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Figure 6.5: Piezometer data for the Jack Creek floodplain site in the Sugarpine Mountain 
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Figure 7.3: Topographic profiles measured (electronic total station) using the local 
elevation of hydrophyllic vegetation in Klamath Marsh as datum (from  
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Figure 7.5: Grain size distribution (cumulative percent retained) for auger site WHR-1 
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quadrangle. The shallow sample was collected from the reworked layer that overlies the 
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bearing sand sloughed into the hole during augering. Dune ridge is oriented north-south.  
Lithologic log contained in Table 7.2.      9 
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located near the southwest edge of the largest dune field in the Williamson River basin. 
The core of the dune ridge is overlain by undisturbed pumice of the pyroclastic fall 
deposits. Dune ridge is oriented east-west. Lithologic log contained in Table 7.3.  10 
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Figure 7.7. Sample depth is measured below the local ground surface.  8 
 
Table 7.3: Lithologic log for auger hole SPM-1. Grain size distribution is illustrated in 
Figure 7.8. Sample depth is measured below the local ground surface.  9 
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Figure 8.1: Geographic distribution of features associated with the lake that occupied the 
Williamson River basin after the Williamson River canyon became blocked by 
pyroclastic flows from the eruption of Mount Mazama.    2 
 
Figure 8.2: a. Rounded pumice boulders in the rootball of a lodgepole pine root ball at 
approximately 4530 feet in the Yoss Creek valley (blue pen for scale). b. Cross sectional 
view of root ball showing dark organic-rich sediment overlying tuffacous silt and 
rounded pumice (middle section) and rounded pumice boulders (right side).  4 
 
Figure 8.3: Grain size distribution for two samples of pyroclastic flow from auger holes 
MC1 and MC2. Lithologic logs are presented in Table 8.2.     8 
 
Figure 8.4: Grain size distribution for samples collected from auger hole MC4 (Table 
8.2). Lithic sand-rich reworked deposits of unit Qts are present at the surface. 8 
 
Figure 8.5: Comparison of grain size where unit Qpaf is reworked to form deposits of 
Qts. A size distribution of a pyroclastic-fall deposit is included for reference.   9 
 
Figure 8.6: Thickness of pyroclastic-fall deposits on the middle Holocene terrace scarp at 
Hog Creek. Five times vertical exaggeration (from Conaway, 2000). Solid triangles are 
elevation control points above the elevation at which hydrophylic vegetation is 
prominent.           10 

Figure 8.7: Thickness of pyroclastic-fall deposits on the middle Holocene terrace scarp at 
Wocus Bay East. Five times vertical exaggeration (from Conaway, 2000). Solid triangles 
are elevation control points above the elevation at which hydrophylic vegetation is 
prominent.           11 
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Figure 8.8: Geologic mapping showing the distribution of surficial deposits in the 
Soloman Butte quadrangle (Lee, 2000; Cummings and Lee, unpublished  
mapping).          12 
 
Figure 8:9: Longitudinal profile of the Williamson River canyon between F.S. Arterial 43 
near Kirk and the 9730 bridge on F.S. Connector Road 9730. A south-looking view in the 
bedrock-lined middle segment of the canyon is presented in Figure. 8.10.  13 
 
Figure 8.10: Looking south along the bedrock-lined reach of the Williamson River 
canyon. This view is near the northern end of the area dammed by pyroclastic flows. 
(Photo by J. Hackett).         13 
 
Figure 8.11: Williamson River canyon in the area where the debris dam blocked the 
canyon. Pyroclastic deposits are not found in this area and talus is relatively minor. The 
debris deposit filled the canyon (~200 feet deep) at this location.  
(Photo by J. Hackett).         14 
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Chapter 1: Executive Summary 
 

1.1: Introduction 
 The Williamson River basin is the northernmost sub-basin of the Upper Klamath 
Basin. The basin extends from the crest of the Cascade Range on the west to the western 
flank of Yamsay Mountain on the east and from near Chemult on the north to Upper 
Klamath Lake on the south (Fig. 1.1). The area is 1,420 square miles (3,675 km2), 
approximately 37 percent of the total drainage area contributing to Upper Klamath Lake.   
  

 
Figure 1.1:  Generalized location map of the Williamson River basin (modified from 
Melady, 2002). 
 

The hydrogeologic evolution of the Williamson River basin to its current 
configuration is controlled by interactions among volcanism, sedimentation, tectonism, 
and climate change. Although these interactions establish the framework for the 
hydrologic system, the pyroclastic deposits from the eruption of Mount Mazama to form 
the Crater Lake caldera at ~7700 yr B.P. (Bacon and Lanphere, 2006) mediate the 
hydrologic processes within the basin. The ongoing recovery of the landscape from the 
eruption includes the transformation of a post-eruption, surface-water dominated to the 
current ground-water dominated system (Cummings, 2005, 2007). The end result is a 
hydrogeologic system where key components operate within unconsolidated pyroclastic 
deposits and response to short-term climate variability is rapid (Gannett et al., 2007).  



 
Findings presented in this report are the culmination of geologic and hydrologic 

studies that commenced in 1998. In addition to my own observations and interpretations, 
sections of this report summarize the thesis research of graduate (Lee, 2000; Conaway, 
2000; Melady, 2002, Janssen, 2006; James, 2006) and undergraduate (Hackett, 2006) 
students, Department of Geology, Portland State University. 

 
The following chapters address components of the hydrologic system in relation 

to the geologic evolution of the basin. Chapter 2 examines the eruption of Mount 
Mazama and how the properties of the pyroclastic deposits that dominate the Williamson 
River basin influence the movement of surface and ground water. Chapters 3, 5, and 6 
explore hydrogeology of the three main catchment and recharge areas: east flank of the 
Cascade Range, west flank of Yamsay Mountain, and Sugarpine Mountain. Chapters 4, 7, 
and 8 provide context for basin wide processes including the transformation of the 
surface-water to a ground-water dominated system after the eruption of Mount Mazama 
(Chap. 4), landscape components that evolved prior to the eruption and how they 
influence the modern hydrologic system (Chap. 7), and the filling and catastrophic 
draining of a lake that occupied the basin after the eruption (Chap. 8). The theme of 
Chapter 9 is the hydrogeology of the lower elevation portion of the basin including 
Klamath Marsh.  

 
1.2: Findings 

Geologic processes active at various times during the evolution of the Williamson 
River basin control the modern occurrence and movement of surface and ground water. 
The stratigraphic relations among volcanic centers and contemporaneous sedimentary 
basins produce a complex architecture of intercalated volcanic and sedimentary units. 
The following findings are arranged in three groups: Geologic Evolution, 
Palaeohydrology, and Hydrology. However, within the hydrogeologic system of the 
Williamson River basin these separations are artificial.  
 
1.2.1 Geologic Evolution 
 The late Miocene to middle Pliocene (~6 - 3.5 Ma) landscape of the Williamson 
River basin was dominated by fluvial and lacustrine environments tucked between 
several small and a few relatively large volcanic complexes. The two large volcanic 
complexes were Yamsay Mountain and Sugarpine Mountain. The smaller volcanic 
centers produced lava flows and pyroclastic flows and pyroclastic falls of different 
compositions. The largest of these centers includes Wocus, Little Wocus, and an 
unnamed butte located immediately east of Wocus Butte. Effusive and pyroclastic 
volcanism from these various centers was contemporaneous with basaltic 
hydrovolcanism that locally produced thick hydroclastic deposits. Proximal, intermediate, 
and distal facies of basaltic tuff cones are prominent in the Williamson River canyon and 
southern half of the Soloman Butte quadrangle (Cummings and Lee, unpublished 
mapping) and in the Sugarpine Mountain area (Cummings et al., unpublished mapping). 
In the Sugarpine Mountain area and probably in the Soloman Butte area, these tuff cones 
were partially eroded prior to deposition of upper Miocene to lower Pliocene basalt and 
basaltic andesite lava flows.      



 
Among the volcanic centers volcaniclastic sediment accumulated in river and lake 

environments that were periodically impacted by pyroclastic flows and falls, lava flows, 
and hydrovolcanic eruptions. Distal facies of tuff cones are interbedded with tuffaceous 
lacustrine sedimentary rocks and inclusions of fine-grained tuffaceous sedimentary rocks 
are present in the hydroclastic deposits in the Soloman Butte quadrangle suggesting that 
volcaniclastic sedimentary rocks are also present beneath the tuff cones. The 
characteristics of the volcaniclastic sedimentary rocks suggest hydrovolcanic eruptions 
were due to violent interactions with ground water in aquifers as well as in shallow lakes. 

  
  During the middle Pliocene (~3.5 – 2.0 Ma) volcanism and sedimentation slowed 
and erosion became widespread. The change appears to accompany the onset of normal 
faulting and reorganization of the regional drainage system. The Wildhorse Ridge-
Military Crossing fault zone marks the eastern edge of the area most significantly 
impacted by normal faulting. Extending west from this fault zone, rocks older than 
middle Pliocene are tilted in a complex pattern of horsts and grabens. Streams eroded 
canyons into the evolving fault blocks (e.g. Hog and Yoss creeks) and into the relatively 
un-deformed strata east of the fault zone. Debris fans around Yamsay Mountain and 
blocking of the ancestral Williamson River by lava flows such as the flow that caps 
Wildhorse Ridge disrupted the valley of the ancestral Williamson River and aided in 
capture of the head waters of the Williamson River northwest of Yamsay Mountain. The 
capture of the Williamson River has important implications for the evolution of aquatic 
species after the middle Pliocene.  

 
The Military Crossing-Wildhorse Ridge fault zone is an important and persistent 

fault zone; however, the initiation of displacement is not well constrained. Basaltic 
andesite lava flows on Wildhorse Ridge in the Military Crossing quadrangle are dated at 
3.95 ± 0.07 Ma and tentatively correlated to similar flows to the west in the southeastern 
Military Crossing and northeastern Wocus Bay quadrangles. Younger basaltic andesite 
lava flows dated at 3.66 ± 0.05 Ma also appear to be present on opposite sides of the fault 
zone. Younger, diktytaxitic olivine basalt flows that show much less displacement are 
present on both sides of the fault zone at The Peninsula, but have not been dated. The 
total displacement across the fault zone is estimated at approximately 460 feet.  
 
 In the late Pliocene and continuing into the early Pleistocene (~2.0 to 0.8 Ma) 
sediment accumulated west of the Wildhorse Ridge-Military Crossing fault zone 
probably within fault-bounded basins. The sedimentary section exposed in road cuts 
along Highway 97 north of Collier Memorial Park was deposited at this time. Volcanism 
accompanied sedimentation. Eruptions included the andesite stratovolcano at Soloman 
Butte (1.71 ± 0.06 Ma), olivine basalt of The Peninsula and south of Wocus Butte (1.62 ± 
0.47 Ma) and basaltic andesite of Spring Hill (1.14 ± 0.10 Ma). The geochemically 
diverse suites of volcanic rocks reflect an array of magmatic processes operating in the 
mantle and lithosphere in the transition zone from the Basin-and-Range Province to the 
Cascade volcanic arc.  
   

N 



During the early and middle Pleistocene (1.6 to 0.13 Ma) deposition of sediment 
slowed and erosion by the Williamson River cut a one to two mile wide valley between 
Soloman Butte to the East and lava flows near Spring Hill to the West. The valley is 
eroded into late Miocene to early Pliocene hydroclastic deposits, late Pliocene andesite of 
Soloman Butte, early Pleistocene basaltic andesite flows of Spring Hill, late Pliocene to 
early Pleistocene sedimentary rocks. This valley was subsequently filled by basaltic 
andesite lava flows that blocked the Williamson River and impounded a lake to the north 
where wave action cut a distinct terrace into older bedrock units. The Williamson River 
drained the lake and cut a narrow canyon in its current location. In the middle to late 
Pleistocene, this canyon was blocked by basaltic andesite flows from the Cascade Range 
that partially filled the valley near Kirk.  

 
Volcanism initiating Mount Mazama began in the Cascade Range at 

approximately 0.4 Ma with the eruption of porphyritic dacite flows and domes to build 
the cone of Mount Scott. Eruption of rhyodacite starting at 0.034 Ma marked the 
beginning of magmatism leading to the climactic middle Holocene eruption of Mount 
Mazama to form the Crater Lake caldera.  

 
  In the late Pleistocene (0.13 to 0.01 Ma) glaciation of the Cascade Range 

produced U-shaped valleys on the flanks of Mount Mazama and Mount Thielsen and 
lesser cones of the Cascade Range. Glaciation also impacted Yamsay Mountain on the 
eastern edge of the Williamson River basin. Cold, dry conditions with strong east winds 
persisted until about 15 ka when climate abruptly changed and the glaciers began to melt. 
Melt water transported sediment into the western Williamson River basin and a shallow 
late Pleistocene lake, lake Chemult, became impounded behind the lava flows that 
constrict the valley northwest of Soloman Butte near Kirk.  

 
Climate drying starting about 11 ka and switch to wind patterns similar to those of 

modern time led to drying of lake Chemult and wind transport of sand across the basin to 
form sand dune fields along the northeastern margin. The sand dunes, composed of lithic-
rich, well-sorted and well-rounded sand, are present along the scarp of the Wildhorse 
Ridge-Military Crossing fault zone, the Williamson River valley upstream from the fault 
zone, and south of Sugarpine Mountain. The largest dunes are at least 100 feet high and 
east-west, northeast, and north-northwest orientations are common. Although these are 
the most prominent dune areas, subtle ridges near the Cascade Range suggest dunes may 
be more widespread. 
  

The dry period that started about 11 ka persisted into the Holocene and was well 
established at the time of the eruption of Mount Mazama to form the Crater Lake caldera 
at ~7700 yr B.P. The cataclysmic eruption overwhelmed the landscape of the Williamson 
River basin. During the ring-vent phase of the climactic eruption, pyroclastic-flows 
inundated the landscape to the east and northeast of Mount Mazama and formed a broad 
gently sloping apron that underlies Klamath Marsh and Antelope Desert. The pyroclastic 
flows filled and overtopped the 100 to 200 foot deep, narrow (720-900 ft), bedrock-lined 
canyon of the Williamson River and came to rest within the canyon as a debris dam. The 
debris dam was composed primarily of unsorted pumice and ash and is estimated at 170 



feet thick near its upper end, 190 feet near its mid section and lower end, 1.5 miles long, 
and 5.8 x 107 yd3 (0.04 km3) of debris.  

