Stop 4). EWEB-1 core sample from 440 feet is coarsely 

plagioclase- and olivine-bearing. A mass balance calculation is shown in which 5 wt% olivine (Fo77) and 15 wt% plagioclase (An75) were subtracted from sample 

97-112.  The result is nearly identical to the hand-picked drill core sample (sum of r2 = 0.23). The main contribution to the residual sums are the alkali elements, 

which may be hydrated or slightly altered in the glassy groundmass. 20% increases in concentration of the highly incompatible elements Ba, Zr, Y, and Nb are also 

shown. Compatible trace elements are all qualitatively consistent with the match.

Table 3. Comparison of bulk chemical analyses of Matuyama-age lavas and drill core (major elements in  wt% 

and trace elements in  ppm)
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Figure 1. Drainage basin map of the Deschutes River.
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Figure 2.  A.  Geology of the Deschutes Basin generalized from Walker and McLeod (1991). B. Geo-
logic cross section along line X to X’ after Smith (1986).
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Figure 3.  South Junction Terrace, River Mile 83.5 (Stop 3).  A. Tilted strata of the John Day Formation.
B. Fluvial gravel. C. Fluvial sand. D. Ashy lahar. E. Gravelly lahar.  Unit E contains pumice clasts from
a roughly 100,000 year old Mt Jefferson eruption (O’Connor and others, in press).  The person is
1.68 m tall.
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Figure 4.  Longitudinal profile of the lower Deschutes River showing the exposed geology of the
canyon.  The gray line represents the altitude of the canyon walls superimposed on the total relief of
the surrounding visible geologic formations and structures.  Patterns follow Figure 2.
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Figure 5. Air photo of overlapping landslides
numbered 1–3 (oldest to youngest) at River Mile
55–53, and the rapids they created.
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Figure 6.  Geomorphic features related to the dam produced by the Whitehorse Rapids
Landslide and the area of its outburst flood deposits plotted on the U.S. Geological
Survey Kaskela 7.5-Minute Quadrangle.
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Figure. 7.  Diagram of the breach site of the
Whitehorse Rapids blockage showing the prob-
able former river profile and the profile after the
blockage.  Surfaces B and C are labeled on
Figure 6.
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Figure 8. A.  Air photo of an Outhouse Flood bar near Dant, River Mile 65 (Stop 7).  B. Cross section of
the flood bar along line X to Y.
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Figure 9.  Comparison of the surveyed heights of paleostage evidence from the February 1996 flood
and the Outhouse Flood.
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Figure 10.  Comparison of modeled discharges of the Outhouse Flood with gaged and modeled
discharges of the February 1996 storm flood. Envelope defining the peak discharge attenuation of
historical dam-breach floods is from Costa (1988).  In this equation, x is the distance downstream
from the breach in km, and Qx is percentage of discharge at the breach.
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Figure 11. Bar graph showing mean monthly discharge of the Deschutes River, John Day River, and
Willamette River.
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Figure 12.  Field trip route with stops and river
miles on a U.S. Geological Survey 10-meter
digital elevation model (DEM).
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deposits thin out against relatively imperme-
able lower Tertiary deposits of the John Day
and Clarno Formations (Fig. 2), forcing nearly
all the northward-flowing ground water to dis-
charge into the Deschutes River and its tribu-
taries.  This massive amount of ground-water
discharge, exceeding 60 m3/s (2,000 ft3/s) near
the confluence of the Deschutes and Crooked
Rivers, is the principal reason for the remark-
ably stable flow of the Deschutes River.

Participants on this trip will explore the
visible and conceptual aspects of the regional
ground-water hydrology of the upper
Deschutes Basin, including the interaction be-
tween ground water and streams.  The trip fol-
lows the general direction of ground-water
flow northward from the headwaters of spring-
fed streams at the margin of the Cascade Range
to the principal regional discharge area near
Lake Billy Chinook.

This guidebook describes a 2-day trip.
Day 1 begins in the La Pine Subbasin (upper-
most Deschutes Basin) and proceeds through
Bend, concentrating chiefly on the hydrologic
controls created by Quaternary stratigraphy
and structure (Fig. 3).  Day 2 examines strata of
the Deschutes Formation from Bend to Madras
and the geologic factors that influence regional
ground-water discharge.

A road log for each day is at the end of
the field-trip guide.  The metric system is used
for all scientific aspects of the guidebook except
altitude and water discharge rate, which are
given in both meters and feet (altitude) and cu-
bic meters per second and cubic feet per second
(rate) owing to the widespread familiarity with
U.S. traditional units in these matters.  The
road log is reported in miles to match most car
odometers.

INTRODUCTION
The upper Deschutes Basin encompasses

about 11,700 km2 of the Deschutes River drain-
age basin in central Oregon (Fig. 1).  Chiefly
draining the east flank of the Cascade Range,
the upper Deschutes Basin extends northward
from a drainage divide near Chemult that sepa-
rates it from the Klamath Basin to the south.
The eastern margin of the basin lies along the
south part of the Ochoco Mountains and
through the crest of Newberry Volcano.  The
northern boundary is near Warm Springs,
northwest of Madras.

The upper Deschutes Basin is underlain
by Quaternary and Tertiary volcanic and sedi-
mentary rocks.  The occurrence and movement
of ground water and the interaction of ground
water and streams are controlled by the distri-
bution of permeability within the depositional
sequence.  The permeability distribution re-
flects the age, lithology, and depositional envi-
ronment of the strata, along with the
subsequently imposed geologic structure.

The crest of the Cascade Range, including
a broad upland area east of the Three Sisters, is
the principal source of recharge for the ground-
water system.  The average annual rate of re-
charge from precipitation in the upper
Deschutes Basin is estimated to be roughly 108
m3/s (3,800 ft3/s) (Gannett and others, 2001).

Ground water moves eastward from the
Cascade Range and then generally northward
through permeable Quaternary and upper Ter-
tiary deposits.  North of Madras, the permeable
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Figure 1.  Extent of the Deschutes Basin (bold line), major rivers, and geographic features named in
the text.  Extent of the upper Deschutes Basin is shown on Figures 5 and 11.
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Regional-scale geologic maps may aid
travelers wishing a more thorough understand-
ing of the geology along the trip route.  Day 1
stops are within the area of the west half of the
Crescent 1 by 2 Degree Quadrangle (MacLeod
and Sherrod, 1992) and the Bend 30 by 60
Minute Quadrangle (Sherrod and others, in
press).  Maps of the Mount Bachelor volcanic
chain (Scott and Gardner, 1992) and Newberry
Volcano (MacLeod and others, 1995) provide
more detail around the margins of Day 1 travel.
A road map of the Deschutes National Forest is
helpful for navigating the maze of Forest Ser-
vice and county roadways during Day 1.

Most Day 2 stops are within the Bend
Quadrangle (Sherrod and others, in press).  The
most northerly stops, however, are in an area
that lacks regional-scale geologic mapping.
Several 1:24,000-scale maps cover the northern
part of the trip, including those by Smith
(1987a, b), Smith and Hayman (1987), and
Ferns and others (1996a).  The Geologic Map of
Oregon (scale 1:500,000, Walker and MacLeod,
1992) would also be helpful in the northern
area.
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DAY 1

Synopsis, Uppermost Deschutes Basin
Day 1 of this trip focuses on the upper-

most Deschutes Basin, including the margin of
the Cascade Range and the La Pine Subbasin
(Fig. 3).  This area is characterized at the surface
by broad flatland areas and interspersed volca-
nic buttes.  Relief increases toward the basin
margins owing chiefly to volcanic buildup.  The
buttes, which consist of cinder cones, small
shield volcanoes, and sparse silicic domes, are
characteristic Cascade Range eruptive centers.
From them have issued the numerous lava
flows, predominantly basaltic andesite, seen in
road cuts and river banks.  A few tuff cones and
maars resulted from eruptions during times
when ground water saturated the upper strata
or when shallow lakes occupied part of the
basin.  Silicic domes are scattered among the
basalt and basaltic andesite vents; these range in
composition from dacite to rhyolite.  Pyroclastic-
flow deposits are exposed sporadically, limited

Figure 2.  Generalized stratigraphic column for
the upper Deschutes Basin.  Shaded boxes
show stratigraphic units visited on this trip.
Open boxes, not visited.  Diagonal pattern indi-
cates nondeposition.  Several names have de-
scriptive geographic value but do not designate
formally defined stratigraphic units.
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Figure 3.  Route and stops for Day 1 of the field
trip.

in extent, andesitic to rhyolitic in composition,
and partially welded to nonwelded.

Sedimentary rocks, although rarely ex-
posed, fill a substantial part of the La Pine
Subbasin.  The beds range from lacustrine to
fluvial silt, sand, and gravel.  We examine
some of these beds at Pringle Falls (Stop 2).
Sand- and gravel-rich strata are locally abun-
dant and form important aquifers, especially
near the town of  La Pine.

Sedimentation occurred in the lowland
created by the growth of adjacent volcanoes, as
might be surmised by a casual glance at the
landscape.  Less obvious are within-basin
horst-and-graben structures characteristic of
the Basin and Range Province.

Precipitation and Orographic Effects
Much of the High Cascades in Oregon is a

broad ridge whose topographic crest is defined
by volcanoes along the axis of the Cascade

Range.  The range crest is a fundamental oro-
graphic barrier whose flanks receive precipita-
tion from prevailing air flow across the North
Pacific Ocean.  The uppermost Deschutes Basin
differs from other parts of the Cascade Range
in Oregon by virtue of two additional substan-
tial volcanic ridges east of the range crest—the
Mount Bachelor chain of vents and Newberry
Volcano.

Perhaps equally important hydrologically
is a broad volcanic upland adjacent to the Cas-
cade Range crest east of the South Sister.
Known informally as the Bend Highland, this
area encompasses 160 km2 of terrain in excess
of 1,830 m (6,000 ft) altitude, including Broken
Top Volcano, Tam MacArthur Rim, and Tri-
angle Hill.  The infiltration of snowmelt and
rainfall into the Three Sisters region and Bend
Highland is the principal source of recharge to
a ground-water system that dominates the hy-
drology of the Deschutes Basin.  This extensive
area of high altitude is unique in the Cascade
Range in Oregon.  In contrast, the upper Kla-
math River, which drains a comparably sized
basin adjacent to the Cascade Range south of
the Deschutes Basin has only about one-third of
the mean discharge of the Deschutes River at
Madras.

Ground-Water Flow in the Uppermost Basin
Much of the upper Deschutes Basin lacks

a developed and integrated stream system.
Permeability of the late Pleistocene and Ho-
locene lava flows is high, so precipitation (in-
cluding rapid snowmelt) tends to infiltrate the
ground and not run off in established channels.
Permeable lava of the Cascade Range en-
croaches eastward onto or interfingers with
relatively impermeable fine-grained sedimen-
tary strata in the La Pine Subbasin.  Conse-
quently, ground water flowing from the
Cascade Range eastward through the perme-
able lava is likely to be diverted to the surface
wherever it encounters fine-grained sedimen-
tary strata.  Ground water commonly issues
abruptly from large springs in the lava along
the west margin of the La Pine Subbasin, creat-
ing creeks and rivers flowing fully at 3 to 6 m3/
s (100-200 ft3/s) within a few tens or hundreds
of meters from their origin (Gannett and others,
2001).
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Stop 1—Springs at North Davis Campground
(Altitude 1,323 m; 4,340 ft)

Drive into North Davis Campground and
try to find parking near Campsite 13.  Walk
north into the shallow drainage of North Davis
Creek.

Numerous springs issue from lava flows
exposed along North Davis Creek, a tributary to
what is now the Davis Creek Arm of Wickiup
Reservoir (Fig. 4).  Streamflow measurements
show that the Davis Creek Arm gains approxi-
mately 5.4 m3/s (190 ft3/s) from ground-water
inflow over a distance of 3 km.  Much of this
flow comes from the spring complex of North
Davis Creek seen at this stop.  This spring com-
plex is typical of several spring complexes along
the margin of the Cascade Range in the south-
ernmost Deschutes Basin.  Similar full-fledged
creeks take form over equally short distances
along Browns Creek and at the heads of Quinn,
Cultus, Fall, and Spring Rivers (Fig. 5).  The total
discharge from spring complexes in the area of
Wickiup and Crane Prairie Reservoirs averages
close to 17 m3/s (600 ft3/s).

The springs of North Davis Creek  and
similar springs in the area represent the west-
ernmost (topographically highest) area of copi-
ous ground-water discharge in the Deschutes
Basin.  Temperature and isotopic data suggest
that water emerging from these springs follows
relatively short flow paths (James and others,
2000).  Spring temperatures (about 3.5°C) essen-
tially match the mean annual temperatures at
the recharge altitudes as inferred from oxygen

Figure 4.  The area of North Davis Creek, Stop 1
(geology from MacLeod and Sherrod, 1992).
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Table 1.  Altitude, Temperature, Discharge, and Isotopic Data for Selected Springs in the Upper
Deschutes Basin (James and Others, 2000).

Spring name Alt (m) Alt (ft) Temp (°C) Disch (m3) δδδδδ1818181818O (‰) δδδδδ18O (‰) 14C (% mod C)

Browns Creek 1332 4369 3.8 1.1 -13.9 -16.4 115.3
Cultus River 1356 4448 3.4 1.8 -14.1 -15.8 113.9
Fall River 1286 4219 6.1 4.2 -14.2 -11.8 110.9
Lower Opal Springs 597 1959 12.0 6.8 -15.3 -12.7 60.0
Metolius River 920 3018 8.2 3.1 -14.7 -11.5 61.3
North Davis Creek 1323 4340 3.4 — -14.1 -15.8 114.0
Quinn River 1354 4442 3.4 0.7 -13.7 -16.5 112.3
Snow Creek 1378 4521 5.5 0.8 -14.1 -12.9 111.1
Spring River 1268 4160 8.0 3.5 -14.6 -11.5 67.5

isotope ratios, indicating little or no geothermal
warming (Table 1).  Isotopes of carbon and
noble gases show no evidence of magmatic
volatile content (James and others, 2000).
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Flux of ground water
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No measurement - 
Significant gain or loss
unlikely given geologic
conditions.
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Stop 2—Pringle Falls Sedimentary Sequence
(Altitude 1,295 m; 4,250 ft)

The Deschutes River at Pringle Falls has
eroded through fine-grained sediment
approximately 20 m thick.  The falls
themselves, more a dangerous rapid than a
waterfall, are in an underlying basalt lava flow.
The geologic exposure at Pringle Falls is
unique because of the thickness of sedimentary
strata exposed at the surface.  Most of the
upper basin is barely incised, which limits the
extent of exposure for poorly indurated beds.
The Mazama Ash, a Holo-cene tephra deposit
erupted from Mount Mazama (Crater Lake),

100 km south-southwest, thickly blankets much
of the area; it is about 70 cm thick in the Pringle
Falls area.  Even the few good sedimentary
exposures are draped by colluvium from
interbedded or capping lava flows.  The floors
of some reservoirs have been exposed during
drought years, providing the only other sites
where sedimentary strata may be viewed
extensively.

Our stop is at the east end of the Pringle
Falls area, one of two excellent exposures (Fig.
6).  The other site is on private land to the west
at the base of Pringle Falls.  The deposits at
Pringle Falls are thin-bedded, nearly

Figure 5.  Estimated gain and loss rates for selected stream reaches in the upper Deschutes Basin,
Oregon (from Gannett and others, 2001).
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undeformed lacustrine and fluvial mud, silt,
and sand (Fig. 7).  Gravel caps the sedimentary
sequence.  The beds are well exposed locally
where the Deschutes River undercuts and
maintains oversteepened banks.