 
After the dam failed and the lake drained, at least two displacements on the 

Military Crossing-Wildhorse Ridge fault zone allowed Klamath Marsh to form (Melady, 
2002; Cummings and Melady, 2002). The fault zone is interpreted by Cummings and 
Melady (2002) to be the eastern edge of the Cascade neotectonic zone as described by 
Pezzopane and Weldon (1993). 

 
1.2.2 Palaeohydrology 

Early Pliocene eruption of trachydacite pyroclastic flows and caldera formation in 
the vicinity of Wocus Butte allowed a radial drainage pattern to develop on the flanks of 
the source volcano. The drainage pattern is inferred where narrow (0.20 to 0.24 mile) and 
moderately dipping trachydacite lava flows form prominent east-northeast trending ridges 
near the quadrangle boundary between the Military Crossing and Wildhorse Ridge 
quadrangles. The pattern suggests the flows advanced along relatively narrow, incised 
valleys on the flanks of the source volcano. Subsequent erosion of apparently more easily 
eroded clastic and pyroclastic rocks that formed the original valley walls has resulted in 
topographic inversion. A distinctive tuff in this section is overlain by lava flows dated at 
4.08 ± 0.12 Ma (40Ar/39Ar). 

 
Landscape reorganization due to the onset of faulting during the middle Pliocene 

led to capture of the head waters of the Williamson River in the area northwest of 
Yamsay Mountain and northeast of Wildhorse Ridge. Slope directions and drainage 
patterns in the middle Pliocene are suggested by the morphology of lava flows in the 
Military Crossing, Wildhorse Ridge, Buckhorn Springs, and Sugarpine Mountain 
quadrangles. East-northeast trending ridges are capped by basaltic andesite lava flows in 
the Wildhorse Ridge and Buckhorn Springs quadrangles. In the Wildhorse Ridge 
quadrangle, the vent for the prominent lava flow that caps Wildhorse Ridge is exposed in 
the southwest corner of the quadrangle. The flow migrated east-northeast from the vent 
before swinging northward and ponding. Well-rounded, conglomerate (clasts to 1 ft 
diameter) below this flow suggest the river that occupied the paleovalley was reworking 
the Yamsay Mountain debris apron. The Wildhorse Ridge flow is dated at 3.68 Ma (K-
Ar, Sherrod and Pickthorn, 1992). Likewise, flows in similar topographic settings in the 
Buckhorn Springs quadrangle suggest east-northeast slope.  
 
 Southwest slope is suggested by lava flows in the Sugarpine Mountain 
quadrangle. Thin (6 to 10 ft) lava flows from a vent in the southern part of the Sugarpine 
Mountain quadrangle slope to the southwest. These basalt flows are dated at 3.63 ± 0.10 
Ma (40Ar/39Ar). Farther to the north near Sugarpine Mountain, lava flows suggesting 
similar slope directions are present.  
 

The stratigraphic relations among sedimentary rocks and the slope-indicating lava 
flows suggest that paleovalleys were relatively shallow and evolving within a low-relief 
regional landscape dotted by locally prominent, but older volcanic centers (e.g. Yamsay 
Mountain). We estimate that patterns changed at about 3.5 million years when valley 



development became more aggressive. This change is hypothesized to coincide with the 
onset of regional faulting which has persisted into the Holocene in the Cascade 
neotectonic zone (Pezzopane and Weldon, 1993).  

 
Late Pliocene to early Pleistocene high alumina basalt flows that underlie The 

Peninsula and an un-named ridge to the southwest near Military Crossing appear to have 
flowed into the ancestral channel of the Williamson River forcing the channel to relocate. 
The channel appears to have been oriented northeast-southwest, relatively shallow, and 
the curved outcrop distribution suggests the Williamson River was broadly meandering at 
the time of blockage.  

 
The middle Holocene eruption of Mount Mazama to form the Crater Lake caldera 

blocked the Williamson River canyon and impounded a lake that filled to a maximum 
depth of 56 feet before catastrophic failure of the dam and draining of the lake (Conaway, 
2000). Estimates of the length of time before failure range from ~5 years to ~40 years with 
preferred value near ~16 years. Within the lake, pyroclastic-fall and –flow deposits were 
reworked by wave action. In places where sand dunes were present, waves reworked the 
pyroclastic deposits and underlying dunes to form a distinctive mixture of lithic-rich sand 
and rounded pumice grains. Rounded pumice boulders rafted in the lake are stranded 
throughout the Williamson River basin up to an elevation of approximately 4600 feet 
(1402 m). Lack of a distinct shoreline at the elevation of the highest stand suggests the 
debris dam was quickly overtopped during spring snow melt leading to rapid dam failure 
and lake draining.  

 
The physically based dam-break model of Walder and O’Connor (1997) is 

considered to be the most accurate estimate of discharge at the breach. The peak 
discharge was 4.6 x 105 cfs (1.3 × 104 m3s-1) draining the 4.6 x 106 acre feet (5.7 x 109 
m3) lake in approximately 2.5 days.  
 

The Williamson River basin evolved from a surface-water to ground-water 
dominated system after the climactic eruption of Mount Mazama (~7700 yr B.P.) through 
progressive piracy of the surface water system. The Cascade Range is the predominant 
source of surface and ground water, but interactions between the surface and ground water 
systems are mediated by the topographic and lithogic characteristics of the pre-eruption 
landscape and geomorphic evolution of the post-eruption landscape. In glaciated valleys of 
the east flank of the Cascade Range, glacial till is overlain by pumice and is commonly 
capped by lower permeability pyroclastic flow deposits, particularly in the basin ward 
portions of valleys. During the early phase of landscape recovery alluvial fans composed of 
glassy silt, rounded pumice pebbles and lithic and crystal sand developed along the eastern 
range front. With time, depositional fans extended farther into the basin while streams 
eroded through the early formed alluvial fans and continued to work their way upslope into 
pre-eruption valleys. As headwaters of streams advanced up valley, steep walled, narrow 
valleys were cut through pyroclastic flow deposits and into more permeable pumice and 
glacial deposits. Ground water piracy resulted in abandonment of channels and 
concentration of year-round and seasonal surface flow in fewer channels.  

 



1.2.3 Hydrology 
In the eastern Williamson River basin, Yamsay and Sugarpine mountains are 

topographically high (7688 ft and 6396 ft, respectively), collect snowfall during the 
winter, release melt water during spring runoff, and discharge ground water that 
contributes to base flow conditions of the Williamson River. In this part of the basin, 
spring runoff is generally from late April to mid May with discharge greater than 100 cfs 
(2.8 m3/s) lasting into June during years of greatest snow pack. Base flow conditions in 
the Williamson River are maintained by ground water discharge from springs, the largest 
of which are at the Head of the River. Small springs discharge from the base and flanks 
of Yamsay Mountain and feed two creeks gaged in this study (Irving and Jackson 
creeks). Instantaneous discharge during base flow conditions measured at the bridge on 
F.S. Arterial Road 49 is approximately 70 cfs (2.0 m3/s) (U.S.G.S. gage Sheep Creek 
#11491400). The greatest combined discharge from all streams draining Sugarpine 
Mountain and Yamsay Mountain and that lie north of the U.S. Geological Survey gage 
below Sheep Creek was measured during a survey in June 2006 and estimated at 207 cfs.  

 
The volume of water discharged by the Williamson River below Klamath Marsh 

is dominated by melting of the snow pack on Klamath Marsh and surrounding lower 
elevation hills which takes place during March and April in most years. After the spring 
surge passes, evapotranspiration exceeds the surface and ground water input to Klamath 
Marsh and flow ceases on the Williamson River at U.S. Geological Survey Williamson 
River near Klamath Agency gage (#11493500).  

 
In the western Williamson River basin, the relatively small catchments of the 

Cascade Range dominate surface and ground water discharge within and from the basin. 
Combined seasonal surface water discharge for streams (Sand, Scott, Bear, Cottonwood, 
and Miller) draining the east flank of the Cascade Range and measured at Sun Mountain 
Road, F.S. Arterial Road 70, F.S. Connector Road 010, and F.S. Connector Road 2991 is 
estimated at 250 cfs during period of high flow and 23 to 30 cfs under base flow 
conditions. Based on annual hydrographs constructed from discharge measurements 
during synoptic surveys, the annual combined surface water discharge from the east flank 
of the Cascade Range is estimated between 1.5 x 104 and 4.2 x 104 acre-feet (estimated 
for water years 2005 and 2006).  

 
Pyroclastic-flow and -fall deposits from the climactic eruption of Mount Mazama 

influence flow pathways for ground water migrating into the Williamson River basin 
from relatively small catchments within the Cascade Range. Snow melt runoff in May 
and June partitions between low discharge (<35 cfs) surface streams and ground water. 
Pyroclastic flows have an estimated infiltration rate of 10-4 to 10-6 m/s. Ground water 
moves primarily through underlying pumice and weakly lithified, medium to coarse 
grained volcaniclastic sedimentary rocks and intertercalated thin basalt lava flows of 
Pleistocene age.  

 
Between April 2000 and April 2006 ground water levels declined throughout the 

Williamson River basin. The decline is associated with earlier (7/21/2001 versus 
6/17/2004) and longer periods (126 days in 2001, 248 days in 2004/2005) of no surface 



discharge from Klamath Marsh to the Williamson River. Some recovery of water levels 
was observed following water year 2006 which was characterized by higher than average 
snow water equivalent and late snow melt. 

 
Ground water discharge from the Cascade Range within Klamath Marsh is 

estimated for late summer when precipitation is absent, Williamson River discharge into 
the marsh is low (18 cfs), surface discharge from the marsh is absent, and 
evapotranspiration is maximum. Based on a surface area of 24 mi2 (62 km2), the ground 
water discharge to Klamath Marsh is estimated at 4.8 x 104 to 9.2 x 104 acre-feet per year.  
During the growing season evapotranspiration is 110 to 120% of ground water discharge 
resulting in water level declines of nearly 3 feet below the elevation at which surface 
discharge from the marsh resumes on the Williamson River. 

 
Ground water discharge from the Williamson River basin through Spring Creek is 

estimated at 9.0 x 103 acre-feet (assuming discharge of 300 cfs). Spring Creek and 
Klamath Marsh dominate ground water discharge in the basin and are fed by ground 
water entering the system in the Cascade Range. 

 
The hydrogeologic characteristics of the pyroclastic-flow and -fall deposits from 

Mount Mazama substantially influence precipitation recharge of the groundwater. The 
correlation coefficient for pumice lapilli from the pyroclastic deposits and water content 
ranges 0.84 to 0.99. Coarse ash has a correlation coefficient ranging –0.62 to –0.99. The 
infiltration rate into the pyroclastic flow deposits ranges from 10-5 to 10-6 m/s east of 
Crater Lake and ranges from 10-3 to 10-4 m/s northeast of Crater Lake near Miller Creek. 
Winter maximum precipitation as snow in the rain shadow of the Cascades Range (33 ± 
16 cm) recharges groundwater only in areas where pyroclastic deposits are thin or where 
elevation is high enough to enhance precipitation (Sugarpine and Yamsay Mountain) and 
exceed the holding capacity of pumice-rich deposits. The relatively lower infiltration 
rates for pyroclastic-flow deposits relative to pyroclastic-fall deposits means pyroclastic-
flow deposits serve as a confining layer in the near-surface environment. 

 
The abundance of springs and flowing wells northwest of Klamath Marsh and 

north of Silver Lake Highway coincides with the axis of the east lobe of the lower pumice 
unit of the single-vent phase of the eruption of Mount Mazama, the area where 
pyroclastic flows naturally thin away from source, and where wave action within the lake 
that occupied the Williamson River basin after the eruption of Mount Mazama eroded all 
or part of the pyroclastic-flow deposits. The distribution of these features probably 
influences the location of ground water discharge to Klamath Marsh. 
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Chapter 2: Mount Mazama and the Williamson River basin 
 

2.1: Introduction 
 The eruption of Mount Mazama to form the Crater Lake caldera at ~7700 years 
ago dramatically impacted the landscape of the Williamson River basin. Pyroclastic 
deposits from the eruption are present everywhere and contributed to the hydrogeologic 
evolution of the basin and its modern hydrology. In this chapter, a brief overview of the 
geology of Mount Mazama and the physical and hydrogeologic properties of pyroclastic 
deposits are presented.  
 

2.2: Geologic Synopsis 
 The geologic evolution of Mount Mazama, one of the major volcanoes of the 
Cascade volcanic arc, has been investigated by Charles Bacon, U.S. Geological Survey, 
and numerous collaborators from the U.S. Geological Survey, national laboratories, and 
the academy. The papers by Bacon (1983), Druitt and Bacon (1986), and Bacon and 
Lanphere (2006) and soon to be published geologic map (2007) provide an overview of 
eruptive processes, deposits, and geochronology of the volcano.    
 

Bacon and Lanphere (2006) provide the most recent synthesis of the evolution of 
Mount Mazama. The Mount Mazama edifice, composed of several overlapping 
composite and shield volcanoes, was approximately ~12,000 feet (~3700 m) high prior to 
collapse during the climactic pyroclastic eruptions ~7700 yr B.P. (B.P. = before present; 
7627 ± 150 cal yr B.P., Zdanowicz et al., 1999). Important eruption dates in 14C years 
before present include the Llao Rock eruption at 7015 ± 45 14C yr B.P. (Bacon, 1983), the 
Cleetwood eruption (weeks to months before the climactic eruption, Bacon, 1983), and 
the climactic eruption at 6845 ± 50 14C yr B.P. (Bacon 1983). The climactic eruption of 
Mount Mazama ejected nearly 12 mi3 (50 km3, dense rock equivalent) of rhyodacitic 
magma into the atmosphere and deposited ash over an area of about 656,200 square miles 
(1.7 x 106 km2, Zdanowicz et al., 1999). 
 

Mount Mazama is arbitrarily defined as the andesite through dacite edifice built 
upon rhyodacite lavas that are older than 400 ka. Mount Scott, an early unit of Mount 
Mazama, lies east of the Crater Lake caldera and is the main vent for a thick pile of 
porphyritic dacite. K-Ar age dates of 422 ± 0.10 ka and 416 ± 7 ka are reported for the 
dacite of Mount Scott.  Mount Scott is the highest topographic feature in the Williamson 
River watershed at 8928 feet. The headwaters of Bear, Sand and Scott creeks lie on the 
east and south flanks of Mount Scott (Fig. 2.1).   

 
Rhyodacite eruptions that immediately preceded the climactic eruption reflect a 

compositional and eruptive character change at about 35 ka from the prior phase of dacite 
dome eruptions. Initial deposits from the rhyodacite eruptions are often widely dispersed 
pyroclastic deposits that are overlain by lava domes and flows. The rhyodacite deposits 
are interpreted to reflect magmas that leaked from the climactic chamber as it grew. The 
earliest rhyodacite unit is correlated with ash deposits at Pyramid Lake, Nevada with 
calibrated carbon-14 age ca. 27 ka. One of the younger rhyodacite units, the Cleetwood 
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flow, was hot and capable of flow at the time of caldera formation suggesting this flow 
erupted <100 years before the climactic event (Kamata et al., 1993). 

 

Figure 2.1: Shaded relief map showing the extent of Mazama lavas (solid white line) and 
additional possible areas underlain by Mazama lavas (dotted white line) (from Bacon and 
Lanphere, 2006). Instantaneous discharge was measured on Sand, Scott, and Bear creeks 
which drain the eastern flank of the edifice. 

 
 

 The geologic evolution of Mount Mazama and the adjoining eastern slopes of the 
Cascade Range in the Williamson River basin prepared the landscape for the climacitic 
eruption and the subsequent hydrologic evolution of the basin. The climactic eruption 
took place in two phases: 1) a single vent phase and 2) a ring-vent phase (Bacon, 1983; 
Druitt and Bacon, 1986; Bacon and Lanphere, 2006). Late in the single vent phase, the 
Plinian eruption column collapsed as the vent widened and the eruption rate increased. 
The pyroclastic flows produced by column collapse deposited the Wineglass Welded 
Tuff in valleys on the flanks of Mazama. The middle reach of Sand Creek has cut a 
spectacular canyon into the Wineglass Welded Tuff, especially near The Pinnacles. 
Figure 2.2 contains a view of the Wineglass Welded Tuff as seen at Sand Creek Pinnacles 
in the middle reach of Sand Creek within the Cascade Range. 
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Figure 2.2: Wineglass Welded Tuff at the Sand Creek Pinnacles (s. 36, T. 31 S., R.71/2 
E.). Light brown material in upper right of the photo is slough from a thin veneer of non-
welded, multiple-vent phase pyroclastic deposits that overlie the Wineglass Welded Tuff. 
(Photo by M. Cummings, July 2007) 

 
At the onset of caldera collapse, phase two pyroclastic flows descended the flanks 

of Mount Mazama to inundate the surrounding landscape including the western part of 
the Williamson River basin. Some of these pyroclastic flows advanced down the 
Williamson River canyon to form a pyroclastic dam described by Conaway (2000) that 
blocked the river until the dam failed catastrophically (Chap. 8). 

 
 At the time of eruption, glacial valleys on the flanks of Mount Mazama (ice-free 
at least on the south flank below the caldera rim) and down valley glacial outwash 
deposits were covered by the Wineglass Welded Tuff in the upper reaches and unwelded 
pyroclastic deposits in the lower reaches. In a similar manner, glaciated valleys on the 
flanks of neighboring volcanoes, such as Mt Thielsen to the north, were inundated by 
pyroclastic fall and flow deposits from Mount Mazama. This configuration impacted the 
hydrogeologic evolution of the western edge of the basin (Chap. 4)  
 

Klug and others (2002) determined the structure and physical characteristics of 
pumice from the climactic eruption of Mount Mazama. Data are presented for the Plinian 
fall and pyroclastic flow (Wineglass Welded Tuff) deposits from the single-vent phase of 
the eruption and for pyroclastic flow deposits from the ring-vent phase. The bulk 
vesicularity of all pumice clasts is between 75 and 88 percent and all clasts have high 
pore interconnectivity (>90 vol %). The Plinian fall deposits have the widest range in 
vesicularity and have <~4 volume percent isolated pores. The bulk vesicularity in the 
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Wineglass Welded Tuff and ring-vent-phase pyroclastic flows has a narrower vesicularity 
range (75-81%). However, the ring-vent-phase pumices have greater isolated pore 
volume (5-10 vol %) than the Wineglass Welded Tuff (2-3 vol %) and Plinian fall 
deposits (<4 vol %). The Plinian fall clasts have similar permeabilities that range between 
0.5 x 10-12 m2 to 5.0 x 10-12 m2. Ring-vent-phase pumice has uniformly low permeability 
of 0.2 x 10-13 m2 to 8 x 10-13 m2. Permeability for the long tube pumice from the 
Wineglass Welded Tuff is highly variable from 10-13 m2 to 3 x 10-11 m2. Klug and others 
(2002) found no simple relationship between clast vesicularity and measured 
permeabilities. 

  
Because of its importance in sedimentological studies in volcanic settings, 

Manville and others (1998) investigated the saturation behavior of pumice from the A.D. 
181 eruption of Taupo Volcano, North Island, New Zealand. The theoretical model used 
in the study regarded the penetration of water in pumice grains as mathematically 
analogous to heat conduction. The mathematical model was tested against experimental 
data using pumiceous lacutrine sediment. For Taupo A.D. 181 pumice grains up to 16 
mm in diameter (the maximum size used in experiments; lapilli size range is from 2 mm 
to 64 mm), Manville and others (1998) found the length of time for a pumice grain to 
sink is proportional to the square of the radius. The validity of extrapolating the 
experimental curves to larger diameter grains is uncertain. 
 
 The evolution of Mount Mazama within the context of dramatic late Pleistocen 
and Holocene climate change impacts modern basin hydrology and interactions between 
the ground water and surface water systems (Chap. 9). The glacial history of this part of 
the Cascades has been reconstructed for Mount Mazama (Bacon and Lanphere, 2006), 
but is poorly known for most watersheds that drain into the Williamson River basin. 
 

The elevation of glacial ice on the flanks of Mount Mazama during the last glacial 
maximum (LGM; 18 ± 4 ka) is inferred from glaciated outcrops near the top of the 
rhyodacite dome at Sharp Peak. From these observations Bacon and Lanphere (2006) 
estimate ice thickness was >560 feet (>170 m; elevation of top of Sharp Peak is 5991 ft; 
1826 m). The last glacial maximum in this area was 22 to 16 ka as determined from 
sediment in Upper Klamath Lake (Rosenbaum and Reynolds, 2004). However, by the 
time of the climactic eruption at ~7.7 ka, paleoclimatic reconstructions indicate the region 
experienced a relatively warm and dry period (Briles and others, 2005). As a result, 
glacial ice would have been restricted to the highest elevations of Mount Mazama. As 
mentioned earlier, on the south side, ice occupied valleys at elevations higher than the 
caldera rim (~6890 ft, ~2100 m) (Bacon and Lanphere, 2006).  
 
 Glacial flour in Upper Klamath Lake cores sourced from glaciers located west and 
northwest of Upper Klamath Lake suggests glaciers expanded to their maximum extent 
between 19.2 and 18.1 ka. The glaciers stabilized until ~16 ka before rapid decline. The 
lack of glacial flour in the sediment of Upper Klamath Lake by 14 ka is interpreted by 
Rosenbaum and Reynolds (2004) to indicate the glaciers were no longer large enough to 
contribute glacial flour by that time.  
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Limnological and climate reconstructions based on the analysis of diatoms from 
sediment cores recovered from Upper Klamath Lake (4143 ft; 1263 m) and Tule Lake 
(Bradbury and others, 2004) and pollen records from Grass Lake (5041 ft; 1537 m; 
Hakala and others, 2004) in Northern California and Bolan Lake (5373 ft; 1638 m; Briles 
and others, 2005) in the Siskiyou Mountains of southwest Oregon indicate cold and dry 
conditions persisted in the region between 30 and 15 ka. Bradbury and others (2004) 
argue that reworked Pliocene diatoms found in the sediment of this age in Upper Klamath 
and Tule lakes implies the Sprague River and northeasterly winds transported the diatoms 
from outcrops located east of these lakes. Models predicting a split jet stream with strong 
northeasterly winds flowing through regions along the south side of the major ice sheets 
of North America were predicted by the global climate model proposed by the COHMAP 
(Cooperative Holocene Mapping Project) working group (1988). This model predicts 
northeasterly winds in the Williamson River basin during the last glacial maximum. 

  
 The pollen records from Bolan Lake in the Siskiyou Mountains indicate warmer 
and wetter conditions after 14.5 ka with cooling from 13.0 ka to 10.9 ka during the 
Younger Dryas. The time is associated with increased solar insolation and strengthening 
of the eastern Pacific subtropical high-pressure system (Briles and others, 2005) which 
led to warm dry summers and northward shift in the jet stream. Diatom records from 
Upper Klamath Lake indicate reduction in wind stress and expansion of fringing wetland 
vegetation. The abundance of reworked Pliocene age diatoms decreases as wind 
directions shift and vegetation increases (Bradbury and others, 2004) 
.  
 By 11 ka, greater-than-present summer insolation values resulted in increased 
temperature, decreased effective precipitation, and expansion and intensification of the 
Pacific subtropical high pressure system. These changes probably produced warmer drier 
summers and colder wetter winters than at present (Mohr and others, 2000; Briles and 
others, 2005). Pollen from Bolan Lake in the Siskiyou Mountains implies conditions that 
are considerably drier and warmer than the late-glacial or the present climate. Fires were 
frequent in the warm dry conditions. Such conditions persisted until 4.5 ka when cooler 
wetter conditions began. Bradbury and others (2004) implied the drier climate would be 
associated with decreased winter storms, wind-generated turbulence, wave erosion, and 
decreased river flow to Upper Klamath Lake favoring the expansion of marsh habitat and 
macrophyte vegetation suggested by changes in diatom populations. However, the drier 
climate did not lead to closed-lake conditions. 
 

The late Pleistocene and early Holocene history of the Williamson River basin 
inferred from topography, sparse exposures of materials protruding through the blanket of 
Mazama pyroclastic deposits, and what is know from surrounding landscapes (Bradbury 
and others, 2004; Bacon and Lanphere, 2006) suggest the western edge of the basin was 
impacted by glaciers located on Mount Mazama, Mount Thielsen, and other peaks of the 
east flank of the Cascades. These glaciers carved U-shaped valleys and released melt 
water that transported sediment into a glacier-fed lake that occupied the Williamson 
River basin (glacial Lake Chemult of Conaway, 2000; Chap. 8). As climate warmed and 
dried after 11 ka, sediment within the lake basin was remobilized and concentrated in 
dune fields located east and northeast of Klamath Marsh (Chap. 7). The location of these 
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dunes within the basin suggests they developed after the strong northeasterly winds 
associated with the last glacial maximum gave way to wind patterns similar to those of 
today. The dunes probably formed during the warm dry period between 11 ka and the 
eruption of Mount Mazama at ~7.7 ka.  
 

2.3: Hydrogeologic Properties of Mount Mazama Pyroclastic Deposits 
Little is known about the factors that influence the movement of water through 

unconsolidated pyroclastic deposits. Research in volcanology focuses on the integration 
of magmatic bubble nucleation, growth, and coalescence to produce vesiculation and 
fragmention during explosive volcanism (e.g. Sparks, 1978; Whitham and Sparks, 1986; 
Heiken and Wohletz, 1991; Klug and Cashman, 1996; Klug and others, 2002). 
Sedimentological research focuses on the mobilization, transport, and deposition of 
pumice in proximal and distal volcanically impacted environments (e.g. Manville and 
others, 1998; Manville, 2002)). Although both perspectives provide insight into the 
processes that may control the hydrologic properties of in situ pyroclastic-fall or –flow 
deposits, they do not provide information on the bulk hydrogeologic properties of 
pyroclastic deposits.   

 
The hydrogeologic characteristics of the pyroclastic-fall and -flow deposits in the 

Williamson River basin influence flow paths of surface and ground water, and 
distribution and recharge capacity of the ground water system by annual precipitation. 
Melady (2002) and James (2006) explored these properties and the following data on 
hydrogeologic properties and the methods used for their determination are partially 
drawn from these two sources. The physical properties of pumice also impact evolution 
of stream channels in areas underlain by pyroclastic deposits. These properties are 
discussed in Chapter 4 and Chapter 9. 

 
2.3.1 Methods 
 The quantity and distribution of water within the pyroclastic deposits was 
determined between 2000 and 2006 as a function of depth, grain size, and season.  
Pyroclastic-fall deposits were sampled from hand-augered holes (bucket auger) near 
UTM location 609040E, 4739101N. This site was sampled by Melady (2002) and James 
(2006) and the record for this site extends from April 2000 to June 2006. The site is 
upland forest with mixed ponderosa and lodgepole pines. Pyroclastic-flow deposits were 
sampled from hand-augered holes near UTM location 601587 E, 4760066 N. The site is 
lodgepole pine forest and was sampled 4 times between September 2002 and May 2003 
(Fig. 2.3). 
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Figure 2.3: Location of samples collected in the pyroclastic deposits and location of gage 
points used for infiltration studies. The pyroclastic-fall site is located near UTM 0608950 
E, 4739306 N. The pyroclastic-flow site is located near UTM 601587 E, 4760066 N. 

The analytical approach used in these studies changed during the years as 
different questions emerged. The first question investigated was the distribution of water 
in the pyroclastic-fall profile as a function of grain size. For this study, slough from the 
upper portions of the hole and portions of the sample with admixed slough materials were 
discarded from the auger before samples were sealed in plastic sample bags. The 
sampling goal was to secure samples with as little contamination as possible for which 
grain size and the weight percent of water could be determined relative to grain size. 
Each sample contained material from depth intervals of approximately 4 inches and the 
samples were collected to represent the entire section from surface to the end of hole. The 
samples were analyzed at Portland State University within 1 to 3 days of sampling. Each 
sample was split by coning, weighed, dried for at least 24 hours at 100 ºC, and reweighed 
to determine water content in the bulk sample. The dried samples were then sieved for 10 
minutes through 64 mm, 2 mm, and 0.0625 mm sieves. The sizes selected distinguish 
blocks (>64 mm) from lapilli, lapilli from coarse ash (2 mm), and coarse ash from fine 
ash (<0.0625 mm). A problem with this approach arose as the moisture content in the 
pyroclastic profile decreased. As the pumice dried, the tendency for crushing and 
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pulverizing during augering increased producing an artificial increase in the fine grained 
fractions.  