The sedimentary sequence contains
several fallout tephra layers.  Pumice bed D,
about 3.5 m above river level (Fig. 7), has an
40Ar/39Ar age of 218±10 ka (Herrero-Bervera
and others, 1994; A.M. Sarna-Wojcicki, written
commun., 2001).  The lacustrine sequence also
contains the Pringle Falls geomagnetic polarity
episode, which occurred between about 218±10
and 169±17 ka (Herrero-Bervera and others,
1994).  The latter age is obtained by regional

correlation of lacustrine paleomagnetic data
from Tule Lake, Calif.  The polarity episode
was determined from paleomagnetic directions
of the lacustrine sediment at the west and east
sites (Herrero-Bervera and others, 1989;
Herrero-Bervera and Helsey, 1993).

The Pringle Falls sedimentary sequence is
exposed on the north flank of a north-northeast-
trending horst marked by Pringle and Gilchrist
Buttes. This horst separates the La Pine Graben
on the east from the Shukash Graben on the west
(Fig. 8). The La Pine Graben is a lowland with
numerous water wells that provide some
understanding of the thickness and lithology of
the strata there. Water wells in the La Pine

Figure 6.  The Pringle Falls area, Stop 2.
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Graben have penetrated as much as 395 m of
sediment before encountering lava flows (Fig.
8; Couch and Foote, 1985).  A well drilled at the
Fall River Fish Hatchery, roughly 5.8 km north
of Pringle Falls, penetrated fine-grained
sediment to a depth of 150 m, and below that,
interbedded basalt and cinders to a depth of
172 m.  The thickest parts of the sedimentary
fill, which may be as thick as 0.7-1.0 km (Get-
tings and Griscom, 1988), probably coincide
with a -150 mGal gravity anomaly (Fig. 8).
Deep holes drilled on the upper west flank of
Newberry Volcano encountered no lacustrine
deposits, and the alluvial strata on the volcano
are complexly interbedded with primary vol-
caniclastic deposits.  Therefore the volcano
probably has formed an eastern buttress to
basin-filling sediment for a substantial period
of time (MacLeod and others, 1995).  In con-
trast, the Shukash Graben has been obscured
topographically by the growth of small shield

volcanoes and cinder cones (Fig. 8).  No deep
water-well data are available from the Shukash
Basin.

Although undated, the inception of the La
Pine and Shukash Grabens likely began in late
Pliocene or early Pleistocene time.  The
Chemult Graben, which may be of similar age,
lies 30 km to the south (Fig. 8).  An age from a
lava flow capping the Chemult Graben’s east
rim (Walker Rim) is 2.33 Ma (Table 2), suggest-
ing that the Chemult, and by analogy, the La
Pine Grabens are younger.  An age of 0.61 Ma
was obtained from Gilchrist Butte, a normal-
polarity shield at the south end of the horst be-
tween the La Pine and Shukash Grabens (Table
2).  Gilchrist Butte lava has been faulted, so at
least some of the faulting is younger than 0.6
Ma.

Other ages from the Pringle Butte–
Gilchrist Butte Horst are thought meaningless,
or at best, difficult to interpret.  Ages ranging
from 6.7 to 8.2 Ma were obtained from lava
flows exposed on the horst (Hawkins and oth-
ers, 1989).  One of these samples was collected
150 m upstream from the Pringle Falls road
bridge (FH-87-4, Fig. 6); it yielded an age of
6.9±0.8 Ma.  These ages are much too old in
view of the geomorphic landforms preserved
by the volcanic vents along the horst.  Gilchrist
Butte buries most of the rhyolite dome of Eaton
Butte, age 3.68±3.3 Ma (Table 2), which lies on
its west flank.  The large analytical error ren-
ders this age almost useless for determining the
age of bedrock in the Pringle Butte–Gilchrist
Butte Horst.

The geographic and geologic setting of
the Pringle Falls sedimentary sequence sug-
gests that a natural dam for the La Pine
Subbasin may have once existed 23 km north-
east, where lava flows from Newberry Vol-
cano have ponded against Cascade Range
lava flows north of Sunriver.  Subsequent de-
formation along faults that bound the Pringle
Butte–Gilchrist Butte Horst has probably el-
evated the sedimentary section slightly.  This
interpretation relies on a comparison of alti-
tudes around the basin: 4,200 ft, where the
dam might have existed north of Sunriver,
and 4,250 ft at the top of the Pringle Falls
lacustrine section (Fig. 6).  The basin between
Pringle Falls and Sunriver lacks remnant geo-
morphic surfaces that might correspond to an

Figure 7.  Stratigraphic section for the east expo-
sure, Pringle Falls area, Stop 2.
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extensive sediment sequence with  an upper
surface at 4,250-ft altitude; hence our reasoning
that the Pringle Falls section has been elevated
in response to uplift on the horst.

The fine-grained sediment exposed at
Pringle Falls and inferred at depth from drilling
data and geophysical studies is hydrologically
significant.  The low permeability of the sedi-
ment contrasts sharply with that of the lava
flows and pyroclastic deposits to the east and
west.  As mentioned previously, the numerous
springs on the west margin of the La Pine
Subbasin are believed to result from eastward-
flowing ground water diverted to the surface
upon encountering these low-permeability
deposits.  The low permeability affects flow
in the vertical direction as well.  The area un-
derlain by these fine-grained sedimentary de-
posits is characterized by a shallow water
table, with the depth to water commonly less
than 3 m.

Stop 3—Fall River Headwater Springs (Alti-
tude 1,305 m; 4,280 ft)

Fall River is one of the larger spring-fed
tributaries to the Deschutes River.  Virtually the
entire flow of Fall River originates from springs
near its headwaters.  Fall River springs emerge
from Pleistocene basaltic andesite lava at the
contact with Pleistocene alluvial and lacustrine
sediment, presumably similar to deposits ex-
posed at Pringle Falls (Stop 2).  The Fall River
headwaters are one of two spring complexes
along the northwest margin of the La Pine Gra-
ben that discharge water that has followed in-
termediate-length flow paths.  The other spring
complex is that of Spring River, 16 km north-
east of the springs at Fall River.

Temperatures of the Fall River and Spring
River springs (6.1 and 8.0°C respectively, Table
1) are significantly warmer than mean annual
temperatures at recharge altitudes inferred from
oxygen isotope ratios, indicating the water

Figure 8.  Map showing water wells, volcano-tectonic structure, and extent of grabens defined by
gravity anomalies in the upper Deschutes Basin (from MacLeod and Sherrod, 1992).
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has picked up geothermal heat along its flow
path (Manga, 1998; James and others, 2000).
Analysis of isotopes of carbon and noble gases
indicates that the water of Spring River con-
tains magmatically derived volatiles (James
and others, 2000).

Stream-gage data show that Fall River has
little seasonal variation; mean monthly flow
varies only about 5 percent from the mean an-
nual flow.  On a decadal scale, however, the
flow of the Fall River springs varies by a factor
of more than two (Fig. 9).  These decadal fluc-
tuations correspond to climate cycles and
snow-pack trends in the Cascade Range
(Gannett and Lite, 2000; Gannett and others,
2001).  Climate fluctuations represented by dis-
charge variations in Fall River springs repre-
sent the largest transient signal in the
hydrology of the upper Deschutes Basin.  This
pattern of variation occurs in spring discharge
and water-table fluctuations throughout the ba-
sin (for example, Fig. 9).

Stop 4—Top of Lava Butte (Altitude 1,529 m;
5,016 ft)

A couple hundred large and small volca-
noes and nearly two-thirds of the upper
Deschutes Basin may be seen from the splendid
vista atop Lava Butte.  A simplified compass
wheel shows the declination and distance to
many features visible on a clear day from the
lookout (Fig. 10).

Figure 9.  Hydrograph showing monthly mean streamflow of Fall River and the depth to water in a
well near the margin of the Cascade Range at Sisters, about 60 km to the north.
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Lava Butte itself is a Holocene cinder
cone that erupted basaltic andesite lava flows.
It lies at the downslope end of Newberry
Volcano’s northwest rift zone, which was active
most recently between about 5,900 and 6,400
14C yr BP (MacLeod and others, 1995).  A radio-
carbon age of 6,160±70 14C yr BP was obtained
from charcoal collected beneath Lava Butte’s
tephra plume where exposed in a highway
road cut northeast of the butte (Chitwood and
others, 1977).

Lava flows of the northwest rift zone
merge with lava flows from the Cascade Range,
forming the northern limit of the La Pine
Subbasin today and probably for a substantial
part of the subbasin’s history.  As mentioned at
the Pringle Falls stop, lava flows probably
formed natural dams in the past.  Emplacement
of the Lava Butte flow about 7,100 calendar
years ago diverted the Deschutes River, forcing
the river to establish a new channel along the
west margin of the lava flow.

The topographic gradient increases
abruptly north of this contact between the lava
of Newberry Volcano and the Cascade Range,
from relatively flat in the sediment-filled basin
south of here to northward sloping to the north.
The stream gradient reflects this topographic
change.  The Deschutes River drops a mere 0.48
m/km along the 71-km reach between Wickiup
Reservoir and Benham Falls. North of Benham
Falls the gradient steepens dramatically to 8.7



120                                                       SHERROD, GANNETT, AND LITE

m/km along the 18.5-km reach to Bend.
The slope of the water table also increases

north of Benham Falls, but to an even greater
degree.  The water table is roughly 3 m below
the land surface in much of the La Pine
subbasin.  Starting at Sunriver, 8 km south of
Lava Butte, the water table slopes northward so
steeply that at Bend the depth to water is 170-
200 m below the land surface.  Near the river at
Benham Falls, the water table is at an altitude
of about 1,260 m (4,135 ft) and 1.5 to 5 meters
below the land surface (Fig. 11).  In downtown
Bend, the water table is at an altitude of 940 m
(3,080 ft) and the land surface is 1,110 m (3,630
ft)

The northward-increasing depth to water
in this area has implications for the interaction
of ground water and streams.  South of
Sunriver, the Deschutes River system com-
monly gains due to ground-water discharge,
and major spring complexes are common.
North of Sunriver, the streams lose water to the
ground-water system as ground-water levels
drop far below stream levels.  For example,
stream-gage data from the 1940s and 1950s

showed that the Deschutes River lost an aver-
age of 0.68 m3/s (24 ft3/s) between Sunriver
and Benham Falls.  The average loss between
Benham Falls and Lava Island, about 12 km
downstream, was 2.3 m3/s (83 ft3/s).  Most of
the loss likely occurs where the channel crosses
or is adjacent to the lava flows from Lava Butte.
This lava is sufficiently young that fractures
have not been sealed by sediment.  Water easily
leaks through the stream bed or channel walls
into underlying lava flows.

In stops farther north we will see that
conditions are reversed, and the regional water
table is above river level, causing ground water
once again to discharge to streams.  The rela-
tion between topography and ground-water
level in the upper Deschutes Basin is shown
diagrammatically in Figure 12.

The rate of leakage from the Deschutes
River in the Benham Falls area is proportional
to the river stage and hence to streamflow
(Gannett and others, 2001).  The higher the
stage, the greater the rate of loss.  The ground-
water level near the river varies in response to
variations in the leakage rate.  Continuous-re-
corder hydrographs show how the water table
responds to changes in streamflow (Fig. 13).
The stage and discharge in the Deschutes River
in this reach are controlled by reservoir opera-
tions upstream.  Streamflow is highest from
April to October as water is routed down from
the reservoirs to canal diversions near Bend.
The water level in well 19S/11E-16ACC, about
150 m from the river near the Benham Falls
parking area, rises and falls rapidly in response
to river stage.  Abrupt changes in streamflow
usually become apparent in the well within a
few to several days.  These effects are much
less pronounced, however, in wells farther from
the river.  The water level in well 18S/11E-
21CDD, about 1.6 km from the river, also fluc-
tuates in response to river stage, but the
fluctuations are subdued, and the hydrograph
is nearly sinusoidal, showing only the slightest
inflections in response to abrupt changes in
streamflow.  In addition, the peaks and troughs
in the hydrograph of well 18S/11E-21CDD lag
those of well 19S/11E-16ACC by 1 to 2 months
(Fig. 13).

Lithologic and geophysical logs from
wells provide limited stratigraphic information
for the Lava Butte area.  The drillers’ log from

Figure 10.  Compass wheel showing direction
and distance to selected geographic features vis-
ible from the top of Lava Butte, Stop 4.
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Figure 11.  Map showing generalized lines of equal hydraulic head and ground-water flow directions
in the upper Deschutes Basin (from Gannett and others, 2001).
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the well at the Lava Lands Visitor Center, just
south of the butte, describes a more or less mo-
notonous stack of interbedded lava and cinders
to a depth of 155 m.  The drillers’ log for a test
well east of US 97 shows predominantly lava
and cinders to a depth of 91 m, underlain by 12
m of tan sandstone, in turn underlain by 12 m
of white pumice.  A gamma-ray log (Fig. 14;
K.E. Lite, Jr., unpub data) indicates that these

latter strata are silicic, so we interpret the
“sandstone” and pumice to be the Tumalo Tuff
and the Bend Pumice (described at Stop 6).  Al-
though ambiguous, descriptions for the 19.5-m
section below the silicic deposits suggest
interbedded lava and sediment.  At the base of
Lava Butte, the water table is at about 1,251 m
(4,104 ft), and it lies about 122 m below the land
surface.

Figure 12.  Diagrammatic section showing the effect of geology and topography on ground-water dis-
charge along the Deschutes River from Benham Falls to Pelton Dam.

Figure 13.  Hydrograph showing the relation between the stage of the Deschutes River at Benham
Falls and water levels in wells 150 and 1,600 m from the river.
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Stop 5—Surface-Water Diversions in Bend
(Altitude 1,085 m; 3,560 ft)

At this stop we can see the dam and
headgates for diversion into the North Unit
and Pilot Butte Canals (Fig. 15).  The dam, near
River Mile 165, was constructed in the early
1900s as part of the diversions (K.G. Gorman,
oral commun, 2001).  It also once served as a
hydropower impoundment.  Some of the origi-
nal power-generating equipment is visible
downstream from the dam.

During the irrigation season, water is
diverted from the Deschutes River between
Lava Butte and Bend into irrigation canals at a
rate of approximately 57 m3/s (2,000 ft3/s)
(Gannett and others, 2001).  The average annual
rate is about 28 m3/s (1,000 ft3/s).  The North
Unit and Pilot Butte Canals account for roughly
half the total diversion.  Most canals are unlined

and leak considerably.  Overall transmission
losses approach 50 percent and are even greater
where the canals cross fractured Pleistocene
lava.  Water lost from canals infiltrates and re-
charges the ground-water system.  Although
the canals lose large amounts of water, the Des-
chutes River north of Bend shows little or no
loss.  The probable reason for the lack of stream
leakage is that lava in the stream channel north
of Bend is sufficiently old that fractures have
been sealed by sediment.

Total canal losses north of Bend approach
a mean annual rate of 14 m3/s (500 ft3/s), which
is a substantial flux of water, more than 10 per-
cent of the long-term average recharge from
precipitation in the entire upper Deschutes Ba-
sin, about 108 m3/s (3,800 ft3/s) (Gannett and
others, 2001).  Ground-water flow directions

Figure 14.  Natural gamma-ray log and inferred
stratigraphy in a well east of US 97 near Lava
Butte, Stop 4.

Figure 15.  Map showing the Deschutes River di-
versions for the North Unit and Pilot Butte Ca-
nals near Bend, Stop 5 (geology from Sherrod
and others, in press).
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inferred from head maps (Fig. 11) suggest that
the lost canal water flows toward the lower
Crooked River.  Comparing rates of estimated
canal losses with long-term streamflow records
confirms that this is the case.  Figure 16 shows
the estimated annual mean canal losses from
1905 to 1998.  Also shown are the August mean
flows of the lower Crooked River for the same
period.  During August, flows of the lower
Crooked River are due almost entirely to spring
discharge, and variation in August mean flow is
a good proxy for variation in ground-water dis-
charge (baseflow).  As shown in Figure 16,
baseflow to the lower Crooked River increased
in a manner similar to the estimated canal losses
throughout most of the past century.  This rela-
tion has implications for water management.
Efforts to conserve water by lining the canals
may result in reduced streamflow in the lower
Crooked River.

Many wells in the Bend area have static wa-
ter levels greater than 200 m below the land sur-
face.  Some wells, however, have depths to water
ranging from 30 to 60 m.  Many of these shal-
lower saturated zones are artificially recharged
from canal leakage and deep percolation of irriga-
tion water.  Historic data are insufficient to deter-
mine precisely how much shallow ground water

is canal derived and how much might result
from natural stream leakage.

Ground-water levels show varying rates
of response to changes in canal flow depending
on the permeability of the bedrock, as de-
scribed in detail by Gannett and others (2001).
For example, the static water level in a well 5
km southeast of here, drilled in fractured lava 1
km from the Arnold Canal, responds within a
matter of days to canal operation (Fig. 17A).

In contrast is a well on the north side of
Redmond that spudded into the 3-4-Ma basalt
of Dry River and yields water from underlying
sedimentary strata of the Deschutes Formation.
The water level in this well, 0.4 km west of the
Pilot Butte Canal, has a greater lag time and a
more subdued response (Fig. 17B). It begins to
respond 2 months after canal operation begins
and peaks 1 to 2 months after the canals are
shut off for the year.

Stop 6—Sisters Fault Zone Outcrop, Tumalo
Reservoir Road (Altitude 1,006 m; 3,300 ft)

This stop shows in cross section a minor
fault of the Sisters Fault Zone.  The quarried ex-
posure shows Bend Pumice (fallout tephra),
Tumalo Tuff (pyroclastic flow), and overlying
gravel deposits cut by a steep northwest-strik-
ing fault with offset less than 4 m, down on

Figure 16.  Hydrograph showing estimated canal losses north of Bend and August mean discharge of
the Crooked River.
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the northeast side.  The Tumalo Tuff is about
0.4 Ma in age, on the basis of ages by both con-
ventional K-Ar (Sarna-Wojcicki and others,
1989) and step-heating 40Ar/39Ar methods
(Lanphere and others, 1999).  The capping
gravel deposit is undated.  Thus the latest fault
motion here is known only to be younger than
0.4 Ma.  Exposed in adjacent road cuts are older
deposits, including the underlying Desert
Spring Tuff, which is 0.6 Ma in age.

The north-northwest-trending Sisters
Fault Zone comprises nearly 50 mapped faults

across a breadth of 5-15 km.  The total length of
the zone is 60 km, and our stop here is about
midway along it.  The principal strand, the
Tumalo Fault, extends nearly continuously for
47 km.  Its trace passes 5.5 km southwest of this
stop and will be visited at Tumalo Dam (Stop
7).  The Tumalo Fault has displaced Pliocene
lava flows of the Deschutes Formation by at
least 60-70 m of normal separation at Tumalo
Dam.  Quaternary lava flows younger than 0.78
Ma in the same area have escarpments of only
6-10 m.

Figure 17.  Hydrographs showing the relation between ground-water fluctuations and canal opera-
tion. A. Well and canal water fluctuations in highly permeable late Quaternary lava flows at Bend. B.
Well and canal water fluctuations in early Pliocene and Miocene lava flows and sedimentary strata at
Redmond.
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The Sisters Fault Zone is roughly on trend
with a pronounced ground-water gradient
(high-head-gradient zone) that characterizes
the Deschutes Basin northwest from Bend for
60 km to Suttle Lake in the Cascade Range (Fig.
11).  The fault zone and ground-water gradient
are displaced from each other by roughly 10
km, however, with the ground-water gradient
lying closer to the topographic slope of the Cas-
cade Range.  There is no evidence that the Sis-
ters Fault Zone has a measurable effect on the
distribution of ground water.

This observation is unsurprising
stratigraphically, because the upper Miocene
and lower Pliocene strata of the Deschutes For-

mation on the upthrown side of faults along the
zone are similar in permeability to upper
Pliocene and Pleistocene deposits along the
downthrown side.  Thus, permeability con-
trasts across the faults likely are few.  Ground-
water damming would occur only if these
faults had created substantial gouge, or if fault
offsets occurred rapidly enough or were suffi-
ciently great to create numerous or extensive
closed basins.

Ground-water levels in this area are el-
evated slightly due to canal losses and irriga-
tion (Gannett and others, 2001).  The water table
is at an altitude of about 930 m (3,050 ft), and
depths to water range from 60 to 120 m de-

Figure 18.  Map showing geology of the Bull Flat–Tumalo Dam area, Stop 7.
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pending on land-surface altitude and proximity
to the river.

Stop 7—Bull Flat and Tumalo Dam (Altitude
1,067 m; 3,500 ft)

Our travel northwest to here has been
along the Tumalo Fault.  En route we passed by
the small Upper Tumalo Reservoir and its im-
poundment, Bull Creek Dam.  Continuing 3.5
km farther, the road crosses Tumalo Dam, then
resumes its northwest course along the fault.
Tumalo Dam obstructs an unnamed drainage.
Bull Flat is the treeless basin upstream from the
dam.  The water-table altitude is about 840 m
(2,750 ft) in this area and depths to water in
wells average about 150 m.

At Stop 7 we can see the geomorphic and
stratigraphic contrast across the Tumalo Fault

(Fig. 18).  On the northeast (upthrown) side
are Pliocene strata of the Deschutes Formation.
They are chiefly basaltic andesite lava flows.
An andesitic ignimbrite (62 percent SiO2;
Smith, 1986a) is interlayered in the Deschutes
sequence and visible in the road cut at the east
dam abutment.  The Deschutes units exposed
here are probably about 4-5 Ma in age, al-
though no isotopic ages have been reported
from this area.  Offset of at least 70 m is indi-
cated by the height of the Deschutes Forma-
tion ridge northeast of the fault and the
absence of Deschutes Formation strata at the
ground surface southwest of the fault.  Cross
sections by Taylor and Ferns (1994) suggest
that the Deschutes Formation is buried by 50
m of volcaniclastic deposits in the
downthrown block, in which case the dip
separation is 120 m.

On the southwest (downthrown) side is
alluvium that floors Bull Flat.  Middle Pleis-
tocene pyroclastic-flow deposits are exposed
sporadically where they have banked against
Deschutes Formation strata of the upthrown
block or where alluvium is thin on the floor of
Bull Flat. The ~0.6-Ma Desert Spring Tuff
likely has been displaced several meters here,
because no outcrops of the tuff are found on
the downthrown side but they are present on
the upthrown block of the Tumalo Fault near
the dam.  Displacement of younger pyroclas-
tic-flow deposits is difficult to quantify, be-
cause the pyroclastic flows may have
overtopped topographic barriers and been de-
posited across a wide altitude range.

Bull Flat is an alluvial basin that likely
has received sedimentary and volcanic depos-
its during at least the past million years.  Nei-
ther the depth nor lithology of the subsurface
fill is known.  The rate of stream incision
across the Tumalo Fault in this area has kept
pace with the rate of uplift, however, because
the distribution of all pyroclastic flows of 0.6
Ma and younger suggests that they escaped
through channels cut through the upthrown
block.

The west dam abutment is a Cascade
Range basaltic andesite lava flow.  Topo-
graphic escarpments only 6–10 m high mark
the trace of the Tumalo Fault across this flow.
It possesses normal-polarity thermal-remanent
magnetization and is thought to be younger

Figure 19. Route and stops for Day 2 of the field
trip.
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than 0.78 Ma.  The lava flow is overlain
upslope by the 0.2-Ma Shevlin Park Tuff.

The story of the Tumalo Dam and its res-
ervoir is one of broken promises and unful-
filled dreams, like many that surround the
land-grab development of the arid west. An ex-
cellent history of the Tumalo Project, which we
retell in the following, is provided by Winch
(1984-85).

In the 1890s, homesteaders were lured to
this area by promises of free land and abundant
water for irrigation.  By 1913, however, the pri-
vate developers had gone bankrupt, and the
promised water and delivery canals had not
materialized.  The State of Oregon stepped in to
fulfill promises made to the homesteaders and
to the federal government.  Tumalo Dam was
part of an attempt to provide the promised irri-
gation water.

Prior to construction, some engineers ex-
pressed concern about the permeability of the

strata bounding the reservoir. The dam, con-
structed in 1914, is a 22-m-tall earth-fill struc-
ture with a steel-reinforced concrete core.  The
outlet was a 2.5 by 2.5-m concrete-lined tunnel
123 m long.  Flow through the outlet was to be
controlled from a small house at the end of the
dam.  The reservoir was to cover 447 ha and to
impound 24.66 x 106 m3 of water.  The dam was
completed and the sluice gates closed on De-
cember 5, 1914.

The concerns of the engineers were con-
firmed early in the winter of 1915, as the reser-
voir, at only a fraction of its capacity, saw its
water level falling 0.2 m per day.  When runoff
increased in March and April, and the water
level started to rise, large sinkholes developed
(perhaps along the Tumalo Fault) at the eastern
margin of the reservoir not far from the dam.
The largest sinkhole was 9 by 15 m across and 3
to 8 m deep, swallowing water at an estimated
rate of 5.7 m3/s (200 ft3/s).  Attempts to seal the

SIDEBAR 1. THREE BUTTES—70 YEARS OF UNCERTAINTY RESOLVED
Three volcanic buttes of previously uncertain age lie within a few kilometers of the

Deschutes River between Redmond and Madras (Fig. 20).  Our travel takes us by Cline Buttes, a
prominent rhyolite dome complex west of Redmond.  Less prominent is Forked Horn Butte,
which lies 6 km east of Cline Buttes and may be visible along the drive.  The third butte, which
won’t be visible, is an unnamed sprawling mass of rhyodacite lava southwest of Steelhead
Falls, 15 km north of Cline Buttes.  Each had been assigned to stratigraphic units several million
years older than the Deschutes Formation (Stearns, 1931; Williams, 1957; Stensland, 1970;
Robinson and Stensland, 1979; Smith, 1986a).  By contrast, our mapping and dating have deter-
mined that these buttes are late Miocene in age and part of the Deschutes Formation.

The rhyolite of Cline Buttes has an isotopic age of 6.14±0.06 Ma (Table 2).  Most rocks at
Cline Buttes are hydrothermally altered, but the dated sample came from fresh obsidian in a
quarry on the east flank.  Forked Horn Butte is a knob within an extensive debris-avalanche
deposit.  It is undated isotopically, but it underlies the 3.68-Ma basalt of Redmond and overlies
sedimentary strata in the Deschutes Formation.  The rhyodacite southwest of Steelhead Falls is
fairly fresh and homogeneous throughout.  It has an age of 6.74±0.20 Ma (Table 2).

Depth to water in the Cline Buttes area averages 90 to 120 m on the south side and 60 to
100 m on the north side.  The water-table altitude is 823 to 838 m (2,700 to 2,750 ft).  Hydrologic
evidence indicates that the rhyolite of Cline Buttes and the rhyodacite southwest of Steelhead
Falls are fairly permeable relative to the surrounding terrain, a finding in keeping with their age
(Ferns and others, 1996b; M.W. Gannett, unpub. data).  Sparse head data from wells shows that
the northward gradient steepens adjacent to Cline Buttes, suggesting higher relative permeabil-
ity.  In addition, substantial ground water discharges to the Deschutes River from springs issu-
ing from the rhyodacite exposed in the canyon north of Steelhead Falls (Ferns and others, 1996b).

These late Miocene ages and stratigraphic assignments lead to a different view of the
breadth and thickness of Deschutes Formation strata in the central part of the basin.  Instead of
thinning against steptoes, the Deschutes Formation extensively blankets the central basin with
a thickness of 300-460 m.  Indeed, the Deschutes Formation may be as thick as 500-600 m if
measured from the summit of Cline Buttes.
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reservoir failed, and the Tumalo Dam has never
been used.

DAY 2

Synopsis, Deschutes Basin from Bend to
Madras

The traverse from Bend to Madras (Fig.
19) is within a broad valley dominated by a
gently northward-sloping surface with
scattered low hills.  Many of the hills consist of
cinder cones, small shield volcanoes, and silicic
domes, mainly of the upper Miocene to
Pliocene Deschutes Formation.  Several small
canyons form a northeast-trending topo-
graphic grain on the west side of the valley,
exposing lava flows, ash-flow tuff, and sedi-
mentary strata deposited as a result of volcanic
eruptions during Deschutes time.  We will
drive down one of these canyons (Buckhorn)
on our way to Lower Bridge (Stop 8).

The central and eastern surface in the
southern part of the valley is flat and covered
predominately with Pleistocene lava flows origi-
nating from Newberry Volcano, which forms
part of the southeast basin margin.  Some of the
lava flows from Newberry traveled tens of kilo-
meters and entered the ancestral Deschutes and
Crooked Rivers as intracanyon flows.  Remnants
of these lava flows form conspicuous benches
within the canyons of the Deschutes and
Crooked Rivers in the northern part of the val-
ley.  The eastern boundary of the valley consists
of hills of mainly silicic rocks of the Oligocene to
Miocene John Day Formation.

The modern Deschutes and Crooked Riv-
ers form shallow incised drainages in the
southern part of the valley, but they have
carved narrow deep canyons in the northern
part.  It is in these deep canyons where much
of the section of the Deschutes Formation is ex-
posed.  Lava flows, ash-flow tuff, debris-flow
deposits, and fluvial silt, sand, and gravel are
exposed in cliffs along several kilometers of
canyon walls.  Our hike down into the canyon
of the Crooked River (Stop 10) will be an op-
portunity to examine some of those deposits in
detail.  By about 7 km downstream from
Round Butte Dam, the Deschutes River has cut
through the entire thickness of the Deschutes
Formation and exposed the underlying
Simtustus Formation and Prineville Basalt.
About 8 km downstream from that point, ap-
proximately at the regulator dam, the river has
cut down to the John Day Formation.

The broad flat area between the canyon of
the Deschutes River and Madras, known as the
Agency Plains, is underlain by Deschutes For-
mation lava flows (the basalt of Tetherow
Butte).  These flows cover only the west side of
the Agency Plains.  The east side, including
Madras, is underlain by fine-grained sedimen-
tary deposits of the Deschutes Formation shed
mainly from the uplands to the east.