 
The second question investigated was the distribution of water within the 

pyroclastic-flow section. For this study, a site was selected and the field and laboratory 
methods used followed those for the pyroclastic-fall site. Sloughed materials were 
removed in the field before sealing samples in plastic sample bags. Samples from 
pyroclastic flows are artificially depleted in the coarse grain sizes because blocks of 
pumice larger than the auger diameter had to be broken to allow penetration. Sieving was 
conducted in a manner similar to that for pyroclastic-fall deposits (James, 2006).  

 
The third question was the volume of water contained in the pyroclastic-fall 

profile. To address this question, the goal was to secure total recovery of the auger 
interval including slough and admixed materials. Total recovery with minimal 
contamination from sloughing was achieved near the surface, but contamination 
increased as the hole deepened due to sloughing and widening of the hole due to 
wobbling of the auger stem. Greatest accuracy in volume determination was also 
achieved at the surface where the depth of penetration could be controlled. The volume 
estimate is less accurate as depth increases. To estimate sampling error, the depth relative 
to the surface at the time the auger was removed from the hole was compared to the depth 
relative to the surface after the auger was returned to the hole before augering continued. 
This method is believed to over estimate the error. As the water content in the profile 
decreased through the growing season, the error due to sloughing increased greatly as 
cohesion between grains decreased. Severe sloughing forced abandonment of sampling 
during the driest times of the summer. In the laboratory, the entire sample was dried and 
weighed. 
 
2.3.2 Bulk Properties of Pyroclastic Deposits 
 Depositional processes for the pyroclastic materials create distinctive bulk 
properties in the fall and flow deposits. Pyroclastic-fall deposits are commonly well-
sorted with respect to granular density due to fractionation during air transport. Thickness 
and grain size were found by Young (1990) to vary in a predictable fashion except on 
steep slopes. Deposits from the climactic single-vent Plinian eruption phase are divided 
by Young (1990) into a lower and an upper pumice unit. Both the lower and upper 
pumice units are present at the pyroclastic fall sample site. The site lies near the 
distribution axis (azimuth = 108°) of the eastern lobe of the lower pumice unit within the 
100 cm (39.4 inches) isopleth and within the 50 cm (19.7 inches) isopleth of the upper 
pumice unit (Young, 1990). Near the sample site, at site 54 of Young (1990), the median 
grain size of the lower pumice unit (Mdǿ, cumulative weight is 50% of the total where 
ø=-log2 r, r being the diameter of the sieve mesh in mm) is -0.8 phi and sorting parameter 
(σǿ , one standard deviation from the median) is 1.3 phi (Young, 1990, thickness data for 
site 54 is basal ash = 2 cm (~0.8 inches), lower pumice = 150 cm (~59 inches), upper 
pumice = 90 cm (~35 inches)).  
 
 The pyroclastic-flow site is located within the deposits of the ring-vent phase of 
the eruption (Bacon, 1983; Druitt and Bacon, 1986; Bacon and Lanphere, 2006). After 
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leaving the Cascades, pyroclastic flows traveled along gently sloping terrain and the 
differences of emplacement temperatures cause vertical, proximal, and distal variations in 
properties of the flow deposits (Jones, 1993). Williams (1942) describes the flow deposits 
as containing poorly defined layers and lenses of pumice blocks interbedded with scoria 
and cinders. The pyroclastic flow sample site is located approximately 19 miles (30 km) 
east-northeast of the caldera rim (Fig. 2.3). 
    
2.3.2.1 Mass distribution of water in pyroclastic deposits relative to grain size 

The weight percent water and grain size with depth in the pyroclastic fall deposits 
are presented in Figure 2.4 to Figure 2.10 where the data point is plotted at the lowest 
point of the sample interval. These data are from James (2006) 

 
Qualitative inspection of the data suggests the weight percent water depends on 

the relative percentage pumice lapilli present in the sample. Correlations between weight 
percent water and grain size for pyroclastic-fall deposits are presented in Table 2.1. A 
coefficient of 1 shows a strong correlation, a value of –1 shows an inverse relationship, 
and a value of 0 shows a random relationship or no correlation. The weight percent water 
in the 10-November-2002 data for the sample from 0 to 0.15 m (6 inches) depth (Fig. 2.8) 
was not included in the correlation analysis due to the precipitation event that occurred 
minutes before sampling. The correlation coefficient for pumice lapilli from the 
pyroclastic-fall deposits and weight percent water ranges 0.84 to 0.99 indicating a strong 
correlation between these two sets of data. Coarse ash has a correlation coefficient 
ranging –0.77 to –0.99 indicating an inverse relationship. The correlation between fine 
ash and weight percent water ranges from –0.51 to –0.94 in the pyroclastic fall. Thus, in 
the pyroclastic fall deposits the weight percent water in the sample varies inversely to ash 
content. Activities that reduce the overall grain size of the pyroclastic-fall deposits by 
increasing the percentage of fine and coarse ash decreases the water holding capacity of 
the deposits.  

  

Table 2.1: Correlation coefficient between grain size and percent water content in 
pyroclastic-fall deposits. 

 
 

 

Pyroclastic fall  Correlation with Water Content      
Grain Size 5/1/02 6/18/02 7/25/02 8/30/02 11/10/02 3/9/03 6/8/03 

Lapilli 0.85 0.90 0.92 0.94 0.95 0.84 0.99 
Coarse ash -0.84 -0.88 -0.89 -0.94 -0.94 -0.77 -0.99 
Fine ash -0.51 -0.93 -0.91 -0.94 -0.85 -0.81 -0.92 
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Grain Size Distribution and Water Content of pyroclastic 
fall deposits 5/1/02
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Figure 2.4: Grain size distribution and weight percent water with depth for samples 
collected in the pyroclastic-fall deposits on 1-May-2002. 
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Figure 2.5: Grain size distribution and weight percent water with depth for samples 
collected in the pyroclastic-fall deposits on 18-June-2002. 
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Grain Size Distribution and Water Content of pyroclastic 
fall deposits 7/25/02
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 Figure 2.6: Grain size distribution and weight percent water with depth for samples 
collected in the pyroclastic-fall deposits on 25-July-2002. 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Figure 2.7: Grain size distribution and weight percent water with depth for samples 
collected in the pyroclastic-fall deposits on 29-August-2002. 
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Figure 2.8: Grain size distribution and weight percent water with depth for samples 
collected in the pyroclastic-fall deposits on 10-November-2002. 
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Figure 2.9: Grain size distribution and weight percent water with depth for samples 
collected in the pyroclastic-fall deposits on 9-March-2003. 
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Grain Size Distribution and Water Content of pyroclastic 
fall deposits 6/08/03
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Figure 2.10: Grain size distribution and weight percent water with depth for samples 
collected in the pyroclastic-fall deposits on 8-June-2003. 

 
Figure 2.11 to Figure 2.14 show the weight percent water and grain size with 

depth in the pyroclastic-flow deposits. Correlations between weight percent water and 
grain size for pyroclastic-flow deposits are presented in Table 2.2. The correlation 
coefficient for pumice lapilli from the pyroclastic-flow deposits and weight percent water 
ranges 0.84 to 0.92 indicating a strong correlation between these two sets of data. Coarse 
ash has a correlation coefficient ranging –0.62 to –0.94 indicating an inverse relationship. 
The correlation between fine ash and weight percent water ranges from –0.89 to 0.28 in 
the pyroclastic-flow deposits. In the pyroclastic-flow deposits the value for the March 
2003 sample suggests an inverse relation but weak to no correlation for other samples. 

 

 

Table 2.2: Correlation coefficient between grain size and percent water content in 
pyroclastic-flow deposits. 

Pyroclastic flow  Correlation with Water Content 
Grain Size 9/7/02 11/10/02 3/9/03 5/17/03 

lapilli 0.84 0.87 0.92 0.86 
coarse ash -0.94 -0.66 -0.68 -0.62 
fine ash 0.28 0.12 -0.89 -0.18 
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Figure 2.11: Grain size distribution and weight percent water with depth for samples 
collected in the pyroclastic-flow deposits on 7-September-2002. 
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Figure 2.12: Grain size distribution and weight percent water with depth for samples 
collected in the pyroclastic-flow deposits on 10-November-2002. 
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Figure 2.13: Grain size distribution and weight percent water with depth for samples 
collected in the pyroclastic-flow deposits on 8-March-2003. 
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Figure 2.14: Grain size distribution and weight percent water with depth for samples 
collected in the pyroclastic-flow deposits on 17-May-2003. 

 
2.3.2.2 Volume of water in pyroclastic-fall deposits 

Melady (2002) and James (2006) hypothesized that the water holding capacity of 
the pyroclastic-fall deposits in the lower elevation areas east and south of Klamath Marsh 
was greater or equal to the annual precipitation received in these areas. As a result, in 
most years, the winter precipitation primarily replenishes water supply needed to support 
evapotranspiration, but is not adequate to provide recharge to the local ground water 
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system. Lack of water level changes in shallow piezometers located in low lying 
meadows within pyroclastic-fall deposits during and after spring snow melt in years of 
relatively low precipitation was cited as evidence supporting this assertion (Chap. 9). 

   
On 2-October-2005 field sampling procedure was modified to secure estimates of 

the volume of water contained in the pyroclastic-fall deposits. The change in methods 
sought to maximize sample recovery from the auger hole in order to estimate the total 
volume of water contained in the section. The recovery of material was most successful 
in the interval between the surface and the point where the top of the auger was estimated 
to be flush with the ground surface. It is visually estimated that recovery is greater than 
95% of the actual volume. However, percent of a sample interval recovered from deeper 
in the hole, within the lapilli-rich section, is difficult to estimate. Sloughing, loss of 
primary fabric resulting in expansion due to disturbance by the auger, and inability to 
directly observe the process by which the auger filled with pumice adds to the 
uncertainty. In the first interval (0 to 8 inches) the estimated water volume is 0.2 ml/cm3 
of material. For the depth interval 62 to 67 inches, the water volume is estimated at 0.1 
ml/cm3. The weight percent water in the bulk samples for these intervals on 2-October-
2005 was 12 percent and 22 percent, respectively. However, October 2 sampling 
followed the onset of autumn rains and the upper 8 inches contained more water than 
most of the profile. The weight percent water ranged from 6.7 percent to 9.5 percent 
between 8 inches and 48 inches following a relatively dry previous winter and summer. 
The upper 4 feet of the profile (finer grained lapilli) contained approximately 0.2 ml/cm3 
water and the lower 4 feet of the profile (coarse lapilli) contained approximately 0.1 
ml/cm3.  A back-of-the-envelope calculation by James (2006) using these data and bulk 
grain size data for the profile estimated that an 8 foot-long cylinder with a diameter of 3 
inches of pyroclastic-fall deposits on 2-October-2005 contained approximately 104 in3 
(1700 ml) of water. 
 
2.3.2.3 Water Holding through Time 

James (2006) reconstructed the moisture content at the pyroclastic-fall site on an 
annual basis based on periodic sampling. The addition of water to the pyroclastic-fall 
profile from snow melt and spring precipitation provides the water supply for plant 
growth and, in some years, for local ground water recharge. This study was conducted 
during the latter part of the 2002 and during all of the 2003 water years. This allowed 
response of the system during two summers to be examined.  

 
Figure 2.15 presents cumulative precipitation data from the Chemult Alternate 

Snotel site for the period 1-April-2002 to 30-September-2003. The Snotel site is located 
at an elevation of 4760 feet, approximately 145 feet higher than the pyroclastic-fall site. 
Precipitation at the pyroclastic-fall site is expected to be similar. The 2002 and 2003 
water years received less than average precipitation. Average annual precipitation for the 
Chemult Alternate Snotel site is 28.2 inches (71.6 cm; 1961-1990; 
ftp://ftp.wcc.rcs.usda.gov/data/snow/ads/or/or6190).    
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Figure 2.15: Cumulative precipitation and snow water equivalent (SWE) from 1-April- 
2002 to 30-September-2003 at Chemult Alternative Snotel Site in Chemult, Oregon 
(NOAA, 2003).  Precipitation is accumulated from 1-October of each year. 

 
The less than normal precipitation in the Williamson River basin during the time 

when James (2006) conducted her study is further demonstrated by discharge data for the 
Williamson River near Klamath Agency at U.S. Geological Survey gage #1149350. 
Table 2.3 shows the percent exceedance for a selection of water years before and after the 
sample period. Percent exceedance means, as an example, that for water year 2002, 72% 
of the annual flow volumes for the water year have been greater than the value shown. 
Values less than 50% are relatively wet and values greater than 50% are relatively dry. 
These exceedance levels are based on 47 years of record. The values in Table 2.3 
demonstrate the increasing intensity of the drought during the time water holding 
capacity of the pumice was investigated.   
 

Table 2.3: Percent exceedance for water years 1987 to 2004 at the Williamson River near 
Klamath Agency, Oregon. (U.S. Geologic Survey gage #1149350).  

Water Year % of Average % Exceedance 
1987 109 40 
1988 80 61 
1989 85 53 
1990 39 87 
1991 13 96 
1992 4 100 
1993 49 83 
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1994 5 98 
1995 17 93 
1996 No Data No Data 
1997 No Data No Data 
1998 No Data No Data 
1999 144 20 
2000 134 27 
2001 70 65 
2002 61 72 
2003 42 85 
2004 27 91 

 
The following narrative by James (2006) tracks the changes in water content in 

the pyroclastic-fall profile through an annual cycle. Thickness data for site 54 of Young 
(1990) suggest the total thickness of pyroclastic-fall deposits at the sample site is 
approximately 8 feet (~2.4 m). Most sampling for this study was conducted in the upper 
6.5 feet. For recharge of the local ground water system to take place water must move 
downward through the pyroclastic-fall deposits.   