Ground-Water Flow from Bend to Madras
Throughout the area between Bend and

Madras, ground water flows generally north-
ward through sediment and lava of the Des-
chutes Formation toward the confluence of the
Deschutes and Crooked Rivers.  The Pleis-
tocene lava flows from Newberry Volcano and
pyroclastic deposits from the Bend Highland

Figure 20.  Cline Buttes, Forked Horn Butte,
rhyodacite southwest of Steelhead Falls, and
nearby debris deposits.
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are largely unsaturated.  The area around Bend
extending north to Tumalo is characterized by a
large vertical head gradient indicating strong
downward flow.  Shallow wells in the area
commonly have static water levels less than 30
m below the land surface, whereas nearby deep
wells may have depths to water exceeding 200
m.  The presence of the shallow water table and
the strong downward gradient is attributed to
local and at least partly artificial recharge from
canal and stream leakage.  Such areas of artifi-
cial recharge and anomalously shallow satu-
rated zones are far less common to the north
around Redmond.  The water table slopes gen-
tly northward from Bend toward the
Deschutes–Crooked Rivers confluence area
with a gradient of approximately 3.8 m/km
(Fig. 11).  The stream gradient, however, is
somewhat steeper, averaging 6.2 m/km be-
tween Bend and Lower Bridge.  As a conse-
quence, the canyons of the Deschutes and
Crooked Rivers intersect the regional water
table several kilometers north of Redmond.

The Deschutes River intersects the re-
gional water table at about Lower Bridge (Fig.
12; River Mile 134), and the Crooked River in-
tersects the regional water table at about Trail
Crossing (River Mile 20.6), about 2.1 km north-
east of the US 97 bridge.  Downstream from
these sites, the altitude of the streams is below
that of the regional water table, and ground

water flows toward and discharges to the
streams, resulting in dramatic increases in
streamflow.  Between the points where the
Deschutes and Crooked Rivers intersect the
regional water table and the point where the
Deschutes River intersects the John Day For-
mation, the combined streams gain approxi-
mately 63 m3/s (2,200 ft3/s) from ground-
water inflow (Gannett and others, 2001).

North of the regulator dam (at River
Mile 100), the Deschutes Formation thins
against the underlying units and pinches out
by about River Mile 87.  Below this point, the
Deschutes River gains little if any flow from
ground-water discharge, and the modest in-
creases in flow that do occur are due to tribu-
tary inflow.

Stop 8—Lower Bridge, Where Ground Water
Meets the Deschutes River (Altitude 770 m;
2,525 ft)

This stop is at the south side of the
bridge on the left bank of the Deschutes River.
It is about here where the Deschutes River has
incised deeply enough to intercept the re-
gional water table.  Downstream from this
point, the Deschutes River is below the re-
gional water table, resulting in ground-water
discharge to the river.  Wells in the Lower
Bridge area have static water levels coincident
with the river level.

Figure 21.  Graph showing gain in flow of the Deschutes River owing to ground-water discharge be-
tween River Miles 165 and 120, May 1992 and May 1994.
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Streamflow measurements that are synop-
tic (gathered nearly simultaneously) show that
the Deschutes River gains approximately 11.3
m3/s (400 ft3/s) from ground-water discharge
between Lower Bridge and the stream gage just
above Lake Billy Chinook near Culver (Fig. 21).
About a quarter of this increase comes from
ground-water discharge to the lower 3.2 km of
Squaw Creek.  Ground-water inflow is not uni-
form along the stream but emerges preferen-
tially from permeable deposits such as coarse
conglomerate and the fractured rhyodacite de-
scribed in Sidebar 1 (Ferns and others, 1996b).

Exposures on the west side of the road
provide easy access to about 24 m of the Des-
chutes sedimentary and volcanic sequence
(Fig. 22).  In the middle one-third is the tuff of
Lower Bridge, about 8.5 m here, a typical thick-
ness.  At the top of the exposure is the tuff of
McKenzie Canyon. It is only 2.8 m thick, but its

top is eroded.  The tuff of McKenzie Canyon
commonly is 6-10 m thick in this part of the ba-
sin.  Both units were erupted from vents in the
Cascade Range.  Neither tuff has been dated,
but both were emplaced between about 5.77
and 5.06 Ma on the basis of their position above
the basalt of Opal Springs and beneath the ba-
saltic andesite of Steamboat Rock (Table 2).  A
gamma-ray log from a well about 1.3 km south
of this exposure reflects the same stratigraphic
section viewed at this stop (Fig. 23; K.E. Lite,
Jr., unpub data).  The principal water-bearing
unit in the well is the sand and gravel deposit
12-25 m below the tuff of Lower Bridge.

Two Pleistocene stratigraphic units are
widespread in the Lower Bridge area and vis-
ible from this stop.  Poorly indurated earthy
white diatomite caps the bluff west of our stop

Figure 22.  Stratigraphic section of the Lower
Bridge area, Stop 8.

Figure 23.  Natural gamma-ray log and inferred
stratigraphy in a well near Lower Bridge, Stop 8.
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and is also exposed in road cuts along the high-
way grade east from here.  The diatomite has
been mined extensively from the now-aban-
doned quarry above the bluff.  Basalt from
Newberry Volcano overlies the diatomite in
several exposures.

The diatomite was once as thick as 20 m
(Moore, 1937).  Little of the original deposit re-
mains, however, and the site is now mostly oc-
cupied by irregularly heaped overburden and
waste from strip mining.  Predominant diatom
species are Stephanodiscus niagarae (K.E.
Lohman in Moore, 1937) and S. excentricus
(Smith and others, 1987), indicating a late
Pliocene or Pleistocene age (Krebs and others,
1989).  Volcanic ash bedded within the deposit
has been tentatively correlated with the Loleta
Ash (distal-fallout equivalent of the Bend Pum-
ice) (Smith and others, 1987; A.M. Sarna-
Wojcicki, oral commun, 1995), which is thought
to be about 0.4 Ma in age.  An alternative corre-
lation with a 1.9-Ma ash bed found in drill core
from a well near Tulelake, California (T-749,
191 m depth; Rieck and others, 1992), is nearly
as satisfactory on the basis of statistical com-
parison coefficients (A.M. Sarna-Wojcicki, oral
commun, 1995).

The age of the main diatomite body is
probably middle Pleistocene, because the de-
posit fills a valley floor whose altitude is only
slightly higher than the surface later mantled
by basalt of Newberry Volcano.  Presumably
the prediatomite erosional stage is only slightly
older than the basalt.  Although overlain by the
basalt of Newberry Volcano in road cuts north-
east of Lower Bridge, earlier Newberry lava
flows may have dammed the ancestral
Deschutes River to create the lake in which the
diatomite was deposited (Smith, 1986a).

Stop 9—Peter Skene Ogden Bridge (Older
Bridge) and Adjacent New Bridge (Altitude
811 m; 2,660 ft)

US 97 crosses the Crooked River where
middle Pleistocene basalt forms most of the
canyon walls.  These lava flows were erupted
from vents on the north flank of Newberry Vol-
cano and flowed north across the broad plain
extending to Redmond.  The lava poured into
the canyon of the ancestral Crooked River  9
km southeast of the present Ogden Bridge and
flowed downstream past the bridge site at least

another 8 km—a distance of more than 55 km
from the vent area.  Lava flows also entered the
Deschutes River and reached to Lake Billy Chi-
nook, at least 65 km from the vent.

The altitude of the Crooked River at the
US 97 crossing is approximately 750 m (2,460
ft).  At this level, the Crooked River has incised
to the depth of the regional water table.  Synop-
tic streamflow measurements gathered in 1994
(Fig. 24) show the Crooked River gaining about
2 m3/s (70 ft3/s) from ground-water discharge
between Trail Crossing, about 3.2 km upstream
from the US 97 crossing, to Osborne Canyon,
about 7.2 km downstream.  Along the 11.2-km
downstream reach between Osborne Canyon
and the gage above Lake Billy Chinook, the
river gains an additional 28.3 m3/s (1,000 ft3/s),
making this reach one of the principal ground-
water discharge areas in the basin.

The hills to the east are underlain by
southeast-dipping strata of the John Day For-
mation.  They form the upthrown block of the
Cyrus Springs Fault Zone (Smith and others,
1998).  Rocks as young as the Prineville Basalt
(15.8 Ma) were involved in the deformation,
whereas the Deschutes Formation, the next
youngest unit preserved, is undeformed.  Thus
the deformation occurred after early Oligocene
and before late Miocene time.  The deformation

Figure 24.  Graph showing gain in flow of the
lower Crooked River owing to ground-water dis-
charge between River Miles 28 and 7, July 1994.
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SIDEBAR 2. WHAT WAS THE PATH OF THE ANCESTRAL DESCHUTES RIVER?
The Deschutes and Crooked Rivers of today were probably following similar paths before

1 Ma.  The Crooked River is a long-lived system draining the southwest flank of the Ochoco
Mountains.  The geologic record for the Crooked River in the Deschutes Basin can be inferred
back to about 6 Ma.

The Deschutes River history for the time back to 4 Ma is known only for its downstream
reach north of Lower Bridge and Steelhead Falls.  South (upstream) from there, the distribution
of lava and pyroclastic flows indicate southwest-trending drainages, as if the Deschutes River
may have had its source in the area of the Three Sisters.  Evidence for an ancestral Deschutes
path southward through the Bend area is buried, and there is no evidence that a river like the
modern Deschutes flowed through the Bend area until sometime after 2 Ma.

As shown in Fig. 25A, the general path of the Deschutes and Crooked Rivers in late Mi-
ocene time is inferred from paleocurrent indicators, the orientation of intracanyon lava flows
toward the basin’s axis, and the position of older rocks forming a buttress to sediment transport
and deposition along the east side of the basin (Stensland, 1970; Smith, 1986a).  This alluvial
region was choked by the basalt of Tetherow Butte about 5 Ma, forcing the ancestral Deschutes
River westward to its present alignment (Fig. 25B).

The Crooked River subsequently established a course across the basalt of Tetherow Butte,
incising a canyon from which it has never escaped.  By about 3.5 Ma, the Crooked River up-
stream from the US 97 crossing was forced to follow its approximate current alignment near the
foothills of the Ochoco Mountains owing to emplacement of the basalt of Dry River 3.5-4.0 Ma
(Fig. 26).

Still unclear is when the Deschutes River expanded southeastward.  The 3.56-Ma basalt of
Redmond verged upon but did not enter the Deschutes River drainage northwest of Redmond.
Instead it followed a path into the Crooked River drainage.  Between 3 and 1 Ma, however, some
Deschutes tributary reached southeast beyond Cline Falls and Redmond, judging from broad
topographic incision northwest of Redmond.  Also, the Redmond Channel, discussed later, prob-
ably was carved southeast through the Redmond area prior to about 1 Ma.

About 1 Ma, the basalt of The Island choked the lower Crooked River.  This lava can be
traced in patchy exposures along the walls of the Crooked River to within 600 m west of the US
97 bridge.  The altitude along the lava’s base shows that the Crooked River had cut down nearly
to the present level by 1 Ma, but the basalt of The Island sheds little light on the paleoriver
pattern, because nothing is known about its distribution beyond an already well-defined river
valley.

The most recent intracanyon lava flows are part of the basalt of Newberry Volcano, which
advanced across the Redmond Plain between 0.7 and 0.3 Ma.  Some of these flows draped into
and choked the canyon of the Crooked River, once again forcing the river northward to resistant
bedrock.  Today the Crooked River remains trapped in a deep gorge along the Smith Rock path-
way.  Other Newberry flows entered the Deschutes River system on each side of Forked Horn
Butte (Fig. 27), the first rock-hard evidence we have that the Deschutes drainage was well devel-
oped south of Redmond.

One of the little-known features of the history of the Deschutes River is the 9-km-long
Redmond Channel (Stensland, 1970).  This gulch is only 6-12 m deep today, but its breadth is
similar to the nearby modern gorge of the Deschutes River, which is 35 m deep.  The Redmond
Channel was carved after 3.5 Ma.  It follows the contact between the basalt of Redmond and the
basalt of Dry River, and in its lower reach, it cuts across the basalt of Redmond.  The channel
was then nearly filled with lava sometime after 0.7 Ma when the basalt of Newberry Volcano
flowed into it.  The Redmond Channel may mark the time when a river from the south (the head
of the modern Deschutes River) first passed across the Bend area.  We presume that the chan-
nel has an age of at least 1 Ma in order to account for the depth of erosion required by the
breadth and length of its valley.
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may be entirely middle or earliest late Miocene
in age.

Rocks of the John Day Formation have
low permeability because the tuffaceous mate-
rial is mostly devitrified to clay and other min-
erals.  Lava flows within the formation are
weathered and contain abundant secondary
minerals.  The John Day Formation acts as a
barrier to regional ground-water flow.  It and
age-equivalent Cascade Range strata are con-
sidered the lower boundary of the regional
flow system throughout much of the Deschutes
Basin.  The overlying middle Miocene
Prineville Basalt is locally fractured, contains

permeable interflow zones, and is used as a
source of water in some places.

Stop 10—Crooked River Gorge at Crooked
River Ranch (River Altitude 670 m; 2,200 ft)

This stop includes a walk into the canyon
of the Crooked River on a dirt access road
known colloquially as the Hollywood Grade.
Headworks for a flume system are preserved at
the base of the grade.  The term Hollywood
stems from the use of this area for filming a
major motion picture many years ago.  Note:
Access to the top of the road requires crossing
private land, so check with the nearby motel

Figure 25.  Maps showing path of the Deschutes and Crooked Rivers about 5 Ma, with  modern rivers,
tributaries, and Lake Billy Chinook shown for reference (data from Smith, 1986a). A. Extent of the
Deschutes River depositional setting, and flow directions from paleocurrent and paleogeographic in-
dicators. B. Extent of basalts of Tetherow Butte and Round Butte.
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staff or the office of Crooked River Ranch about
permission.

The destination of this stop is about 2.4
km downstream from the top of the road,
where we will encounter one of a large number
of springs emerging from the canyon walls.
Springs occur intermittently from about River
Mile 13, just below Osborne Canyon, to Opal
Springs, about River Mile 6.7.  These springs is-
sue from the 5.77-Ma basalt of Opal Springs.
The Crooked River gains over 28 m3/s (1,000
ft3/s) from ground-water discharge through
springs in the basalt of Opal Springs in this
reach.  Most prolific of these is Opal Springs it-
self, which discharges from the base of the ba-
salt on the east bank of the river.  Discharge
from this single spring is estimated to be ap-
proximately 7 to 9 m3/s (250 to 300 ft3/s)
(Stearns, 1931; Robert MacRostie, oral
commun).

Isotope and temperature data (Table 1)
indicate that the water from Opal Springs has

followed a relatively long, deep flow path
(Caldwell, 1997; James and others, 2000).  The
low tritium content indicates that the water
was recharged prior to atmospheric testing of
nuclear bombs in the early 1950s.  Carbon and
helium isotope data indicate that the water of
Opal Springs contains a component of mag-
matic gas not present in many springs higher in
the basin, such as those at North Davis Creek.
Comparing the temperature of Opal Springs
(12°C) with the mean annual temperature at the
altitude of recharge inferred from oxygen iso-
tope measurements indicates considerable geo-
thermal warming (James and others, 2000).

About 170 m of Deschutes Formation
strata are exposed across the valley in the area

Figure 26.  Extent of lava flows in the
basalts of Redmond and Dry River across
the Redmond Plain and into the ancestral
canyon of the Crooked River.

Figure 27.  Extent of lava flows in the basalt of
Newberry Volcano across the Redmond Plain
and into the ancestral canyons of the
Deschutes and Crooked Rivers.
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of this stop.  At the top is the basalt of Tetherow
Butte, a spectacularly jointed sequence of tholei-
itic basalt 45-60 m thick.  In the lower one-third
of the valley wall is the orange-weathering tuff
of Osborne Canyon, 20-30 m thick (Fig. 28).  At
the base of the sequence is the basalt of Opal
Springs.  The Opal Springs unit is exposed
through 28 m, and it continues into the subsur-
face in this area.  The basalt of Opal Springs is
as thick as 40 m elsewhere in the basin (Smith,
1986a).