 
Both the fall and flow deposits have an increase in the weight percent water for 

the near surface sample collected 10-November-2002 (Figure 2.8 and Figure 2.12) due to 
precipitation that occurred prior to sampling. Based on temperature data collected at the 
Chemult Snotel site the water added through melting snow to the pyroclastic-fall profile 
had taken place by 1-May-2002, the date when the pyroclastic-fall profile was sampled 
(Fig. 2.4). In the upper, finer grained part of the profile (roughly 0 – 3.3 ft depth) water 
accounted for approximately 18 weight percent of the total sample (average 17.3, n = 6) 
and in the lapilli-dominated part of the profile (roughly 3.3 –6.5 feet depth) water 
accounted for approximately 30 weight percent (average 28.7, n = 6). This is the water 
distribution at the start of the growing season. The weight percent water in samples where 
the lapilli are less than approximately 13 percent decreases to a low of 6 weight percent 
by 29-August-2002 (Figure 2.7). Throughout this period samples where pumice lapilli 
comprise 30 to over 40 percent of the grain size maintain weight percent water greater 
than 28 percent, a value similar to the start of the growing season. 

 
 Winter precipitation in 2002 - 2003 restored water content to an average of 32 
weight percent (n = 6) within the finer grained section and to a depth of approximately 
3.3 feet by 9-March-2003 (Figure 2.9) when snow patches were still present at the sample 
site. On 8-June-2003, during the early growing season the fine-grained section contained 
approximately 25 weight percent water and the lapilli-rich section contained 40 weight 
percent water. Data from the Chemult Snotel Site (Fig. 2.15) indicate approximately 29 
inches (53 cm) of precipitation was received between 11-November-2002 and 8-June-
2003. 
 
 At the pyroclastic-flow site, the first sample from 7-September-2002 (Figure 2.11) 
is late in the growing season. Water weight percent follows the percent lapilli (average r2 
= 0.87, n = 4). The weight percent water is less than 23 percent throughout the profile 
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(depth 5.8 ft). A similar pattern persists in November with the exception of the upper 6 
inches wetted by recent precipitation.   
 
 The March 2003 profile (Figure 2.9) shows water increase to 32 weight percent to 
a depth of 28 inches. The profile below 28 inches is similar to the November 2002 
profile. However, by May 2003 the profile to 5.7 feet was approximately uniform at 22 – 
28 weight percent water.   
 
 The movement of water through the pyroclastic deposits is poorly understood.  
Qualitative and quantitative analysis of the data show that the weight percentage of water 
in pumice lapilli is greater than in coarse and fine ash. Preliminary results calculated on a 
volume basis, however, suggest coarse lapilli-rich layers contain less water per unit 
volume than ash-rich layers.  
 

Manville et al. (1998) examined the saturation behavior of pumice and its 
sedimentological implications. They present a discussion based on the theoretical 
framework for heat conduction and fluid flow in porous media. Although this theoretical 
framework provides a starting point, the assumptions used in the models diverge from the 
properties of real pumice. In real specimens of pumice from the A.D. 181 eruption of 
Taupo Volcano, North Island, New Zealand, the behavior is similar to water infiltration 
into soils. A distinct wetting front separates areas of distinctly different degree of 
saturation and changes position with time. However, in pumice the wetting front develops 
a reticulate pattern controlled by the capillary penetration of water along large tubular 
vesicles that penetrate deep into the clast and the diffusional exchange of air and water 
across the wetting front. Once fully saturated, the pumice behaves similar to normal 
clastic material in terms of its hydrodynamic behavior (except for low density). At the 
pyroclastic-fall site in the Williamson River basin, the pumice does not reach a saturated 
state, however, the complex pattern of pores within the pumice and their degree of 
connectivity (Klug and others, 2002) suggests that the outer portion of the grains may 
become locally saturated allowing water to move downward through the profile in a 
manner similar to movement in clastic sediment composed of non-porous grains. Since 
the location of the wetting front within the pumice grain changes through time, the rate at 
which water is added impacts the movement through the pumice deposit. If water enters 
the deposit at a rate faster than the capillary and diffusional processes function within 
grains, it may move through the pumice deposit differently than if slowly applied. Data 
presented in Figure 2.4 to Figure 2.14 suggest water from the spring snowmelt may 
exhibit patterns of plug flow through the pyroclastic deposits.  
 

The behavior of the wetting front in the pumice deposit at the pyroclastic-fall site 
is further complicated by climate factors. In those years when autumn precipitation falls 
as rain, later snowfall accumulates on frozen ground. During the spring thaw, patches of 
snow overlie frozen soil while snow-free areas are thawed. This patchwork pattern of 
near surface frozen and thawed pumice may result in extremely variable patterns to the 
wetting front within the deposit.   
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Whether enough precipitation is received to pass through the pyroclastic-fall 
deposits to enter the shallow ground water system appears to depend upon the 
distribution of water in the profile at the end of the previous growing season, the 
thickness and grain size distribution of the deposit, the precipitation received during the 
winter, and the relation between frozen ground and rate of snow melt. The depth to the 
water table in pyroclastic-fall deposits at sites near the data collection site (Middle Yoss 
and Lower Yoss, Fig. 9.14) show steadily decreasing ground water levels from 27-April-
2001 to 6-September-2003 (Chap. 9). These ground water observations along with the 
water content analysis in the pyroclastic-fall deposits suggest that precipitation that falls 
on the uplands to the south, east, and northeast of the marsh did not recharge the shallow 
ground water during the 2002 and 2003 water years. Also, precipitation falling on areas 
such as the Antelope Desert where pyroclastic flows are present did not recharge the 
shallow ground water system during the 2002 and 2003 water years. 
 
2.3.2.4 Pyroclastic flow Infiltration Rate 

Melady (2002) inferred that the pyroclastic-flow deposits act as an aquitard and 
water from the Cascade Range is partitioned between the ground water and surface water 
systems as it enters the western edge of the basin. Various creeks drain the eastern flank 
of the Cascade Range to flow across pyroclastic flow deposits toward Klamath Marsh. 
Melady (2002) estimated the infiltration rate at 10-6 m s-1 to 10-5 m s-1. In order to confirm 
this estimate and examine spatial variability of infiltration in the pyroclastic flow deposits 
three streams flowing over the pyroclastic flow deposits were selected by James (2006) 
for additional analysis. Change in discharge between two locations on Sand, Pothole, and 
Miller creeks (Fig. 2.3) over the pyroclastic-flow deposits was used to estimate 
infiltration. Bear Creek, Silent Creek, Desert Creek, and Tiny Creek were dry during 
water years 2002 and 2003 when the study was conducted. Pothole Creek had enough 
flow to be measured during the melting of snow in the Cascade Range and discharge was 
measured once at two different locations on 8-June-2003.  

 
Miller Creek flowed throughout the snowmelt period and discharge was measured 

three times during 2002 – 2003. Sand Creek flowed continuously throughout the study 
and discharge was measured at two locations four times during 2002 – 2003. In all cases, 
lithic-rich medium-grained sand overlies the pyroclastic-flow deposits. Although field 
observations indicate the sand is present at all sites, thickness at all sites has not been 
determined. 

 
Since instantaneous discharge measurements at two sites were conducted within 

minutes of each other, the difference in discharge between the two locations is assumed 
to be from infiltration into the pyroclastic flow deposits that underlie the stream channels. 
The closeness in the time of observations also limits any significant loss due to 
evapotranspiration. Darcy’s law is applied: 

 
AIKQ ××=  

Where hydraulic conductivity (K) is estimated to be the discharge loss between the 
measurement locations (Q) divided by the area over which the discharge loss occurs (A) 
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multiplied by the hydraulic gradient (I), which is one because flow is vertical. The area of 
discharge loss is determined by multiplying the channel distance between the gage 
locations by the mean width of the channel. The width of the channel was measured at 
each gage location but was unknown for the channel between locations. Therefore, the 
calculations were determined using the mean width of the measured locations. This 
approach was also used by Melady (2002). 
 

In Chapter 3, stream discharge measurements from 21-May-2002 to 4-May-2003 
at the Sand Creek, Sun Mountain Road site (see Table 3.3) indicate flow is steady and 
persistent so the stream is assumed to be in hydraulic equilibrium. Therefore, the change 
in discharge reflects infiltration into the pyroclastic flow deposits. Where auger holes 
have been drilled to the pyroclastic-flow deposits the sand thickness is approximately 6 
feet. The stratigraphic configuration at Sand Creek is similar to that at Scott Creek where 
measured approximately 1.9 miles north-northeast on Sun Mountain Road. A ground 
penetrating radar (GPR) profile (field observations 19-October-2003) across Scott Creek 
at Sun Mountain Road shows the slope on the water table is away from the stream 
indicating conditions associated with a loosing stream. This is also assumed to be the 
case at Sand Creek. Thus, bank storage is not quantified for the infiltration rate 
calculations.   

 
Infiltration rate into the pyroclastic flow deposits ranges from 10-5 to 10-6 m s-1 

near Sand Creek, from 10-4 to 10-5 m s-1 near Pothole Creek, and from 10-3 to 10-4 m s-1 
northeast of Crater Lake near Miller Creek (Table 2.4). However, there are no data to 
indicate how long flow was in Pothole Creek before discharge was measured. The stream 
may not have been in hydraulic equilibrium resulting in over estimating the infiltration 
rate. Flow in Miller Creek is more persistent, however, channel morphology is complex 
and could result in an over estimate of the infiltration rate. The data for Sand Creek 
provide the most reliable estimate of the infiltration rate in the underlying pyroclastic 
flow deposits. However, infiltration rates may be assumed to vary as the pyroclastic flow 
characteristics change regionally due to differences in emplacement temperatures and in 
deposition of block materials. Although infiltration estimates were calculated to examine 
the spatial variability in the pyroclastic deposits, the quality of the estimates at Pothole 
and Miller Creeks do not allow rigorous assessment of regional variability in infiltration 
rate. However, the relatively low infiltration rates near Sand Creek suggests the 
pyroclastic flow deposits may act as a confining layer as inferred by Melady (2002), 
Cummings and Melady (2002), and James (2006).  

Table 2.4: Values used for the estimation of infiltration rate into the pyroclastic-flow 
material. 

   Sand Creek   
Gauging 

Location on  
Discharge 

(m3 s-1) 
Mean 

Channel 
Width (m) 

Distance 
between  
gauging 

locations (m) 

Infiltration 
Area (m2) 

Infiltration 
 Rate (m s-1) 

16-Jun-02      
Sun Mt. Rd. 0.73 3.4 6900 23460 10-5 

Hwy 97 0.41     
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28-Aug-02      
Sun Mt. Rd. 0.52 3.4 6900 23460 10-5 

Hwy 97 0.14     
13-Oct-02      

Sun Mt. Rd. 0.35 2.7 6900 18630 10-5 
Hwy 97 0.18     

9-Mar-03      
Sun Mt. Rd. 0.35 3.4 6900 23460 10-5 

Hwy 97 0.18     
   Pothole Creek   

8-Jun-03      
Rd. 2308 0.07 0.8 1670 1336 10-5 
Rd. 350 0.02     

   Miller Creek   
23-Jul-02      
Culverts 0.34 2.5 550 1375 10-4 

Power Line 0.01     
13-Apr-03      
Culverts 0.14 2.1 550 1155 10-4 

Power Line 0.01     
8-Jun-03      
Culverts 2.06 2.8 550 1540 10-3 

Power Line 0.34     
   

2.4 Summary 
 The everywhere present pryoclastic deposits of Mount Mazama in the Williamson 
River basin mediate the flow paths of surface and ground water systems. Details are 
provided in the following chapters. The analysis presented in this chapter indicates: 

• During the last glacial maximum, glaciers extended down the flanks of Mount 
Mazama, other Cascade peaks, and Yamsay Mountain and cut prominent U-
shaped valleys. Glacial melt water transported sediment into neighboring low land 
areas. 

• Pyroclastic deposits from the single-vent and ring-vent phases of the cataclysmic 
eruption of Mount Mazama dominate the surface deposits throughout the 
Williamson River basin and the physical properties of these deposits influence 
surface- and ground-water flow paths. 

• Climate at the time of the cataclysmic eruption was relatively dry and warm with 
low effective precipitation. At the time of the eruption, glacial ice was above the 
level of the modern caldera rim at least on the south flank of Mount Mazama.  

• The weight percent water in pyroclastic deposits is correlated to grain size 
distribution and is greater in pumice lapilli and blocks. The greatest volume of 
water is in the fine lapilli-dominated deposits.  

• Whether precipitation is adequate to locally recharge the ground water system in 
lower elevation areas of the basin where pyroclastic-fall deposits are present 
depends upon the distribution of water in the profile at the end of the previous 
growing season, the thickness and grain size distribution of the deposit, the 
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precipitation received during the winter, and the relation between frozen ground 
and rate of snow melt. 

• Infiltration rates in pyroclastic-flow deposits suggest that these deposits serve as a 
confining layer where they overlie pyrolcastic-fall deposits. 

• The infiltration rate in pyroclastic-flow deposits along the western margin of the 
Williamson River basin likely varies with location and depends upon surface and 
temperature conditions at the time of emplacement, grain size distribution, and 
distance from source. 

• Where discharge rates exceed the rate of infiltration, surface water channels may 
transport water greater distances from the Cascade Range. As discharge 
decreases, water soaks into the pyroclastic-flow deposits before flowing into the 
basin. 
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Chapter 3: East flank Cascade Range recharge region 
 
Quadrangles: Fort Klamath, Sun Pass, Pothole Butte, Welch Butte, Chemult, Mazama, 
Lenz, Fuego, Soloman Butte. 

3.1: Introduction 
 Geologic mapping in the Fort Klamath (Wiley, 2004), Soloman Butte (Cummings 
and Lee, unpublished mapping), Fuego (Cummings and James, unpublished mapping), 
Lenz (Jenks, unpublished mapping), reconnaissance in the Sun Pass, Pothole Butte, 
Welch Butte, Chemult, and Mazama, articles by Bacon (1983), Druitt and Bacon (1986), 
a recently published article on the evolution of Mount Mazama by Bacon and Lanphere 
(2006), and soon to be published geologic map by Bacon (2007) provide the geologic 
framework of the western edge of the Williamson River basin. The quadrangles described 
in this section contain the distinct topographic change from the gently sloping landscape 
of Antelope Desert and Klamath Marsh to the steeper topography that makes up the east 
flank of the Cascade Range (Fig. 3.1). The east flank of the Cascade Range provides most 
of the surface and ground water in the Williamson River basin. 
 