This part of the Deschutes Formation was
deposited in less than 1 million years.  The ba-
salt of Opal Springs, at the canyon floor, has an
isotopic age of 5.77±0.07 Ma (Table 2).  The cap-
ping basalt of Tetherow Butte is probably
younger than 5.04 Ma.  It has an isotopic age of
5.31±0.05 Ma (Table 2), but it possesses normal-
polarity thermal-remanent magnetization.  An
age younger than 5.04 Ma would agree with the
currently accepted paleomagnetic time scale
(Fig. 29).

Figure 28.  Stratigraphic section exposed along Hollywood Grade in the canyon of the Crooked River
near Crooked River Ranch, Stop 10.
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Erosion along the ancestral canyon of the
Crooked River has carved into and removed
the basalt of Tetherow Butte and some
underlying sedimentary beds from the area of
our traverse.  Quaternary intracanyon lava
flows have invaded and partly refilled the
inner canyon, creating the broad flat bench at
Crooked River Ranch.  The walk down the
grade begins stratigraphically in the middle
Pleistocene basalt of Newberry Volcano, then

passes into sedimentary and volcanic strata of
the Deschutes Formation (Fig. 28).  The tuff of
McKenzie Canyon, which we saw at Stop 7, lies
partway down the grade.  It is only 1–2 m thick
and easily overlooked.  Near the base of the
grade is the conspicuous tuff of Osborne
Canyon.

Directly beneath the tuff of Osborne
Canyon is the basalt of Opal Springs.  It com-
prises two lava-flow sequences, each containing
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several flows of open-textured olivine basalt.
The two flow sequences are separated by 3–6 m
of debris-flow deposits and other sedimentary
beds.  The isotopic age for the basalt of Opal
Springs, 5.77±0.07 Ma, came from lava in the
lower sequence (Smith, 1986a).

Both the capping basalt of Newberry Vol-
cano and the stream-flooring basalt of Opal
Springs possess normal-polarity thermal-rema-
nent magnetization.  A third basalt sequence,
with reversed-polarity magnetization, under-
lies the basalt of Newberry Volcano at the base
of Hollywood Grade.  Named the basalt of The
Island for a prominent mesa at Cove Palisade
State Park, it is lithologically similar to the ba-
salt of Newberry Volcano and the basalt of
Opal Springs.  It has an isotopic age of
1.19±0.08 Ma (whole-rock, 40Ar/39Ar, Smith,
1986a).

The basalt of The Island reputedly was
erupted from Newberry Volcano (Peterson and
others, 1976; Smith, 1986a; Dill, 1992), but the
unit cannot be traced farther south toward
Newberry than the area near the Crooked River
Ranch (Sidebar 2).  Thus, the upstream path-
way for the reversed-polarity basalt must now
be overlain entirely by normal-polarity basalt
of Newberry Volcano.  An observation that may
argue against a Newberry source is that the up-
per surface of these flows lies at an altitude of
roughly 730 m (2,400 ft) in most locations
(Dill, 1992; Ferns and others, 1996a), which
would be unlikely if the lava were flowing
downstream along its entire extent.  An alterna-
tive explanation, therefore, is that the basalt of
The Island was erupted from some yet-to-be-
found fissure vent downstream from (north of)
the Crooked River Ranch and backed up along
the Crooked River (Sherrod and others, in
press).

Stop 11—Lake Billy Chinook Overlook (Res-
ervoir Altitude 593 m; 1,945 ft)

Stop 11 provides a view of the canyons of
the Crooked and Deschutes Rivers just up-
stream from their confluence.  Lake Billy Chi-
nook is impounded behind Round Butte Dam,
which was completed in 1964.  Our east-rim
overlook is on the ~5-Ma basalt of Tetherow
Butte (Smith, 1986a).  Sedimentary rocks of the
Deschutes Formation form most of the canyon
walls.  The far rim (west rim of the canyon of

the Deschutes River) is capped by the basalt of
Lower Desert (Smith, 1986a).  The basalt of
Lower Desert has normal-polarity magnetiza-
tion.  Its isotopic age is 5.43±0.05 Ma (Table 2),
but its magnetization suggests that it too is
about 5 Ma in age (Fig. 29).  The narrow flat-
topped ridge separating the Crooked and
Deschutes Rivers is The Island, an erosional
remnant of a reversely polarized 1.19-Ma
intracanyon lava flow, the basalt of The Island.
Our viewpoint rim is at an altitude of 786 m
(2,480 ft).  The pool altitude is 593 m (1,945 ft),
and the canyon floor, now flooded, is about 488
m (1,600 ft).  A photograph taken from this spot
in August 1925 by Harold T. Stearns (Fig. 30)
provides a glimpse of the prereservoir expo-
sures.  In Figure 30B, the conspicuous lava
flows at the base of the canyon belong to the
7.42-Ma Pelton Basalt Member, the lowest lava-
flow member of the Deschutes Formation
(Stearns, 1931; Smith, 1986a).

The Pelton Basalt Member is considered to
be the base of the Deschutes Formation as de-
fined by Smith (1986a).  It comprises several
lava flows of olivine tholeiite, some with thin
sedimentary interbeds (Smith, 1986a).  A dated
flow in the Pelton has an age of 7.42±0.22 Ma
(Table 2).  The Pelton Basalt is exposed today as
far south as Round Butte Dam and was mapped
another 6.4 km southward from the mouth of
the Crooked River prior to impoundment of
Lake Billy Chinook (Stearns, 1931).  It is as thick
as 30 m near Pelton Dam (Smith, 1987b).

As is the case for the basalt of Opal
Springs, considerable ground water discharges
from springs in the Pelton Basalt Member.
Stearns (1931) observed that all the springs in
the lower Crooked River below about River
Mile 4 and along the Deschutes from its con-
fluence with the Crooked River to below the
confluence with the Metolius River issue from
the Pelton.  He noted a large spring issuing
from it in the forebay of the power plant that
once existed about 1.6 km upstream from this
point.  He also documented a line of springs ex-
tending 1.2 km along the west bank of the
Deschutes River, about 0.8 km upstream from
the Metolius River, with an estimated discharge
between 2.3 and 2.8 m3/s (80 and 100 ft3/s).
Ground-water discharge to Lake Billy Chinook
is estimated from stream-gage data to be ap-
proximately 12 m3/s (420 ft3/s).  Most of this
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Figure 30.  Photographs of the canyons of the Crooked and Deschutes Rivers from the
SE 1/4 sec. 35, T. 11 S., R. 12 E. (Stop 11), taken by H.T. Stearns, August 1925, prior to inun-
dation by Lake Billy Chinook. A. View west across the canyon of the Crooked River to The
Island, and beyond it, to the west rim of the canyon of the Deschutes River.  The
Deschutes–Crooked confluence is at right side of photo in near ground, Mount Jefferson
centered in background 45 km west-northwest. B. View north (downstream) into the can-
yon of the Deschutes River.  The Deschutes–Crooked confluence is at lower left edge of
photo.

A

B
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discharge is likely from the Pelton (Gannett
and others, 2001).

The Pelton Basalt Member extends in the
subsurface south beyond its now-submerged
exposure in the canyon.  Wells drilled at river
level near Opal Springs (River Mile 6.7) pen-
etrated the Pelton at a depth of approximately
110 m.  It proved to be a productive aquifer at
this place.  Wells encountered an artesian pres-
sure in the Pelton Basalt Member of approxi-
mately 50 psi at the land surface and artesian
flow rates of up to 0.32 m3/s (5,000 gallons per
minute).

The Pelton Basalt Member is the lowest
sequence of lava in the Deschutes Formation,
and although Smith (1987a,b) maps a thin sec-
tion of Deschutes sediment underlying it, the
Pelton is effectively the base of the permeable
section in the Deschutes Formation.  The
Deschutes contact with underlying units is ex-
posed about 8 km north of this stop.  By that
point, most of the ground water flowing from
the upper basin in the Deschutes Formation has
discharged to the river system.  Depending on
location, the Deschutes Formation may be seen
in unconformable contact with the underlying
middle Miocene Simtustus Formation or the
upper Oligocene to lower Miocene John Day
Formation (Fig. 2).  Mapping by Smith (1987a,
b) shows that the Simtustus Formation and
Prineville Basalt typically separate the
Deschutes and John Day Formations in the can-
yon of the Deschutes River.  West of the can-
yon, the Deschutes Formation lies directly on
the John Day Formation in many places.

The Simtustus Formation is a sequence of
middle Miocene volcanogenic sandstone, mud-
stone, and tuff conformable on and
interbedded with lava of the Prineville Basalt
(Smith, 1986b).  The Simtustus Formation,
which is as thick as 65 m, was deposited across
an area almost 20 km wide.  Deposition oc-
curred in response to drainage-system disrup-
tion by lava flows of the Columbia River Basalt
Group and the Prineville Basalt (Smith, 1986b).
The Simtustus Formation is exposed in areas
ranging from the canyon of the Deschutes River
to east of Gateway.  Its hydrologic characteris-
tics are unknown.  Because of its location, lim-
ited areal extent, and relative thinness, it is a
hydrologically insignificant stratigraphic unit.

The Prineville Basalt is a sequence of rela-
tively evolved lava flows exposed sporadically
across north-central Oregon.  Of middle Mi-
ocene age, it includes flows with both normal-
and reversed-polarity magnetization that are
thought to have erupted during a short time
period about 15.8 Ma when the Earth’s mag-
netic field was changing polarity from reversed
to normal (Hooper and others, 1993).  In the
Deschutes Basin, the Prineville Basalt is as thick
as 200 m.  It is exposed east of Powell Buttes,
east of Smith Rock, and along the Deschutes
River from Pelton Dam downstream toward
Cow Canyon, 20 km northeast of Gateway
(Smith, 1986a).  The Prineville Basalt may un-
derlie the Deschutes Formation in much of the
east half of the basin.  Stratigraphic separation
between the two formations is relatively small,
depending on the thickness of intervening
middle Miocene strata of the Simtustus Forma-
tion.

The hydrologic characteristics of the
Prineville Basalt are poorly known.  It is gener-
ally less permeable than the Deschutes Forma-
tion, and we know of no published reports of
major springs issuing from the unit.  It is, how-
ever, used locally as a source of water from do-
mestic wells and a few irrigation wells.

About 13 km north of this place, just be-
low Pelton Dam, the John Day Formation is ex-
posed in the canyon of the Deschutes River.
The John Day Formation in this area consists
primarily of light-colored tuff, lapillistone, fine-
grained volcanic sandstone, and mudstone
(Smith, 1987a, b).  The John Day Formation has
very low permeability and is considered the
basement of the regional ground-water flow
system (Sceva, 1968; Gannett and others, 2001).
In contrast to the upper basin, little ground wa-
ter discharges to the Deschutes River down-
stream from the point where it intersects the
John Day Formation.  The John Day Formation
can be observed at optional Stop 12.

Stop 12—Canyon of the Deschutes River Near
Warm Springs, Optional Stop (Altitude 421 m;
1,380 ft)

At this place the John Day Formation
forms the lower canyon walls on either side of
the Deschutes River.  These strata have limited
permeability.  The permeable strata of the
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Deschutes Formation are above the river at this
point and thin abruptly northward.  Virtually
all of the regional ground-water flow has dis-
charged to the Deschutes River and its tributar-
ies upstream from this point.  During the
summer months, almost the entire flow of the
Deschutes River at this place comes from
ground-water discharge.  Year-round, approxi-
mately 90 percent of the mean discharge of the
Deschutes River here is attributable to ground
water.  In the 160 km between here and the
mouth of the river, the Deschutes gains very
little water from ground-water discharge, and
its increases in flow are primarily from tribu-
tary streams.

ROAD GUIDE

Directions to Stop 1—Springs at North Davis
Campground

From Bend: South on US 97 approxi-
mately 15 mi to Vandevert Road (6 mi south of
entrance to Lava Lands Visitor Center).  West
on Vandevert Road 1.0 mi to South Century
Drive.  South on South Century Drive 1.1 mi to
County Road 42 (which becomes Forest Road
42).  West on Forest 42 for 23 mi to Forest 46.
South on Forest 46 for 3.9 mi to North Davis
Campground.

From Willamette Pass:  Follow Oregon 58
southeast 5.5 mi beyond Odell Lake east access
road to Crescent Cutoff Road.  East on Crescent
Cutoff Road (Forest 61) 3.2 mi to Forest 46.
North 14.1 mi on Forest 46 to North Davis
Campground.

From the south on US 97:  In town of
Crescent turn northwest onto Crescent Cutoff
Road (County 61; may be marked as Ward
Street in town).  West on Crescent Cutoff Road
9 mi to Forest 46.  North 14.1 mi on Forest 46 to
North Davis Campground.

Directions from Stop 1 to Stop 2—Pringle
Falls Sedimentary Section

Forest 46 north 3.9 mi to South Century
Drive (Forest 42).  East 9.3 mi to Burgess Road
(Forest 43).  East 3.6 mi to Forest 500 on left
(north) side of the road after crossing Des-
chutes River.  North on Forest 500 about 0.3 mi
to fork. Veer left and follow road along power
lines about 0.5 mi to where the road is adjacent
to the Deschutes River.

Directions from Stop 2 to Stop 3—Fall River
Headwater Springs

Return to Forest 43.  Turn right, proceed
west 0.6 mi to Forest 4350.  North on Forest
4350 for 2.1 mi to Forest 42.  East on Forest 42
about 0.1 mi to Fall River Guard Station.  Turn
into the guard station and park.

Directions from Stop 3 to Stop 4—Top of Lava
Butte

Leave Fall River Guard Station and con-
tinue east 10.7 mi on Forest 42 to South Cen-
tury Drive.  North 1.1 mi to Vandevert Road.
East 1.0 mi on Vandevert Road to US 97.  North
6.0 mi on US 97 to Lava Lands Visitor Center.
Depending on time of year, a fee may be
charged to enter the center and its roads.  Road
leads approximately 1.7 mi to top of Lava
Butte.

Directions from Stop 4 to Stop 5—Surface-
Water Diversions in Bend

North 11.5 mi on US 97, which becomes
the newly completed Bend Parkway through
downtown Bend.  Take Exit 137 (Revere Av-
enue—Downtown) straight through traffic sig-
nal onto Division Street.  Proceed on Division
Street 0.5 mi from traffic signal to Riverview
Park’s tiny parking area on west side of road.
Diversion dam and headgates are seen just
north of parking area.

Directions from Stop 5 to Stop 6—Sisters
Fault Zone Outcrop, Tumalo Reservoir Road

North 0.2 mi on Division to intersection
with US 97 business route.  North 0.3 mi to O.B.
Riley Road.  West 4.1 mi on O.B. Riley Road to
Tumalo Reservoir Road, which lies just beyond
crossing of Deschutes River.  West (left) 0.5 mi
on Tumalo Reservoir Road, then park on road
shoulder.  Stop 6 is prominent exposure of py-
roclastic deposits quarried north of road.