3.2: Bedrock geology 
The distribution of bedrock units in the Pothole Butte, Crater Lake East, Maklaks 

Crater, and Sun Pass quadrangles are shown in Figure 2 of Bacon and Lanphere (2006). 
In that paper, the geochemistry, geochronology, and lithology of bedrock units are 
emphasized and stratigraphic units assigned to Mount Mazama are distinguished from 
those assigned to older and younger regional volcanism. Bacon and Lanphere (2006) use 
the following time boundaries for division of the Quaternary Epoch; Holocene-
Pleistocene at 10 ka; late Pleistocene-middle Pleistocene at 128 ± 1 ka, middle-
Pleistocene-early Pleistocene at 775 ± 10 ka. These time boundaries are assumed in the 
following paragraphs which are summarized from Bacon and Lanphere (2006).    

 
The first buttes west of the Antelope Desert (Fig. 3.1) and included in Figure 2 of 

Bacon and Lanphere (2006) range from early to late Pleistocene in age and include 
andesite (andesite of Scott Creek, 87 ±15 ka; andesite south of Lookout Butte, 155 ± 6 
ka), basaltic andesite, (basaltic andesite north of Lookout Butte, 605 ± 25 ka), dacite 
(dacite of Sand Creek 1058 ±16 ka; dacite of Dry Butte 1275 ±14 ka), and rhyodacite 
(rhyodacite of Pothole Butte 410-460 ka; rhyodacite of Scott Creek 410-460 ka). The 
dacite and rhyodacite units were erupted from several vents. However, the similarity in 
composition, mineralogy, and texture suggests that individual units were erupted over a 
relatively short period of time. The andesite and basaltic andesite units are simple 
monogenetic cones constructed around a single vent. These deposits pre-date the 
inception of Mount Mazama.  
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Figure 3.1: Topographic map of the western edge of the Williamson River basin and 
north of Crater Lake. Stream gage locations for this study are shown by red circles. 
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The dacite of Mount Scott, the oldest dated unit assigned to Mount Mazama by 
Bacon and Lanphere (2006), overlies the rhyodacite of Scott Creek and rhyodacite of 
Pothole Butte. Mount Scott was the principal vent for the dacite of Mount Scott and K-Ar 
age dates are 422 ± 10 ka and 416 ± 7 ka. Figure 3.2 shows the cross section of a dome 
exposed in a cirque on the northwest flank of Mount Scott as viewed from the East Rim 
Drive in Crater Lake National Park. The dacite of Mount Scott is the dominant lava flow 
unit of Mount Mazama within the east flank of the Cascade Range in the Williamson 
River basin. 

 

 
Figure 3.2: West flank of a dacite dome exposed within a glacial cirque on the northwest 
flank of Mount Scott. The walls of the cirque expose the internal structure of the dome. 
Photo taken from picnic area off the East Rim Drive in Crater Lake National Park. Photo 
taken by M. L. Cummings, July 2007. 
 
 
 The geology of the east flank of the Cascade Range to the south/southeast of 
Crater Lake is reported for the Fort Klamath (Wiley, 2004), Soloman Butte (Cummings 
and Lee, unpublished mapping) and Fuego quadrangles (Cummings and James, 
unpublished mapping). This area forms a topographic divide between the Williamson 
River basin and the Wood River Valley located to the west. The following presentation 
starts with rocks near the canyon of the Williamson River and moves to the 
north/northwest toward Crater Lake (Fig. 3.3). 
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Figure 3.3: Topographic map of areas southeast of Crater Lake. Red flags indicate 
locations of rocks for which age dates are reported in Table 3.1. Red circles are stream 
gage locations. The small red dot on the Williamson River is the U.S. Geological Survey 
gage near Klamath Agency (#11493500). 
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Bedrock age dates are sparse, but indicate that units are generally late Pliocene to 

early Pleistocene (Table 3.1). A basaltic andesite lava flow exposed in road cuts along 
Highway 97 north of Collier Memorial State Park (Table 3.1) is dated at 1.14 ± 0.10 Ma 
(40Ar/39Ar ) (Cummings and Lee, unpublished mapping; Wiley, 2004). This lava flow 
overlies approximately 230 feet of lacustrine and fluvial sedimentary rocks that are well 
exposed in road cuts along Highway 97 north of Collier Memorial Park. The age of the 
sedimentary rocks is constrained by a 1.5 inch-thick ash layer about 156 feet above the 
base of section. Tephrochronologic correlation of this ash indicates an age of at least 1.45 
Ma (unpublished data of Andre Sarna-Wojcicki, 1998). Likewise, diatoms from the 
lacustrine unit indicate an age of 1.8-2 Ma (unpublished data of J. Platt Bradbury, 1998). 
The sedimentary rocks overlie a basaltic lava flow at the source springs for Spring Creek 
(s. 33, T. 35 S. R. 7 E.) (Wiley, written communication, 2000). Likewise, Cummings and 
Lee (unpublished mapping, Soloman Butte quadrangle) report a basalt lava flow beneath 
the sedimentary section.  
 
Table 3.1: Age dates for bedrock units in the east flank of the Cascades Range province. 
Sequence or 
Sample ID 

UTM 
coordinates 

Age Method Reference 

Fue32SR7Es27 
 

593123 E 
4735638 N 

0.82 ± 0.07 Ma 40Ar/39Ar  This report 

Basaltic 
andesite of 
Spring Hill 

 1.14 ± 0.10 Ma 40Ar/39Ar Lee, 2000; 
Wiley, 2004 

Sedimentary 
rocks of 
Collier Grade 

 >1.45 Ma Tephro-chronology 
by A.M. Sarna-
Wojcicki 

Lee, 2000; 
Wiley, 2004 

Sedimentary 
rocks of 
Collier Grade 

 1.8-2 Ma Diatom 
biostratigraphy by 
J. Platt Bradbury 

Lee, 2000; 
Wiley, 2004 

Fue32SR8Es34 
Soloman Butte 

601408 E 
4734793 N 

1.71 ± 0.06 Ma 40Ar/39Ar This report 

Age determinations for this report were prepared by P. Layer, Geochronology 
Laboratory, University of Alaska Fairbanks. See Appendix A for details. 
 

Soloman Butte, a composite volcano (~1245 ft local relief) (Lee, 2000; 
Cummings and Lee, unpublished mapping, Soloman Butte quadrangle) lies east of the 
canyon of the Williamson River and southeast of Kirk. The cone is composed of 
porphyritic andesite lava flows, flow and vent breccias and has a volume estimated at 
0.93 mi3 (3.9 km3; Lee, 2000). A 40Ar/39Ar date of 1.71 ± 0.06 Ma for a porphyritic 
andesite lava flow on the lower northeast flank of Soloman Butte in the Fuego quadrangle 
(Cummings and James, unpublished mapping; Table 3.1) suggests this composite volcano 
erupted during the late Pliocene to early Pleistocene. 

  
Distinctively textured, thin basalt lava flows are exposed east of the Williamson 

River canyon in the Soloman Butte quadrangle (Cummings and Lee, unpublished 
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mapping). The flow sequence is estimated at 80 feet thick and individual flows may be 
less than 1.5 feet thick. Subtle topographic rises located south of Soloman Butte are 
potential vent areas for these flows. Outcrops near these inferred vents have distinctive 
wavy flow-layering patterns characterized by highly vesiculated, dark gray layers 
approximately 1 to 2 inches thick separated by less weathered, light gray non-vesiculated 
layers approximately 1 to 1.5 inches thick. This texture indicates repeated injections of 
lava into the body of thin, low viscosity flows during emplacement resulting in inflation 
of the flow volume. Many of the southern outcrops commonly display elongate vesicles, 
radial jointing patterns, and ropy, palagonitic flow tops. Farther south, these flows have 
pillowed bases where they overlie sedimentary rocks believed to correlate with those 
exposed at the Highway 97 road cuts north of Collier Memorial Park. These pillowed 
flows are well-exposed along the Union Pacific rail line in the south central part of the 
Soloman Butte quadrangle (Cummings and Lee, unpublished mapping). Outcrop patterns 
indicate pillow-palagonite deltas were building towards the west southwest.  

 
These basalt flows are texturally distinctive as well as geochemically distinctive. 

The basalt flows are low-K, high alumina olivine tholeiites (HAOT) according to the 
classification proposed by Hart and others (1984) and plot within the field defined as 
primitive HAOT on an AFM diagram (Lee, 2000). The age has not been determined, but 
field relations indicate these lava flows overlie sedimentary rocks believed to be 1.0 to 
1.5 million years old, onlap the Soloman Butte composite volcano with a date of 1.71 Ma 
and overlie a distinct erosion surface cut into basaltic hydroclastic deposits exposed in the 
Williamson River canyon.  

 
The basaltic hydroclastic deposits exposed in the walls of the lower reach of the 

Williamson River canyon form coalescing tuff cones produced during violent syneruptive 
interactions between magma and ground water. Similar deposits form a broad area that 
extends south to beyond the Sprague River valley. The age of these deposits is not 
known, but they are believed to be late Miocene to early Pliocene. However, deposits of 
this character are commonly low permeability and form barriers to ground water 
movement. It is likely that the erosion surface cut into these deposits and overlain by 
younger basalt and basaltic andesite lava flows is a flow path for ground water.  

 
 The lava flows that underlie the east flank of the Cascades Range southeast of 
Crater Lake include andesite, basaltic andesite, and trachyandesite (Wiley, 2004; 
Cummings and Lee, unpublished mapping); basaltic andesite is the most abundant. Lava 
flows and scoria cones (e.g. Spring Hill) are prominent. Lava flows are porphyritic with 
phenocrysts of plagioclase (usually two or three different textures in the same flow). An 
early Pleistocene 40Ar/39Ar date of 0.82 ± 0.07 is reported by Cummings and James 
(unpublished mapping, Fuego quadrangle) from a lava flow in the southwest corner of the 
Fuego quadrangle. On the basis of topography, the source of this flow lies in the Sun Pass 
quadrangle to the west. 
 
 The geology of the foothills area north of Crater Lake is presented at 1:500,000 
scale (Sherrod and Pickthorn, 1992). Geologic information on the Cascade Range and the 
foothills region in the northwestern part of the Williamson River basin and in the vicinity 
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of Chemult is sparse. Based on reconnaissance, Bacon and Lanphere (2006) report that 
the Timber Crater shield volcano, located north of Crater Lake (Fig. 3.1), is composed of 
andesite lava flows. A 40Ar/39Ar isochron age date of 137 ± 10 ka is provided for a flow 
on the southwest flank of the ~2.2 mi3 ( ~9 km3) volcano. The peak is lightly glaciated, 
but ice-contact features were not found during reconnaissance mapping of the volcano 
suggesting eruptions did not take place while the volcano supported glaciers. The 
morphology of Timber Crater is distinctly different from the heavily glaciated peak of 
Mount Thielsen which rises 2000 feet higher. The heavily glaciated Mount Thielsen is 
inferred to be one of the older Quaternary volcanoes of the Cascade Range.  
 

3.3: Pyroclastic deposits 
 Pyroclastic deposits from the climactic eruption of Mount Mazama are prominent 
throughout the east flank and bordering lowlands in the western Williamson River basin. 
Pyroclastic deposits have been studied by Williams (1942), Bacon (1983), Druitt and 
Bacon (1986), and Young (1990). The east flank of the Cascade Range in the Williamson 
River basin contains pyroclastic deposits of the single-vent and multiple-vent eruption 
phases. Pyroclastic fall deposits from the Plinian eruption stage of the single-vent phase 
blanket the landscape. However, locally in areas immediately east of Crater Lake, Bacon 
and Lanphere (2006) indicate the pyroclastic fall deposits were stripped from the western 
flanks of rhyodacite and dacite domes by pyroclastic flows of the single-vent and 
multiple-vent phases of the eruption.  

 
Williams (1942) constructed an isopach map of the single-vent phase pumice 

deposits. Thickness in the east flank region is at least 5 feet and greater than 10 feet to the 
north-northeast in the Chemult area and east-southeast in the Klamath Marsh. Young 
(1990) examined the thickness, texture, geochemistry, and grain size distribution of the 
pyroclastic fall deposits of the single-vent phase of the eruption. The climactic eruption 
pumice deposits are divided into a basal ash bed, lower pumice unit, divider ash bed, and 
upper pumice unit. The basal ash bed was probably deposited during the opening of the 
climactic vent and is thin and widespread (>3,860 mi2). The onset of the Plinian, single-
vent phase of the eruption produced the lower pumice unit which is divided into two 
lobes, an eastern lobe and a northern lobe. During deposition of the lower pumice unit 
wind direction abruptly changed from westerly to southerly. The earlier-deposited eastern 
lobe developed while the Plinian column was relatively tall and stable and wind was 
westerly. However, the eruption column began to lower and become more unstable after 
the wind direction changed and the upper part of the lower pumice unit in the northern 
lobe records this column instability. At the caldera rim, the increasingly unstable column 
is represented by thin pyroclastic flow deposits interbedded with pumice layers. A 
temporary collapse of the eruption column produced the divider ash bed which forms a 
layer north-northeast of the vent. Resumption of the Plinian eruption produced the upper 
pumice unit which Young (1990) indicates “represents one of the most voluminous 
deposits from a single eruption column in the Holocene record.” Toward the top of the 
deposit in the Crater Lake caldera walls, intra-Plinian pyroclastic flows become common. 
In the banks of Cottonwood Creek east of Mount Thielsen, Young (1990) reports median 
grain size increases in each of five distinct and successively younger layers in a section 
that is approximately 26 feet thick. The grain size increases upward throughout the 
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distribution area of the upper pumice unit. This pattern is interpreted as indicating 
increases in column height after initial vent widening. However, as the eruption 
continued the vent began to widen severely, leading to overloading of the column so that 
the column could no longer convect efficiently to support the pyroclasts exiting the vent. 
This lead to column collapse and pyroclastic flows that formed the Wineglass Welded 
Tuff and partially filled glacially carved valleys on the flanks of the volcano. The 
Wineglass Welded Tuff marks the end of the single vent-phase of the eruption and is 
followed by the onset of the multiple-vent phase which poured pyroclastic flows down 
the flanks and inundated the immediately surrounding landscape.  

 
The end result of the eruption of Mount Mazama in the western margin of the 

Williamson River basin is at least 5 feet and in most areas north-northeast of Crater Lake 
more than 20 feet of pumice. The Wineglass Welded Tuff partially fills the glacial 
valleys cut into the flanks of Mount Mazama, and unwelded pyroclatic flow deposits 
occupy lower topographic areas as far north as Chemult (Williams, 1942), as far 
southeast as the Williamson River canyon (Cummings and Lee, unpublished mapping, 
Soloman Butte quadrangle) and as far east as the east side of Klamath Marsh (Cummings 
and Melady, unpublished mapping, Military Crossing quadrangle).  

 
Thick outcrops of the single-vent phase Wineglass Welded Tuff are exposed in 

the deeply incised canyon of Sand Creek (Fig. 3.4) southeast of Mount Scott. Pyroclastic 
flow deposits of the ring-vent phase form a veneer over the pyroclastic-fall deposits and 
the Wineglass Welded Tuff, fill in valleys in the east flank area, and extend as a thick 
apron to the east, northeast, and southeast of the caldera (Chap. 9). Outcrops of 
Wineglass Welded Tuff are present in the upper reaches of Cottonwood Creek and dark 
gray, stretch-vesicle pumice is present as float in the upper reaches of Sink Creek. 

  
Figure 3.4: Exposures of the Wineglass Welded Tuff in the canyon walls of Sand Creek 
near Sand Creek Pinnacles. Photo by J. Hackett, 2006. 
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3.4: Post climactic eruption of Mount Mazama 

The evolution of the landscape of the east flank of the Cascades Range after the 
eruption of Mount Mazama is covered in Chapter 4. In Chapters 4 and 9, attention is 
drawn to lithic- and crystal-rich sand that overlies the pyroclastic flow deposits where 
streams such as Scott Creek, Sand Creek, Sink Creek and Miller Creek exit the east flank 
of the Cascade Range. Upstream within the Cascade Range, these creeks are deeply 
incised into pyroclastic deposits, but as they exit the east flank area they change from 
eroding to depositing systems.  
 

3.5: Subsurface reconstruction based on drillers’ logs 
 Drillers’ logs from water wells are sparse in the east flank of the Cascades Range 
and adjoining areas of the Antelope Desert. The following observations are based on the 
logs for water wells in range 7 E from township 33 S. in the south to 27 S. in the north. 
The well logs provide information on the thickness of pyroclastic deposits in the 
transition from the east flank of the Cascade Range to the Antelope Desert and static 
water levels at the time the wells were drilled. Because these wells have not been located 
in the field, reliability of location data presented in the logs is supported by several wells 
in a relatively small area reporting similar subsurface information. Since many of the 
wells within a square mile are in areas of little elevation variation, consistency in static 
water levels, thickness of near-surface deposits, and depth to contacts were examined 
before well logs were interpreted as properly located. This led to exclusion of several 
wells from the analysis. 
 

Water wells in T. 33 S., R. 7 E. are located in the River Park Subdivision in 
section 35 and on the west bank of the Williamson River after it leaves the canyon (Fig. 
3.5). The subdivision lies within the debris fan deposited by flood waters at the time the 
pyroclastic dam in the Williamson River canyon was breached (Conaway, 2000; Chap. 
8). The deposits encountered in wells vary considerably depending upon location relative 
to the debris fan. Static water levels are reported at 11 to 15 feet below the local ground 
surface which is generally slightly above 4200 feet. The subdivision is located where 
upper Miocene and lower Pliocene rocks (Cummings and Lee, unpublished mapping, 
Soloman Butte quadrangle) underlie upper Pliocene and Pleistocene lavas and 
sedimentary rocks of the NW-SE oriented topographic divide between the Williamson 
River and the Wood River Valley (Fig. 3.3) (Wiley, 2004; Cummings and Lee, 
unpublished mapping, Soloman Butte quadrangle; Cummings and James, unpublished 
mapping, Fuego quadrangle). 

 
The deepest well, KLAM 729, penetrated 30 feet of fan debris before entering 

fine grained sedimentary rocks. From 30 to 67 feet “hard blue clay” is reported. From 67 
to 115 feet is “hard brown claystone” and from 115 to 163 feet is “blue sandstone”. 
Outcrops of basalt hydroclastic rocks along the Williamson River and at U.S. Forest 
Service Williamson River Campground (Cummings and Lee, unpublished mapping, 
Soloman Butte quadrangle) suggest the well penetrated rocks of a basaltic tuff cone 
between 30 and 163 feet. Likewise, well KLAM 730 probably entered basalt hydroclastic 
rocks at 44 feet (E.O.H. 77 ft). The overlying debris fan deposits consist of pumice-
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bearing sand and pumice lenses (0-22 ft), boulders (22-39 ft), and sand (39-44 ft). The 
thickness of the boulder deposit at the distance of the subdivision from the mouth of the 
canyon (0.4 mi) is approximately 15 to 20 feet. 

 
 

 
Figure 3.5: Topographic map showing location of the River Park Subdivision (yellow 
triangle) relative to the mouth of the Williamson River canyon, the boulder deposits at 
the mouth of the canyon (gravel pit), location of basalt hydroclastic outcrops (yellow x), 
and sedimentary rocks exposed in road cuts on Highway 97 (yellow pentagon). The red 
flag shows the location of the 1.14 ± 0.0.10 Ma basaltic andesite of Spring Hill. 

 
 
North of Kirk and the upper reaches of the Williamson River canyon several 

water wells in section 24, T. 32 S., R. 7 E. and section 19, T. 32 S., R. 8 E. serve 
domestic uses for homes and cabins constructed on a basaltic andesite bedrock high (Fig. 
3.6) (Cummings and James, unpublished mapping, Fuego quadrangle). The bedrock high 
rises 70 feet above the valley bottom. Dense lava flows, flow top-breccia and breccia that 
is interpreted to be near the source vent (near center s. 19, T. 32 S., R. 8 E.). The 
topography of the valley bottom reflects wave action in the lake that filled behind the 
pyroclastic dam in the Williamson River canyon (Conaway, 2000; Chap. 8) and scour as 
the water impounded in the lake drained after dam failure. This bedrock high also lies in 
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a relatively narrow part of the valley where bedrock–related topography of the east flank 
of the Cascade Range and older bedrock units located southeast of Klamath Marsh are at 
their nearest distance.  

 
The following paragraphs examine all of the wells in these two townships (T. 32 

S, R 7 and 8 E.) and will be referred to in Chapter 9 where discharge from Klamath 
Marsh is discussed. The water wells in Figure 3.6 are generally located within the 40-acre 
division of sections 24 (T. 32 S., R. 7 E), 19, 18, 17, and 7 (T. 32 S., R. 8 E.) where 
drillers’ logs indicate a well was drilled. 

 
Wells in sections 24 (R. 7 E.) and 19 (R. 8 E.) are located on the flanks and slopes 

of the basaltic andesite bedrock ridge. Only a few houses are located on the ridge top. 
The interpretation of the well logs suggests the lava flows which comprise the 
topographic high in sections 24 (R. 7 E.) and 19 (R. 8 E.) interfinger with fine to coarse 
grained sedimentary rocks including gravel. The thickness of the basaltic andesite lava 
flows and cinder deposit is as great as 150 feet (KLAM 54864), but the flows do not 
appear to extend much beyond the topographic high in these sections. The wells are for 
domestic use and have reported yields between 10 and 50 g.p.m. The driller’s log for 
KLAM 705 (SE, SW, s. 19, T. 32 S., R. 8 E.) indicates this well was abandoned during 
drilling at a depth of 53 feet due to “bad water”. The well penetrated 15 feet of pumice 
before entering 10 feet of boulders and clay. Between 25 and 53 feet the log refers to 
“broken rock”. Water was first encountered at a depth of 40 feet. No information is 
provided as to the cause of the “bad water” problem.  

 
To the north of the bedrock high in section 18 and 7 (T. 32 S. R. 8 E.) interbedded 

sedimentary rocks and lava flows are suggested by descriptions in the logs. However, 
sedimentary rocks are more abundant than lava flows. At the time of completion, well 
KLAM 702 (SW, SE, s. 7, T. 32 S., R. 8 E.) produced 1400 g.p.m. with perforated zone 
between 38 and 188 feet. The upper 60 feet of the perforated zone is in “broken lava” and 
the lower 90 feet is mostly in fine grained sedimentary rocks. In section 17 (T. 32 S., R. 8 
E.), the perforated zone in well KLAM 10345 between 40 and 140 feet produced 3800 
g.p.m. during a pump test. The production zone is within interbedded sand, gravel, and 
minor silt. From 140 to 340 feet the well penetrated lava flows with some relatively thin 
interbedded sandstone. The driller’s log suggests the flows are relatively thin and may be 
best correlated to thin basalt lava flows that are exposed in eastern Fuego quadrangle and 
in the Wocus Bay quadrangle where an Ar39/Ar40 age date of 1.62 ± 0.47 Ma is reported 
by Conaway (2000) and Cummings and Conaway (unpublished mapping, Wocus Bay 
quadrangle).   
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Figure 3.6: Topographic map showing the general location of water wells southeast of 
Fuego in the Fuego quadrangle. Green dots are located within the 40-acres described in 
drillers’ logs. The topographic high in the southwest corner of the map is underlain by 
lava flows from the Cascade Range. The eastern edge of this area is probably bounded by 
a fault. The topographic high in the southeast corner of the figure is the northern edge of 
the Soloman Butte andesite stratovolcano. The topographic high along the east edge of 
the map is underlain by thin basalt lava flows similar to flows exposed in the Wocus Bay 
quadrangle (Cummings and Conaway, unpublished mapping).   

 
 

Directly east of Crater Lake, the greatest concentration of wells is along F.S. 
Arterial Road 66 (Klamath County Road 3104) between U.S. Highway 97 and the Sun 
Mountain Road (s. 17, 16, 22, 23, and 24, T. 31 S, R. 7 E.). Figure 3.7 shows the general 
locations of wells provided by drillers’ logs for water wells in these sections. The wells 
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are located in the alluvial fans of Scott and Sand Creek immediately east of the first 
topographic highs associated with the east flank of the Cascades.  

 

 
Figure 3.7: Topographic map showing the general location of water wells in s. 1, 12, 17, 
16, 22, 23, and 24, T. 31 S, R. 7 E. The red triangle in the northeast corner of the map 
indicates the location of well KLAM 50590. 
 
 Drillers’ logs for water wells in section 17 (T. 31 S., R. 7 E) intersect gravel and 
sand between approximately 80 and 100 feet below the surface (estimated at 4630 ft) 
after passing through pyroclastic deposits. Sandy topsoil is present at some sites. The 
driller’s log for Klam 657 suggests pyroclastic flow (brown clay & pumicestone) deposits 
may be 80 feet thick and overlie approximately 20 feet of pyroclastic fall (pumicestone) 
deposits. Static water levels appear to be 80 to 85 feet below the surface at the time the 
wells were drilled.  
 
 In section 16 (T. 31 S., R. 7 E.) the surface elevation is approximately 4610 feet. 
A number of wells have been drilled in this section to meet water needs of a small 
subdivision. Gravel and sand are encountered at approximately 85 feet. Pyroclastic-fall 
and –flow deposits are not easy to distinguish in the drillers’ logs. Gray pumice between 
65 feet and the end of the hole at 80 feet in well KLAM 52720 suggest approximately 20 
feet of pyroclastic-fall deposits and 65 feet of pyroclastic-flow deposits.  
 

Wells in the subdivision east of Highway 97 in sections 1 and 12 (T. 31. s., R. 7 
E) have surface elevations near 4545 feet. The pyroclastic-flow deposits appear to be 
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approximately 30 to 35 feet thick and pyroclastic-fall deposits may be 20 feet thick. 
Driller’s log for well KLAM 50675 (s. 12, T. 31 S., R. 7 E) suggests pyroclastic deposits 
may be 50 feet thick (total) and overlie interbedded sand, coarse sand, and some clay 
(probably silt). What is interesting in this log is a distinction made between sediment 
from 50 to 128 feet which is described as “all sand to this point was flowing” versus 
“hard sandstone” between 128 and end of hole at 136 feet. The driller’s log for the 
deepest well, KLAM 50590 (sec. 1, T. 31 S., R. 7 E), does not separate pyroclastic 
deposits from sand and gravel deposits. Instead, the log lumps these materials as “pumice 
& black sand” from 0 to 321 feet. Between 321 and 452, the end of hole, lava rock (321-
365 ft and 446 to 452 ft) alternates with black sand (365-446 ft). The standing water level 
is reported at 10 feet which is similar to the levels reported for other wells in this area. 
The pump test on this well indicated a 3200 g.p.m. yield with 12 feet draw down after 7 
hours.  

 
Moving northward along the foothills zone, there are few water wells. Two wells 

are located in T. 30 S, R. 7 E., but neither has a lithologic log available. One, KLAM 588, 
has been instrumented by the U.S. Geological Survey for continuous recording of water 
levels. The record (Fig. 3.8 and 3.9) is continuous from 12-September-2000 when the 
water level was 187.46 feet below the local ground surface (4,795 feet) to 1-April-2007 
when the water level was 199.75 feet below the surface. Figure 3.8 indicates slight 
recovery of water level after the lowest record was established on 17-Ocotober-2006 at 
200.60 feet below the surface. The highest water level for this well was recorded 11-
November-1954 when it reached 184.79 feet. The well is located north of Lookout Butte 
near Bear Creek. Bacon and Lanphere (2006) include Lookout Butte in the pre-Mazama 
rhyodacite of Pothole Butte which ranges in age between 410 and 460 ka. Pyroclastic-
flow deposits are expected to dominate the surface deposits in this area.  

 
 Figure 3.9 illustrates the continuous water level record since June 2005 for 
KLAM 588. The water level slowly declined until reaching the lowest value at 200.60 
feet below the surface on 17-October-2006. From this low point, water levels rose to 
199.75 feet below the surface on 1-April-2007. The subtle rise in water level after 17-
October-2006 took places several months after snow melted from this area in a year when 
snow pack was ample. Figure 3.10 contains cumulative precipitation curves for the 
Chemult Alternate Snotel Site for 2006 and 2007 water years. Included in Figure 3.10 for 
comparison are curves for the average precipitation and snow water equivalent for 1971-
2000. Precipitation and snow water equivalent during the 2006 water year were above 
average (1971-2000), however well KLAM 588 did not respond until several months 
after the snow melted and peak discharge was recorded in streams draining the Cascade 
Range. The 2007 water year up to 1-June-2007 is below average for both parameters. The 
length of time needed for water level in the well to respond to increases in precipitation 
and snow water equivalent after a period of drought is measured at least in months. 