Directions from Stop 6 to Stop 7—Bull Flat
and Tumalo Dam

West 0.6 mi on Tumalo Reservoir Road to
T intersection.  Left (west) 3.5 mi to where the
road turns north and becomes Sisemore Road.
North 2.3 mi on Sisemore Road (along the
Tumalo Fault) to Tumalo Dam.  Find place to
park just west past the dam.
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Directions from Stop 7 to Stop 8—Lower
Bridge

Turn around and go east beyond Tumalo
Dam 0.1 mi to Couch Market Road (Y intersec-
tion).  East 3.5 mi to US 20.  Southeast 2.4 mi to
Cook Avenue in small town of Tumalo (see sign
for Cline Falls State Park).  North 10.3 mi on
Cook Avenue (becomes Cline Falls Highway af-
ter a few blocks) to Oregon 126.  West (toward
Sisters) 3.7 mi on Oregon 126 to Buckhorn
Road.  North 4.2 mi on Buckhorn Road to
Lower Bridge Road.  East 1.6 mi to Deschutes
River.  Park just before crossing the bridge
(south side).

Directions from Stop 8 to Stop 9—Peter Skene
Ogden Bridge and Scenic Viewpoint

East 6.2 mi on Lower Bridge Road to US
97.  North 2.4 mi on US 97 to wayside at Ogden
Scenic Viewpoint.  Pull into wayside, then walk
to old highway bridge, which is now a pedes-
trian walkway.

Directions from Stop 9 to Stop 10—Crooked
River Gorge at Crooked River Ranch

Return south 1.4 mi on US 97 to Wimp
Way.  West 0.3 mi on Wimp Way, which curves
north to Ice Avenue.  West 0.2 mi to 43rd Street.
North 0.8 mi to a T intersection at Chinook
Drive.  West (then curves more or less north)
3.3 mi to Clubhouse Road.  East and southeast
0.4 mi on Clubhouse Road past clubhouse and
stores; park near chapel.  Walk through parking
lot for motel and hike into the canyon of the
Crooked River on a road that starts beyond the
gate south of the motel parking lot.  The road
crosses private property.  Check at the office of
the Crooked River Ranch for information on ac-
cess to the road through the gate.  Alternatively,
check with motel for permission to follow the
fence line north to the canyon rim, where the
road is reached by an easy scramble.  Watch for
rattlesnakes.

Directions from Stop 10 to Stop 11—Lake
Billy Chinook Overlook

Return to US 97 by retracing route from
Stop 9.  North 8.5 mi on US 97 to Culver Road.
East, then north, 2.6 mi on Culver Road to C
Street in town of Culver.  Signs from here help
by pointing route toward The Cove Palisades
State Park.  West 1.0 mi on C Street to Feather
Drive.  North 0.9 mi on Feather Drive to Fisch

Lane.  West 0.5 mi on Fisch to where it turns
north and becomes Frazier.  Follow Frazier 0.5
mi to intersection with Jordan Road.  West on
Jordan Road 0.3 mi to Mountainview (look for
the sign to View Points).  North on
Mountainview, following it 2.1 mi along rim of
the canyon of the Crooked River to third scenic
viewpoint on left.  Failure to turn onto
Mountainview will result in a geologically re-
warding drive into Cove Palisades State Park.

Directions from Stop 11 to Optional Stop 12—
Canyon of the Deschutes River Near Warm
Springs

Continue north on Mountainview about
2.2 mi to an intersection.  Turn left and continue
north on Mountainview 2.6 mi to a T intersec-
tion.  Turn right on Belmont Lane and travel
east 1.5 mi to Elk Drive.  Left (north) on Elk
Drive for 2.8 mi, where it turns left down into
the canyon and becomes Pelton Dam Road.
Follow Pelton Dam Road 6.8 mi north to its in-
tersection with US 26.  Turn left (north) on US
26 and go about 1.5 mi to where the canyon
narrows.  This is the stop.  US 26 lacks pullouts
in the area, and the road shoulder is narrow.
Use extreme caution if disembarking to look at
outcrops.  A wayside and boat ramp about 0.7
mi north of this place provide an opportunity
to examine the river.
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Figure 1. Stratigraphic relationships of Eocene and Oligocene rocks in the Willamette Valley (in part
from Yeats and others, 1996).
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Figure 2. Correlation of rocks and fossil localities in the Eugene area. Magnetostratigraphy is from
D.R. Prothero and G.J. Retallack (in prep). Localities for new 40Ar/39Ar dates are in Table 2.
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Figure 3. The Goshen Flora. Fossils are recov-
ered from siltstone intervals. Pebble conglomer-
ate is visible in the background.
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Figure 4. Overview of the freeway outcrop containing the Willamette flora. Fossil plants occur at two
horizons. The primary fossiliferous interval is marked by the white line, and a second layer occurs
near the top of the hill. The flora spans a range of depositional facies.
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Table 1. Preliminary List of Willamette Flora
Taxa

Conifers
?Chamaecyparis sp.
Cunninghamia sp.
Fokeniopsis sp.
Gingko sp.
Keteleeria sp.
Metasequoia occidentalis (Newberry) Chaney
Pinus johndayensis Meyer and Manchester
Sequoia affinis Lesquereux
Tetraclinis sp.
?Torreya sp.
Angiosperms
Acer osmontii Knowlton
Alnus sp.
?Astronium sp.
Berhamniphyllum sp.
?Betula sp.
Cercidiphyllum/Joffrea sp.
Cinnamomophyllum sp.
Cercis maurerae Meyer and  Manchester
Cedrela merrillii (Chaney) Brown
Crataegus merriamii (Knowlton) Meyer and

Manchester
Cruciptera sp.
Exbucklandia oregonensis (Chaney) Brown
Fabaceae
Fagus oregona (Chaney and Sanborn) Wolfe
Florissantia sp.
?Hydrangia sp.
Juglandaceae
Lauraceae sp. (3 or more forms)
Magnolia sp.
Mahonia simplex
?Meliosma sp.
?Menispermaceae
Palaeophytocrene
Palaeocarya sp.
Plafkeria obliquifolia (Chaney) Wolfe
Platanus condonii (Newberry) Knowlton
Platanus exaspera Meyer and Manchester
Pterocarya sp.
Quercus consimilis Newberry
Quercus sp.
Rhus varians Lakhanpal
“Smilax”
?Theaceae
Ulmus sp.
?Zelkova sp.

Figure 5. Soft-sediment deformation in thinly-
laminated siltstone of the Willamette Flora fossil-
iferous interval. The overlying sequence is a
volcaniclastic debris-flow deposit containing
charcoalized wood.
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Table 2. New 40Ar/39Ar Radiometric Dates for the Eugene Area, Oregon

Dated tuff Location Ma Error ±

Dexter Tuff, NW of Jasper Railway Station NW SE S10 T17S R2W 25.87 0.59
Tuff high above Willamette Flora near Goshen SE SE S14 T17S R3W 30.64 0.51
Spores Point Tuff on river E of Spores Point NW NW S10 T16S R3W 31.27 0.57
Buck Mountain Tuff at Short Mountain Landfill NE NW S36 T17S R3W 31.86 0.82
Buck Mountain Tuff at Buck Mountain SW NE S14 T15S R3W 32.26 0.6
Bond Creek Tuff in Willamette River NW SE S32 T16S R3W 33.95 0.7
Bond Creek Tuff in Willamette River NW SE S32 T16S R3W 34.85 0.22
Fox Hollow Tuff on Lorane Highway SE NW S22 T17S R4W 40.98 0.56

Dates are from plagioclase by R.A. Duncan, Oregon State University.
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Figure 6. Stump in growth position within the
Spores Point Tuff at the Coburg Flora locality.
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Figure 1. Location map.
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Figure 2, Oligocene geologic setting (after Orr and Orr, 1999).
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Table 1. Varieties of wood and other plants reported from the Sweet Home Petrified Forest (Gregory,
1968; Orr and Orr, 1981; Richardson, 1950)
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Table 2: Preparing Thin Sections of Fossil Wood
(Barefoot and Hankins, 1982; Enochs, 1984).

Using a diamond saw, cut a thin slice of the
specimen to be sectioned (0.08 to 0.15 cm)

Grind a flat surface of the area to be sectioned
with successive grits of 200, 400, and 600
mesh to ensure a smooth surface to be
glued to the slide. Following each grinding
step,  wash the specimen to remove the
coarser grit.

Frost one side of the petrographic slide with fine
(600 grit) using a glass plate

Wash the specimen and slide to remove grit.
Attach the specimen to the frosted slide using

epoxy.
Using fine (200, followed by 400, and finally

600) grit, grind the specimen on the glass
plate until light passes through the speci-
men.  Check the thickness frequently, and
wash the grit off thoroughly before proceed-
ing to the next finer grit.  The thin slice
should be ground to a uniform thickness.
Continue to grind until the specimen is thin
enough to observe the features of the wood.
The thickness should be checked under the
microscope to ensure that the features are
clear.

Wash the thin section to remove all grit.
Attach a cover slip by adding a small amount of

epoxy to the cover slip and placing it on the
specimen.

Label the slide by writing on the frosted edge of
the slide
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Figure 3. Complex cell structure perhaps due to
disease or decomposition.
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Figure 4. Detailed photo of cell structure
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Figure 5. Contorted growth rings.
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Figure 1. Location map and field trip route for the Luckiamute Watershed.
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Figure 2. Physiographic map and spot annual precipitation for the Luckiamute Watershed.
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Figure 3. Bedrock geology of the Luckiamute Watershed (after Walker and MacLeod, 1991). Inset map
shows grouping of recognized lithospatial domains: I = Siletz River Domain, II = Tyee Domain, III =
Yamhill–Tertiary Intrusive Domain, IV = Spencer–Valley Fill Domain.
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Figure 4. Surficial geology and geomorphology of the Luckiamute River Basin. Surficial map units are
modified from O’Connor and others (2001), after Taylor and others (1996). Cross section shown in
Frame B represents generalized landform elements at Helmick State Park (Stop 6).
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Table 1.  Debris flow hazard potential ranked by
lithospatial domain, Luckiamute Watershed (data
derived from Robinson and others, 1999)

Lithospatial Domain Percent of Hazard
domain area domain area in rank

(km2) hazard zone

Tyee 241 38.1 1

Yamhill–Tertiary
intrusives 193 24.6 2

Siletz River 151 30.2 3

Spencer–
Valley Fill 229 0.7 4
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Table 2.  Four-fold surficial-map protocol for unglaciated mountainous landscapes (after Taylor and
others, 1996).
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Figure 5. Falls City knickpoint along the Little Luckiamute River (Stop 2).
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Table 3. Occurrence of common invasive plant
species at selected field trip localities in the
Luckiamute Watershed (BR = Black Rock—Stop
3; HSP = Helmick State Park—Stop 6; SSp = Sul-
phur Springs—Stop 8).
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Figure 6. Overview of Coast Range watersheds and mid-Willamette Valley (view to east from Stop 5).
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Table 4.  Field chemistry of Sulphur Springs and
upper Soap Creek at Stop 8.  Explanation of
units: µS = microSiemens, SU = Standard pH
units, mV = millivolt, ppm = parts per million.
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Figure 7. Fresh landslide scar and deposits at Stop 8 along Baker Creek. Note constriction of valley
bottom and beaver-dam ponding of drainage. View is from slide scar looking down gradient at snow-
covered colluvial deposits.
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Figure 1. Simplified geologic map of the field-trip area showing the stops.
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Figure 2. Road cut in the Nye Mudstone 2 miles
east of Newport on US 20, largely overtaken by
vegetation since the photograph was made.

Figure 3. Basalt pillow about 1 meter in diameter
exposed just north of the Oregon Coast
Aquarium Gift Shop in Depoe Bay.
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Figure 4. Looking toward the north end of Depoe Bay from the entrance to Depoe Bay’s
inner harbor, which is a breech through the Depoe Bay Basalt. Three geologic formations
dip 15° toward the west, and a fourth, the Astoria Formation, lies out of the photograph to
the right below the Depoe Bay Basalt. Erosion has hollowed out the Astoria to form the
inner harbor.
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Figure 5. Curved and transverse invasive
basaltic dikes exposed at low tide directly south
of Cape Foulweather. The dikes penetrated
downward into sediment that spread because of
loading by the heavy basalt. Sandstone of the
Astoria Formation, dipping 15° west, is exposed
in the beach cliffs. The overlying Pleistocene
terrace is about 80,000 years old.

Figure 6. Headland south of Wade Creek expos-
ing the Astoria Formation.



��-��������������������������������������������������������������������������������

2����4�������4���#�������7��1��*����

���	
�#���������=����

29�9��������*
�1��0�������#
!
!�	!�
	�
D.�D������$
 �'���#����;"#��'����(��� 	!�)�
	


 ����� �	�
 �#�<
D@���4��!���
����#��(
���	���	����
����
��4���
D@�@�����
	��
���=> ��� ����
���;���

�

�<�
D@�2�$�#����	B�5��
������"#��#��#'���#�

��'�!���
��#�����#�����������������/� �	�
��#��'���� �	����#��
	�����1�����������

�
�(���
��
���	����
 	!��#��(�
�1���	!
(��1��
��#��#��#'�����
����1�����	��
 �#

	�����.��	�����#��=> ��� ����
���

� 	!�*����!	��+�#
:��'����(��#�����
���(
 ���N��#
 ���*��

�

������!
'	������	��#������
	��
��
=> ��� ��������#
��

� ��!��
���#���
'��
	��'������
	�
��O�.��
	��#��'����!���A ��	
��#�
���#�
=> ��� ��������#
����#���
�1���
����,�
�
�������1�(���!������
������
'�(�����;$�����<�
���'������#����!��#���� ����
������
'
#���!�(
!���
��(�����'#�	��#����	����!��#�
5�
��	������"#��(�����������
���#���
� �(��

*�����4�������
 �����
'�!������#��'������

�#���������
����	���	������	�����
	��	!
:�#�	��
	�

�5
!��	�'������
�
	�#��� ����

����
	��#�
 �#�
���
���#�����������(����
����
'��
�#
'�! ����
'����

��!�(����
�	�!���=�#�	��(���1�-/�����	!�
��(��������
���1��#������������
�����#�����
'��'#�����#�
�#����	��'�����
�� �	��	��	�
 �

$
 ����
�
�����
�����
	������,�
�!���
���
��4�����	!��#���!����(
 ���23��
'��!��#�
���;$����@<��"#��
�!����	!��
����	!'��!��
�#��=�
����$
�����
	��'#��#���
�
	�#�
#
��
'�!�
 ���
���1�����
��4��B��		���(
��
#��(
���%����
������	�(���#�����
��4���4�����
'#��#��
�������!�������	��������
�������
(��������
���#��(
���#��(
��(��'��	�����.���	!
�#��#
����	���=(
����#������#��:#�����
��
��	!�
	���'#��#���	�(����	�������
'/
��	��
����������#��	
��#��	!�
 �#��	!�
���#��
 ���
(����"#���
 	�����	!��
����'��!��
�����
	
���#�������$
 �'���#���4������'#��#��
��

Figure 7. Exposure of the Anadara and Barren
Layers.

Figure 8. Reefs of the Astoria Formation at Stop
4 during the winter when the beach sand has
moved offshore.
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Figure 9. Chronostratigraphic position and correlation of the Miocene Pillarian and Newportian Mol-
luscan Stages. Vertical dashes indicate possible extensions of the foraminiferal stages.
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Figure 10. The cephalopod Aturia angustata
(Conrad) from the Nye Mudstone characteristic
of the Pillarian Molluscan Stage and the
Vertipecten fucanus zone. Aturia angustata
extends into the lower part of the Astoria Forma-
tion, and the species (and genus) became extinct
approximately before deposition of the Anadara
Layer, 17 million years ago.
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Figure 11. Vertipecten fucanus (Dall), zonal fossil for the Pillarian Stage. V. fucanus is distinguished
by elevated central and third ribs on the left valve.

Figure 12. Patinopecten propatulus (Conrad), zonal fossil for the Newportian Stage. This species
lacks the raised ribs on the left valve that distinguish Vertipecten fucanus of the Pillarian Stage.
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Figure 13. Mollusks from the Astoria Formation characteristic of the Newportian Molluscan Stage and
the Patinopecten propatulus zone.
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Figure 14. The Newport area showing Stop 4 at
Wade Creek. Sedimentary rock ages are in
million years ago (Ma). The Nye–Astoria contact
is at about 20 Ma, and the Anadara Layer at 17
Ma (after Prothero and others, 2001).
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Figure 15. The magnetic polarity time scale of Berggren and others (1995) correlated with the Astoria
Formation (after Prothero and others, 2001).
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Figure 16. Drilling to dewater a landslide in the
Astoria Formation south of Stop 4.
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Figure 1. West Coast dune sites where dune
dating (radiocarbon and thermolumines-
cence) is being performed (dots in Washing-
ton, Oregon, California, and Baja California
Sur). Square boxes represent areas of dune-
sheet mapping in the Pacific Northwest.
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Figure 2. Digital image of The Capes development at Netarts Bay, Tillamook County, Oregon.  The
development extends onto a perched Holocene dune ramp that failed recently, leading to con-
demned structures and lawsuits.



��/�������������������������������������������������������������������	�
�������

Figure 3.  “Mystery” or swash-zone forest stump during summer (upper photo) and winter (lower
photo) at the southern end of the Newport Littoral Cell.  These forests grew on exposed Holocene
wave-cut platforms in middle to late Holcoene time, prior to burial by a  posttransgressive sand
supply during late Holocene time.  Progessive exposure of the stumps to marine-life degradation
indicates a net loss of beach sand from this littoral cell in latest Holocene time.



����������������	�
����������
��	���	�
��	��������������������	����������������&

�$����������:� *�+
<�
����
��)��+ ���$���
���	��7����(��
���������7��!����!�6���	�
#
��!����
��������%�%���!��6(
��
���	�����

����6����
�����	������������������(�
�!�����
���F������G���!	����������
�!�#�B���� �����������������������#��$�
(�
�$���	�������	������
��������
����$�
F������G���!	��:�����
�����;/�+
����
��<
�!������$��7���������$� 

�!���
���#��
�����	��#��$���
��7����(�

��
���#�
�����!�����������
��H
�$
������	
�6
������;4��+
����
���(!�����������������
$���$� ��,#�����$������	�7��������3��+
��!�$�������%�%����1������� ��,��7�������

������$���������"
	�����	��!
����C����

C�
����
���������$����!������7����(�����+���
��7����	��
���$����
�$�����!�#�(���7��7$���
7��7����(�����+����!	���	��
���!�
����6
�
����
������$��$��$����##� 

'��$
���
�(���
�����
		����$������
�
�!����$�����
�����������!�������	
�
���

������$����
���(��
5���$�
��
��� ��C�76
�������$���!����$�����7������+����������!�!�
(��7����
5����������
����������$���!(
���
�
���������
���$��#��!�����
�������7��
��
	������ 

����.
1��������7��1��������:1�� �4<�7�

7������
��������$7��������$����!��
7�C
�(��
"�
����!
�����
���� ��2
�6���##���	��!������
�$���
��
�����
���$������
���(��7�����$�
!		��������������������#�
������!�#
��
:I�/�+
<�
����$�������������
���C�������
�!����$����:J��+
< ��'��7����������!������$

(�!��&�+������
���
���$����
��7
��
��
������:3�+���������$<�
���$���!�����"���+
)����
����
��,��
 ��C���������!��������
�������������;*�+��
��7
����#��$�
�������$��������
���$������$���������#��$�
�	=!
�A�����
��"��� ��C���������$�������
	����
�
�����$�����	����(���� &;%�+�

���	
������$���
���C�������
	�����
������������
����!����
�������$6
7
���������
����
��	��������$������� ��'��7���
�
��������������
�����!���
(�!��$�������
�!�����
(���B
������7���
������!�
������
��
(
��
��6	����7
����=!
�����
���$�������	�

������$����
����� 

���%�%�
�+���$���������#��
��������6
��������!������	�����
���$���!�#
���
����
�$�����
�������7$��$�������!����
��7
���#��

Figure 4. Map of dune ages from thermolumi-
nescence  dating (ME1-70.2 ka, CG1-24.6 ka,
NW137.2 ka, TI1-32.4 ka, SD1-2.9 ka, SD2-1.5
ka, WW1-4.7 ka, RD2-32.9 ka, and HS1-30.5
ka)  and radiocarbon dating (CG1-6.9 ka, TI1-
>467.5 ka, and 0.7ka) from the Florence and
Coos Bay Dune Sheets in the Oregon Dunes
National Recreation Area (ODNRA) (from
Beckstrand, 2001).
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Figure 5. Published sea-level curves from a compilation by Pirazzoli (1993).  Between 80 and 10
ka, the average sea level was about 50 meters below the present sea level.  During the last glacial
maximum (about 18 ka), sea level dropped 120–140 meters below the present level.
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Figure 6. “Weeping sands” in late Pleis-
tocene dunes with interstratified dunal
paleosols serving as aquitards.  Intrastratal
groundwater deposition of hydroxides, clay,
and other phases at paleosol redox bound-
aries serves to further cement the paleosol
contacts.
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Figure 7. Quaternary dune and marine terrace deposits digitized from published geologic maps
(http://nwdata.geol.pdx.edu/SeaGrant/index.html) showing dots where dune deposits have been
profiled in the Newport (Figure 7a) and Florence (Figure 7b) Dune Sheets.  Shaded units are
shown in the legend.
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Figure 1. (a) Simplified geologic map of the Cascadia convergent margin, modified from Brandon and
others (1998). HRF = Hurricane Ridge Fault, K = Kalaloch, S = Seattle, O = Mt Olympus, G = Mt
Garibaldi, B= Mt Baker, GP = Glacier Peak, R = Mt Rainier. Beneath the Olympics, the convergence
velocity of the Juan de Fuca Plate relative to North America is 36 mm/yr. at an azimuth of 54°, which is
nearly orthogonal to the modern subduction zone (option 2 for Juan de Fuca/Pacific in DeMets and
others, 1990, and “NA-PA Combined” in DeMets and Dixon, 1999). (b) Major drainages of the Olympic
Peninsula. The gray dashed line marks the southern boundary of the last glacial maxima (LGM) of the
Cordilleran Ice Sheet. (c) Topographic section across the Olympic Peninsula, parallel to the modern
convergence direction (A-A’ in b).
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Figure 2. (a) Contour map showing short-term uplift rates (solid contour lines) as determined by
geodetic measurements (Savage and others, 1991; Dragert and others, 1994) and long-term erosion
rates (shaded contour intervals) as determined by fission-track thermochronology (Brandon and
others, 1998, and M. Brandon and M. Roden-Tice, unpublished apatite fission-track ages). Rates are in
mm/yr. Areas labeled Tq (diagonal-ruled pattern) along the west coast mark exposures of lower
Pliocene shallow marine sediment of the Quinault Formation. The preservation of the Quinault and
other adjacent nearshore units indicates slow long-term uplift and erosion along the west coast. (b)
Relative motion of major tectonic blocks in the Pacific Northwest calculated from geodetic data with
respect to the OC-NA pole.  Arrows indicate relative block motion.  Onshore white polygons and black
triangles are volcanic deposits and volcanoes respectively.  In this interpretation, uplift of the Olympic
Mountains is accomplished by transpression between the Oregon Coast Ranges and a proposed
Vancouver Island buttress.  (Modified from Wells and others, 1998).
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Figure 3. (a) Digital shaded-relief image (30 m-resolution DEM) showing the relation of the Clearwater
Drainage to adjacent drainages and glacial deposits in the western Olympics (glacial data are from
Thackray, 1996, 2001; Easterbrook, 1986). BT6, BT4, and WC mark Beach Trail 6, Beach Trail 4, and
Whale Creek, where important stratigraphic relationships are exposed along the coast. Profiles B-B’,
C-C’, and D-D’ mark cross-valley sections of the Clearwater Valley, as presented in Fig. 8. (b) Map of
the Clearwater drainage. The valley profile is shown as a crooked thin line with ticks marking valley
kilometers from the mouth of the Queets River at the coast. The straight section (A-A’ in Fig. 1 and 3)
lies along the southeast side of the drainage. Final results were projected into A-A’, which parallels
the local convergence direction for the Cascadia Subduction Zone.
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Figure 4. Schematic section (A-A’ in Fig. 1) showing the regional-scale structure of the Cascadia
Accretionary Wedge (after Brandon and others, 1998).
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Figure 5.  Field trip route and stops.
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Figure 6. Regional stratigraphic correlations for glacial and fluvial deposits in the western Olympic
Peninsula and surrounding regions. Note the variable scaling in the time axis. Eustasy curve is from
Chappell and others (1996) for 0 to 140 ka, and Pillans and others (1998) for 140 to 300 ka. The next
column shows deposits associated with advances and retreats of the Cordilleran Ice Sheet in Puget
Sound, as synthesized by Easterbrook (1986). The next column shows the stratigraphic record of
alpine glaciation in the western Olympics, based on the work of Thackray (1996, 2001) We have
excluded his drift unit, called Oxbox Ø and estimated to be 39-37 ka, because it is based solely on an
isolated sequence of lake sediment. The final column shows terrace stratigraphy in the Clearwater
Valley as determined by work presented here.
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Figure 7.  (Above) Photograph of the bedrock and wave-cut unconformity exposed at Beach
Trail 4.  (Below) Annotated photograph of the Quaternary stratigraphy and numeric ages
typical of the Browns Point Formation in the vicinity of Beach Trail 4 (from Thackray, 1996).
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Figure 8.  Digital shaded relief model showing the buried Sangamon sea cliff. The cliff appears as a
subdued scarp that parallels the coast at a distance of 1500 m inland. The feature is visible in the
image from about 15 km south to about 5 km north of the Queets River. Section X–X’ is in Figure 10.
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Figure 9.  Annotated photograph of the Quaternary stratigraphy exposed
in the vicinity of Beach Trail 6 (from Thackray, 1996).
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Figure 10.  A schematic cross section of the modern shoreface and sea cliff and the
buried Sangamon sea cliff at the mouth of the Queets River. The section follows the X–X’
marked on Figure 8; it has an azimuth of 54°, parallel to the plate-convergence direction.
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Figure 11.  Composite cross section represent-
ing the terrace stratigraphy and general age
ranges in the Clearwater Drainage.  We adopt
the convention of naming terraces in order of
increasing age where “1” is the oldest (highest)
terrace in the landscape and assigning numbers
to straths only. In this manner, terrace Qt2 may
have more than one tread, which we designate
with lower case alpha numeric subscripts (as
Qt2a, Qt2b).



-4����������������������������������������������������������	
�����������������

�%�����33� ��%�����33� ��%������33" �6%�.��
�	�����	�����	����33E>$��9
���;������������
������
���
�.�%�������	����	�����	�/���������
�����;��������	����
�����
	�)���/
�
�
���������	���	��������������
�����
	$
6��������
����	��
�%�������
��	������
�
��������
��	������	����/�	�
	������������
/
��
�������������.���	�)�/����������
�
��
��
	�=�%�����33�>$���%���������������		��
�	�)����������������
�����������	����
	
�	�����	��%���
����������������
�������
/��	���������
�/���
��	�����/��
)���
����	��������
	����
���	�����	���������
�
���	
��/�����������7�	����������7�����
����������	���=�%�����33�>$������%�����
�����������	�����	�����������	���
�
��%�
�
������C%�	������	����%������	�����	���
�����
���
�.�%�����������������	����	��������
��������
��	������
����������������������7
���
�%��
	����
���
��������	����
	$��6������

����%������	����
	�����
��
	����	���������
�	�������
����������
���
�.�%������)�����
/%���7�	����%����
	��������������
�����
	���
���
��7���������C%���/������	
��	��

��������	���/
%�����
	�7������C%���/��%�
��
������
���
��������������	����/����
�����������������������
������
���	

��
�����=D	
;���3E� ��%�/�	.��	��
�����
�33, ���88�������	�����	�
	��-���>$

1�����������������������
�
��
�
���
�	��������	�
�
�����;������
	�
���
����	�
��
�������!%����	����	�����%�����������
=��%����	��
�������3�E>$��6�����������
%	�
	�
������������
�������������%	����)��
��/�����%	�
	�
������������������%�����
��
/���
�.������������������	�����
	���%���
	��
/�	�7��.���
�����������������$��6���������
���
����/��)��	�����������	��������������
�	���;�%����������������
	���	�����.	���$
0�	���������	�=�������	�"��>������������	��
����	�����������
�����������	���	����	��
��
/����/���
�.�
����;���/���
�.7���%����
��		����%��	��/�	.�%���
����

�����������
=0
���	��	��@��������3,�>$��B	��
	������
���.��������������
������������	�����%����
��������������)�������������		���
�����
�������
���
�������
��
�������=�%�����33�>$
&�
�
������������.�	�������%���	��
���
�������	�����
����
	�
���	�
������	�������
���������������
��%������������������/�7
��%�������
��	��/���
������)����/�����
��������$�2	����
�����	�����������������
���
����������.���
�����������
����.$�$��

���%�%�����=0���
	���3�,>$�6%����������

Figure 12.  Annotated photograph of the Qt5 strath and strath terrace exposed
at the Grouse Bridge.
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Figure 13.  (a) Schematic illustrating the relationship between terraces (t1, t2), straths, the floodplain,
and a valley bottom.  (b) The correspondence between the width of the floodplain and the width of the
valley bottom strath is corroborated by exposure of the valley bottom strath in a tributary channel,
shown entering from the right side of the diagram.
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Figure 14.  Cross-valley profiles of the lower (B-
B’), middle (C-C’), and upper (D-D’) parts of the
Clearwater Valley showing the relationship of the
terrace units to the local valley geometry. Loca-
tions are shown in Figure 3a.
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Figure 15.  Thickness distributions for clast
weathering rinds for terrace deposits of different
stratigraphic ages. The probability density
curves were calculated using the Gaussian
kernel method (Brandon, 1996), with the kernel
size set to 2 mm. Qt1–Qrd is from an interfluve at
about 180 m elevation on the north divide of
Shale Creek. Qt2 is from the Peterson Creek
terrace at about 130 m elevation. Qt3 is from the
Quinault quarry pit at about 30 m elevation. Qt6
is from an exposed gravel bar adjacent to the
Clearwater River, near the Clearwater Picnic
Area, about 2 km south of the town of
Clearwater.
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Figure 16.  Map of river terraces in the medial portion of the Clearwater Valley (modified
from Wegmann, 1999).  Letters following terrace-name designation— a, b, c, d—indicate
treads that share a common strath; ipc indicates an inset paleochannel.
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Figure 17.  (a) Probability density and frequency plots for 38 radiocarbon dates  of the Holocene
terraces.  The plot was produced by calculating calendar ages, their accompanying 1 sigma errors,
and then summing the probabilities using the program OxCal (Ramsay, 2000).  Note the brackets
beneath the frequency histograms.  At the 1��confidence level, the group of ages between 6000–2000
BC and 1000 BC–AD 2000 statistically coincide with terraces Qt5 and Qt6 respectively.
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Figure 18.  A long-profile section of the Clearwater Valley showing the vertical relationship of mapped
terrace deposits (polygons) to the modern Clearwater River (continuous line). Terrace units were
projected orthogonally into the valley profile from their mapped positions along the flanks of the
Clearwater Valley (Fig. 3b). The bottom and top of each polygon corresponds to the strath and tread,
respectively, for a mapped terrace deposit.
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Figure 19.  Incision of the (a) Qt2 and (b) Qt3
straths with respect to distance along the valley
profile (see Fig. 3b). (c) Incision rates calculated
from the Qt2 strath (solid circles) and Qt3 strath
(open circles). Note the similarity in the estimated
long-term incision rates for these two different-
age straths. In general, incision and incision
rates increase upstream. The small bump in the
profiles at about 15 to 25 km suggests  localized
uplift, such as a broad fold. Error bars show �2
standard error uncertainties due to strath height
measurement errors The thick lines are
smoothed from the original data using a locally
weighted regression method (Lowess algorithm
of Cleveland, 1979, 1981, with the interval param-
eter set to 0.2).
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Figure 20. Incision rates (left vertical axis) determined from Holocene terraces (solid black circles)
and Pleistocene terraces (gray triangles) plotted with respect to distance along the valley long profile
(right vertical axis).  Rates reflect calendar ages, and error bars on the Holocene data are 1 sigma
standard error.  Note that the incision rates for both data sets increase upstream.
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Figure 1: Destroyed house on the Aldercrest–Banyon Landslide in Kelso, Washington. Note the thrust
of soil under the house.
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Figure 2: Map of the Carrollsbluff Landslide southeast of the Aldercrest–Banyon Landslide in Kelso,
Washington.
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Figure 3. Areas of erosion to the east of St. Peters Dome near the canyon that produced the Royse
Debris Flow in 1996 (Powell and others, 1996). A previous event in 1918 took place in the same can-
yon. In 2001, the canyon between the Rock of Ages and St. Peters Dome produced the Exit 35 Debris
Flow. A 1987 event was in the canyon just east of Warrendale (map from Johnson and Johnson, 1997).
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Figure 4. Photo of the Exit 35 Debris Flow taken in early December 2001 looking east.
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Figure 5. The home of Carol and Hersh Royse
that was destroyed by a debris flow in February
1996.
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Figure 6. The Tumalt Creek Debris Flow looking east. Note the destruction on Interstate  84 and the
Union Pacific Railroad (courtesy of The Oregonian).
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Figure 7. Map of the Zoo Landslide in Portland (after Hammond and Vessely, 1998).
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Figure 8. Map of the Washington Park Landslide.
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Figure 9. The Canterbury Castle Landslide the week after it occurred in February 1996.
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Figure 10. The soldier pile wall built at the top of
the Canterbury Castle Landslide in the summer
of 1996. It failed the following winter.
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Figure 2. Multimodal transportation corridor showing (from top to bottom) the Columbia
River used for barge transportation, I-84 westbound, I-84 eastbound, railroad, and the
historic Columbia River Gorge Highway. View from Multnomah Falls looking north.
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Figure 3. Landslide hazard along a portion of the
historic highway. Taken from Multnomah Falls
looking east.

Figure 4. Generalized stratigraphy of the Columbia
River Gorge (modified from Tolan and Beeson,
1984).
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Figure 5. Generalized map showing the distribu-
tion of the Western Cascades, High Cascades,
and Columbia River Basalt Group. P=Portland,
D=The Dalles, H=Mount Hood, SH=Mount St.
Helens, A=Mount Adams, CRBG=Columbia River
Basalt Group (Tolan and Beeson, 1984).
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Figure 6. Multnomah Falls showing steep jointed
basalt slopes. In 1995, a rockfall injured 20
people on the bridge.
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Figure 7. Multnomah Falls rockfall debris at the
base of the upper falls.

Figure 8. Multnomah Falls rock catchment net on
the footpath to the bridge. This was installed by
the U.S. Forest Service as a a result of a tourist
injury.



!���������������������������������	
�������
�������������������������������������

�
����������00������
���+��0-����&��&��&4
�

����&��1������
0��0��
��������
+�����%)���
�
������������
&�:
���%��?&�����������	
��<
�������?�
��	���
�������	�������&
��
��
��<
����������/���
�!"<��= �<�>���0��������&�
&��&4
������
��
/��
�����	�&���)���=()��>%
?&���������0�������&����
�����(���
��%��1����
�
0��0��4&�0&������
����
+����(���������������
�
����������+�������������
0-������	������&�
��
0-�
����)��
��%�3�������1�����0������0
<
�����4�����4������/����%��6�����	&���<����
��	
���0��4��
���4�����0
	�����
�&������$���
4&���
�������
�������������-�	�
0�%�?&������<
����������&�����5��	�����
���������
�����	
��
4��-����
��
$���������������0
+���4
����<
�������%�����
����������&����������
���
����

��/��<�
/��
�������4�����4����
������+������
������=,
��4����(�.7>%

���6����2��"�	��	�������	�����2�9��"�+�� "
?&��0��������������������
��

3
�����
���
���+����������	���
���+���<��4�
�
����&�����������������&��*����+�
���/��%��?&��


��&
��+����
00����
���������&��	
���(!� ��
��
��%���������-������&�����
���������
�:�����
�&
��4�������������&����&��&��*����+�
���/��
����������()�"������(!� �����
���
���0��
���
����
������	����������&���������������&��
��
%
?&����	�����/����+����
��0���������
���&�������
�&����&
����-�������������0���&���������<
	�
������+���<��4�
0��/������4���&������	
+����0-�0
����������&����&����/��%���������&�
����	�����0�<
��
�+����0-�����&������&����*�<
���+�
���/���,
�
����4��&�?�����
���:���
����
��/�
����	������
���,�������
/
����4
����&�
��	�����&��0����=:��%�.>%��������������&��
����
0��	���������	�����������
0&����&�����&���
���
�����%

?&���
��+�0
�����
��������:�+��
��
(��7�4&�����/�����
��
��������&������&�	��<
��0�����+������4���&
��4������	�������
0����
�&��
��=�5������(���#�:��%�(�>%��?&������0������&�
��������+����:��4��&
����������
�&�����=:��%
((>�
����&��&��&</���0����?��
���*���-���+���
:��4��&
��0
������2�����/���
�
���+��&�������

��
���
������0-������&����
��	���
�����0�������%

Figure 9. Multnomah Falls landslide awareness sign for the public. This was installed by the
U.S. Forest Service in response to 1995 injuries.
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Figure 10. Location map of landslides and Stops S2, S3, and S4 (modified from Squier, 1999).
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Figure 11. Dodson Debris Flow showing a damaged 2-story residence on the debris
flow runout fan. The house remains fairly intact on its foundation, but it is filled with
debris.
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Figure 12. Sighting down the 1996 Dodson
Debris Flow travel path, which terminated in the
Columbia River. The debris covered I-84, the
railroad, and knocked down trees before enter-
ing the river.
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Figure 13. Cascade Landslide Complex showing the main slide area and the
Bonneville Dam. The youthful Bonneville Landslide lobe is in the central
foreground. View looking north-northwest. From the headscarp at Table Mtn
to the right abutment of the dam is 3 1/2 miles (Loy, 2001).
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Figure 14. Air photo of the Cascade Landslide Complex taken in 1985
looking north-northwest. The toe of the Bonneville Landslide (part of
the complex) is in the central foreground (courtesy of Derek Cornforth,
Landslide Technology).
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Figure 15. Smaller scale image of the Cascade Landslide Complex showing the regional topography
and the Bridge of the Gods (Loy, 2001).
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Figure 16. Mount Hood and its major river drain-
ages, all of which contain lahar and debris
avalanche deposits. The Sandy River and its
tributaries have been inundated several times by
lahars during the past 1,800 years, an interval
that covers the most recent volcanic activity.
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Figure 1.  Andrews Forest and upper Blue River Watershed stream network and experimental water-
sheds (WS).  Primet, Vanmet, Cenmet, and UpLomet are meteorological stations.
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Table 1. Experimental watersheds in the H.J. Andrews Experimental Forest. Prior to treatments,
forests were 400 to 500 yr old Douglas fir/western hemlock stands in Watersheds 1, 2, 3, 9, and 10,
and 130 yr old Douglas fir stands in Watersheds 6, 7, and 8.
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Figure 2.  15-day running mean of mean daily
precipitation (mm) (1958-1996) and temperature
(degrees C) (1952-1995) at Watershed 2.

Figure 3.  15-day smoothing of unit area dis-
charge (mm), Watershed 2, 1953-96.

Figure 4.  Annual precipitation (mm) at Water-
shed 2, 1958-96.

Figure 5.  Annual discharge (mm) at Watershed
2, 1952-96.
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Figure 8.  Absolute change in annual stream-
flow (mm at streamflow per unit area) over time
after 100% canopy removal by watershed (WS)
pairs.

Figure 6.  Statistically significant increases (%)
in peak discharges of all event sizes by decade
in different watersheds (WS) after forest harvest
and road construction (from Jones, 2000).

Figure 9.  5-yr smoothing of summer streamflow
(June-September) responses to 100% forest
harvest removal at the Andrews Forest, a frac-
tion of pretreatment flows by year relative to
treatment Pretreatment index = 1.

Figure 7.  Statistically significant increases (%)
in peak discharges of large and rain-on-snow
events after forest harvest and road construc-
tion for all post-treatment years (from Jones,
2000).
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Figure 11.  Budgets for inorganic constituents
(kg/ha/hr) of Watershed 8 (high-elevation con-
trol) (from Martin and Harr, 1989).

Figure 12.  Budgets for organic constituents
(kg/ha/hr) of Watershed 8 (high-elevation con-
trol) (from Martin and Harr, 1989).

Figure 13.  15-day running means of daily
streamflow and dissolved organic N in stream-
flow from Watershed 2, 1981-1997.
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SMALL WATERSHEDS—NUTRIENT
CYCLING (Julia A. Jones)
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Figure 10.  15-day smoothing of absolute
change (mm) in mean daily streamflow, Water-
shed 1 (100% harvest) v. Watershed 2 (control),
for 5-yr periods after treatment.  Standard
deviation at control basin for period of record is
shown for reference.
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Figure 14.  Dissolved organic N as percent of
total N, Watershed 2.
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Figure 15.  Absolute change in total N (kg/ha),
Watershed 10 v. 9.

Figure 16.  Absolute change in NO3N (kg/ha),
Watershed 10 v. 9.

Figure 17.  Absolute change in total N (kg/ha),
Watershed 6 v. 8.

Figure 18.  Absolute change in NO3N (kg/ha),
Watershed 6 v. 8.

Figure 19.  Annual sediment yields for Water-
sheds 1 (100% clear-cut), 2 (control), and 3 (25%
clear-cut + roads) for water years 1958-1988
(from Grant and Wolff, 1991).
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Figure 20.  Watershed 1 sediment yield after clearcut and prescribed fire for water years 1967-1999.
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Table 2. Process characterists and transfer rates of organic and inorganic material to a  channel by
hillslope processes (T/yr) and export from the channel by channel processes (T/yr) for Watershed 10.
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Table 3. Date and unit area peak discharge (m3/s/km2) of the largest 15 floods at Lookout Creek and
three unharvested control basins over periods of record (see column headings) at the Andrews
Forest.
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Figure 21.  Lookout Creek >0.4 yr peak discharges coded by event type at Watersheds 2, 8; dotted
line indicates 1-yr peak discharge; solid line = near saturated rain events; dashed line = near-
saturated rain-on-snow events (from Jones and Perkins, in review).

Figure 22.  Frequency distribution of 15 largest
peak discharges in small subbasins (Water-
sheds [WS] 2, 8, 9, each ~1% of Lookout) of
Lookout Creek.  Units are 1n(peak discharge,
m3/s/km2).
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Figure 23.  Location of long term cross-section monitoring sites, small experimental watersheds,
and gauging stations in the Lookout Creek Watershed.
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Figure 24.  Schematic diagrams of the lower Lookout cross-section site in (a) 1977, (b) 1984, (c)
1990, and (d) 1996 after the flood (from Nakamura and Swanson, 1993; Faustini, 2000).
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Figure 25.  Selected cross-section profile plots for the Lower Lookout Creek (LOL) Site, 1995-98.
Cross-section locations are shown in Figure 23 (from Faustini, 2000).
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Figure 26.  Changes in scour and fill  at Andrews Forest cross sections during the February 1996
flood at sites from the top shown on Figure 23: COC, MAC, MCC, LOM, LOL (Faustini, 2000).
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ROAD HYDROLOGY AND GEOMOR-
PHOLOGY (Frederick J. Swanson, Julia A.
Jones, and Beverley C. Wemple)
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Figure 27.  Quartz Creek (South) wood piece
size distributions in stream before and after
placement of large pieces in 1988 (from Randy
Wildman, Oregon State University).

Figure 28.  Quartz Creek (South) wood
piece size distribution at year 5 after wood
input (1993), relative to wood distribution in
old-growth stream at Mack Creek in 1993
(from Randy Wildman, Oregon State Univer-
sity).
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DEBRIS SLIDES AND DEBRIS FLOWS
(Frederick J. Swanson and Kai U. Snyder)
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Figure 29. Interactions between road and stream networks.  The road network consists of a valley
floor road segment parallel to a large stream, hillslope road segments perpendicular to streams, and
near-ridge roads without streams.  Roads (1) intercept water in surface and subsurface flowpaths,
(2) alter water flowpaths and extend the channel network, (3) initiate mass movements of sediment
in unstable roadfills, (4) deposit sediment moved by mass movements on roads and (5) on valley
floors.  Overall, roads function to divert water and sediment from paths followed in roadless land-
scapes, and they initiate multiple new cascading flowpaths.
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Figure 30.  Eight types of road failures inventoried in the Lookout Creek and Blue River watershed
(from Wemple and others, 2001).
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Table 4. Distribution and frequency (numbers per kilometer of road length) of mass movement and
fluvial features associated with roads, according to hillslope position and function of the road in
intercepting or producing sediment (from Wemple and others, 2001).
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Figure 31.  Mass movements and fluvial features associated with roads from
the flood of February 7, 1996, as a function of hillslope position (Wemple and
others, 2001). Arrows indicate features that triggered an associated feature,
and numbers beside symbols indicate number of inventoried features of that
type.

Figure 32.  Debris flow paths of Lookout Creek and part of the upper Blue River for 1946-1996
(Snyder, 2000).
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Figure 33. Conceptual model of vegetation-hydrology coupling at diel time scales over the summer
baseflow recession period in a headwater basin (Watershed 1) in the Andrews Forest.  (a) The basin
consists of hillslopes and the valley floor (including the stream channel and floodplain/terraces),
the groundwater system, and the riparain zone. (b) Hyrologic flowpaths operate on hillslopes (h)
and in the riparian zone (r).  (c) Riparian zone flowpaths include in-stream flow (r1), near-stream,
fast, hypotheic exchange flowpaths (r2), and far-from-stream, slow, hyporheic exchange flowpaths
(r3), created by sediment and large wood stored on the valley floor.  (d) A cross section of the valley
floor shows shallow flowpaths (h1) and deep flowpaths on hillslopes contributing lateral flow to the
valley floor and stream, and the changing positions of a water table or near-saturated zone in early
summer (time 1) and late summer (time 2).  The vegetation zone of influence on diel cycles in
streamflow can be envisioned as an area of lower hillslopes and the riparian zone (a) with a water
table at a given height (1 or 2 in part d of figure).
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Figure 1. Distribution of wineries in Oregon’s Willamette Valley showing the
major soils and their parent materials.
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Figure 2. Geologic map of the Corvallis area
showing the route to Bellfountain Cellars.
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