 
Driller’s logs for anode wells for the gas transmission facilities at Diamond Lake 

Junction in s. 1, T. 29 S., R. 7 E. indicate pumice deposits are approximately 60 feet 
thick, but provide no information whereby pyroclastic-flow versus –fall deposits can be 
differentiated. The pyroclastic deposits are underlain by coarse sand, gravel, and probably 
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silt lenses or basalt (either hard or broken). Static water levels are reported at 
approximately 70 feet below the surface. The surface elevation is approximately 4610 
feet. 

 
 

 
Figure 3.8: Approved periodic water level measurements for well KLAM 588 located 
near Bear Creek north of Lookout Butte. Continuous record from 12-September-2000 to 
1-April-2007. (http://or.water.usgs.gov/projs_dir/or180/waterlevels/recorders/index.html, 
accessed, 1-June-2007). Elevation of the well is 4795 feet. Water level on 1-April-2007 
was 199.75 feet below the ground surface. 
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Figure 3.9: Continuous water levels for well KLAM 588 located near Bear Creek north of 
Lookout Butte. Record is continuous from 12-September-2000 to 1-April-2007. 
(http://or.water.usgs.gov/projs_dir/or180/waterlevels/recorders/index.html, accessed, 1-
June-2007). Elevation of the well is 4795 feet. 
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Figure 3.10: Annual precipitation for water year 2006 and 2007 for the Chemult Alternate 
Snotel Site http://www.wcc.nrcs.usda.gov/snotel/snotel.pl?sitenum=395&state=or, site 
access 1-June-2007. (Site Number: 395; Station ID: 21f22s, Elevation 4850 feet) 
 

 
Well KLAM 10153 is an observation well located near Miller Lake in the 

northwestern corner of the Williamson River basin. Miller Lake (surface elevation 5630 
ft) occupies a cirque located at the south end of Miller Mountain. Miller Creek is fed by 
Miller Lake and is one of the streams monitored in this study (Chap. 4). Instantaneous 
depth measurements at KLAM 10153 are reported in Figure 3.11 for the period of 1-
November-1989 to 16-October-2006 (204.26 ft). The lowest recording was 10-July-2006 
when the water surface was measured at 204.98 feet beneath the surface. From this low 
point, water levels rose at least 0.72 feet during the late summer and into early autumn 
(16-October-2006 at 204.26 ft). The driller’s log does not record the lithologies 
encountered above 130 feet and indicates broken basalt rock between 130 and 305 feet 
with a static water level of 197 feet (11/7/90).  

 
A second well is located at the Digit Point Camp Ground (KLAM 52019) at 

Miller Lake. The driller’s log for this well indicates pumice deposits are 25 feet thick. 
“Clay” is identified between 25 and 42 feet where “hard lava” is reported to the end of 
hole at 130 feet. Static water level is 40 feet below the ground surface, the elevation for 
which is not provided in the log.   
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Figure 3.11: Water levels in observation well KLAM 10153. 1-November-1989 to 16-
October-2006 (http://or.water.usgs.gov/projs_dir/or180/waterlevels/obs_net/index.html, 
accessed December 26, 2006). Elevation of the well is 5675 feet. 
 
 

3.6: Instantaneous discharge measurements 
 Instantaneous discharge on Scott, Sand, Miller, Cottonwood, and Bear creeks has 
been measured since March, 2002 with greatest persistence at Scott and Sand creeks. 
Sink Creek discharge was measured once at five different locations on 31-August-2007. 
The locations and characteristics of the measuring sites are presented in Table 3.2. Three 
objectives have been pursued in these measurements. 1) Estimate the base flow 
conditions and timing of peak discharge on streams discharging from the Cascade Range. 
2) Estimate combined instantaneous surface water discharge from the Cascade Range to 
the Williamson River basin at different times of the year. 3) Estimate hydrologic 
properties of pyroclastic flow deposits in the western part of the Williamson River basin.  
 
 Instantaneous discharge from Sand, Scott, Bear, Cottonwood, and Miller creeks 
are reported in Table 3.3 for the period from March 2002 to October 2006. Access to the 
measuring sites for Sand, Bear, Cottonwood, and Miller creeks is limited in the winter 
months due to snow. Access to Sand Creek at Sun Mountain Highway between 
November, 2002 and March, 2003 reflects the thin snow pack during that winter.  
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The instantaneous discharge on all creeks within the east flank of the Cascade 
Range is locality specific because streams lose water to the ground water system 
particularly where they have channels developed in glacial deposits and pumice units 
formed during the Plinian phase of the Mount Mazama eruption. The relation between the 
surface and ground water systems in the Cascade Range foothills is discussed in Chapter 
4 and was reported by Cummings (2007). Base flow and “peak” discharge measurements 
reported in this section are specific to locality and should not be applied to other sites in 
the system. The measurement locations are listed in Table 3.2. For some streams, 
multiple sites are reported. Instantaneous discharge for all sites is reported in Table 3.3.    
 
Table 3.2: Gage site characteristics for streams in the east flank Cascade Range province. 
Stream Site location Site characteristics 

F.S. Local Road 010 near UTM 
588387 E, 4771956 N 

Two, 30-inch steel culverts. Pyroclastic flow 
deposits on west side of valley, sand and 
glassy silt on east side of valley. 

State Highway 138 near UTM 
590323 E, 4770683 N 

Concrete box culvert, 6 feet wide. Fine to 
medium sand and glassy silt over pyroclastic-
flow deposits. Thickness of sand ~ 2 feet. 

Off F.S. Local Road 710 near 
UTM 588001 E, 4772421 N, in s. 
32, T. 29 S., R. 7. E. 

Open channel in area where stream is 
moderately incised into the upper terrace. 
Thickness of sediment on terrace is greater 
than 2.5 feet. Pyroclastic-flow deposits.  

Cottonwood Creek 

Off F.S. Local Road 710 near 
UTM 585099 E, 4773801 N, in s. 
25, T. 28 S. R. 6 E. 

Open channel in deeply incised section of 
stream. Outcrop of Wineglass Welded Tuff in 
southwest bank. Overlain by pyroclastic-flow 
deposits of ring-vent phase. 

Sun Mtn Road near UTM 589870 
E, 4745750 N 

Concrete box culvert 10 feet wide. Unknown 
thickness of coarse-grained mineral- and 
rock-rich sand over pyroclastic-flow deposits. 

Powerline crossing on F.S. 
Arterial Road 66 near UTM 
594085 E, 4747054 N 

 One, 72-inch diameter steel culvert. ~ 6 feet 
of coarse-grained mineral- and rock-rich sand 
over pyroclastic-flow deposits. 

Sand Creek 

Hwy 97 at Sand Creek Station 
near UTM 595464 E, 4747692 N 

Two, six-feet wide concrete box culverts. 
North culvert is usually plugged with sand. 
Medium to fine-grained sand of unknown 
thickness over pyroclastic-flow deposits.  

Scott Creek Sun Mtn Road near UTM 590761 
E, 4748606 N 

Two, 24-inch degraded concrete culverts. 
Coarse sand to cobbles of unknown thickness 
over pyroclastic-flow deposits. 

Bear Creek F.S. Arterial Road 70 near UTM 
586161 E, 4761998 N 

One, 15-inch diameter steel culvert. 
Pyroclastic flow deposits. 

F.S. Local Road 620 near UTM 
591530 E, 4781801 N 

One, seven-feet diameter, flat bottomed steel 
culvert. Cobble to boulders overlain by 
coarse-grained black sand and glassy sand to 
silt with admixed mineral grains. Outburst 
flood deposits.  

Broken wooden bridge on 
abandoned road off F.S. Collector 
Road 9771 near UTM 593912 E, 
4780498 N 

Meandering open channel near dilapidated 
bridge on abandoned forest road. Wherever 
possible, measurement taken perpendicular to 
stream bank. Valley bottom underlain by 
cobbles of dense volcanic rocks overlain by 
mineral/rock sand and glassy sand to silt- 
outburst flood deposits. 

F.S. Collector Road  9770 near 
UTM 595175 E, 4778567 N 

Two 72-inch steel culverts with flat bottoms. 
Pyroclastic flow deposits beneath 
approximately 12 inches of fine sand and 
glassy silt. 

Miller Creek 

Holiday Street Town of Beaver Two, 50-inch diameter steel culverts. 
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Marsh near UTM 597223 E, 
4776576 N 

Pyroclastic flow deposits disturbed by human 
activity. May be thin sand layer locally. 

Off F.S. Collector Road 9776 near 
UTM 586509 E, 4777600 N 

Open channel incised into pyroclastic flow 
deposits where stream crossed topography 
that is likely related to faulting. Boulders 
common in stream bed. 

F.S. Collector Road 9777 near 
UTM 587017 E, 4776805 N 

Three, 36-inch culverts. Pyroclastic flow 
deposits. Boulders common in stream bed. 

Off F.S. Local Road 330 near 
UTM 589065 E, 4774892 N, in s. 
29, T. 29 S., R. 7 E. 

Open channel incised into pyroclastic flow 
deposits. 

Off F.S. Local Road 330 near 
UTM 591089 E, 4774500 N, in s. 
27, T. 29 S., R. 7 E. 

Open channel incised into upper terrace. A 
low terrace about 4 feet above stream level is 
present on the south shore. Pyroclastic-flow 
deposits. 

Sink Creek 

F.S. Collector Road 9775 near 
UTM 591801 E, 4773543 N 

Two,, 36-inch steel culverts. Fining upward 
sediment overlying pyroclastic-flow deposits. 

 
 

The highest discharges on all streams are recorded in June when snow melt from 
the Cascade Range enters the western edge of the basin. The highest discharge was 
measured for Sand Creek at Sun Mountain Highway on 22-June-2006 when an 
instantaneous discharge of 80 cfs was measured. The water column was murky due to 
high suspended load (pumice sand to pebbles and ash) and pumice pebbles and coarse 
sand grains were moving along the bed of the stream. Although high suspended and bed 
load was observed in 22-June-2006, pumice grains are commonly observed moving on 
the bed at all rates of discharge. Likewise, pumice pebbles are commonly observed 
moving as part of the bed load where measurements are conducted on Cottonwood Creek.  

 
Base flow for Sand Creek where it passes beneath Sun Mountain Highway is 

approximately 10 to 12 cfs and commonly persists between October and late April. Base 
flow for Scott Creek is probably 3 to 4 cfs during the same time. Scott Creek 
measurements at Sun Mountain Highway are impacted by the configuration of the double 
concrete culverts. Water depth is particularly difficult to measure. At the Cottonwood 
Creek measurement site on F.S. Local Road 010, base flow is estimated at 0.5 cfs in late 
summer. Beavers blocked one of the culverts at the measurement site in late summer, 
2006. Discharge at Miller Creek at F.S. Collector Road 9770 and Bear Creek at F.S. 
Arterial Road 70 may be absent from late September to sometime in the winter months 
(sites cannot be accessed during snow months).   
 
Table 3.3: Instantaneous discharge in cubic feet per second (cfs) for streams in the east 
flank of the Cascade Range province. 
Stream 3/29/02 5/21/02 6/17/02 7/25/02 8/28/02 9/6/02 10/12/02 11/9/02 
Sand Creek 
Sun Mtn Rd 

 24.4  25.8  19.4  18.4  16.2  12.4 
 

15.5  

Scott Creek 
Sun Mtn Rd 

15.2  5.6  10.6  3.2  6.4  6.00  4.9  6.4  

Miller Creek 
FS Road 9770 

 19.1  22.6  6.0     

 
Stream 1/13/03 2/8/03 3/8/03 4/12/03 5/4/03 6/7/03 7/14/03 9/6/03 3/26/04 4/19/04 6/14/04 
Cottonwood 
Creek, FS 

    0.7   15.9  10.6  Snow ND 7.3 
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Road 010 
Cottonwood 
Creek, Hwy 
138 

        Dry ND 2.2 

Sand Creek 
Sun Mtn Rd 

13.1  9.2 10.6  12.0  13.4  54.4  22.6  17.3  Snow ND 48.1 

Sand Creek 
powerline 

        15.6 ND 37.7 

Sand Creek 
Hwy 97 

        13.1 ND 29.2 

Scott Creek 
Sun Mtn Rd 

6.4  2.1  3.2 4.2  3.5  15.5  5.3  5.6  3.2 ND 14.1 

Miller 
Creek FS 
Road 9770 

   2.5 7.0  36.7  8.5  Dry Snow 11.0 31.4 

Miller 
Creek town 
of Beaver 
Marsh 

       Dry Dry Dry 98.9 

 
Stream 8/29/04 1/8/05 2/19/05 3/25/05 4/23/05 6/16/05 7/10/05 8/26/05 10/2/05 4/22/06 
Cottonwood 
Creek Rd 
010 

    1.4  4.9 6.0  0.4  0.8   

Cottonwood 
Creek Hwy 
138 

Dry    Dry Dry 2.6 Dry Dry  

Sand Creek 
Sun Mtn Rd 

25.9   16.4  19.4  34.6  19.0  18.4  18.7   

Sand Creek 
Power line 

32.8 32.2 22.3 24.7 26.3 34.0  27.5 28.6 25.4 

Sand Creek 
Hwy 97 

24.4   13.3 13.7   14.7 16.4  

Scott Creek 
Sun Mtn Rd 

5.8  6.9 3.2 3.9 10.6 4.8 4.8 4.9 3.8 

Miller 
Creek FS 
Road 620 

 ND ND ND ND ND ND ND ND Snow 

Miller 
Creek 
broken 
bridge 

 ND ND ND ND ND ND ND ND Snow 

Miller 
Creek FS 
Road 9770 

Slight Snow 
storm 

Snow Snow 2.6 18.1 10.8 Dry Dry Snow 

Miller 
Creek 
powerline 

Dry Snow 
storm 

Snow Snow Dry Flow flow Dry Dry Snow 

Miller 
Creek town 
of Beaver 
Marsh 

Dry Snow 
storm 

Dry Dry Dry Dry Dry Dry Dry Dry 

 
Stream 6/20/06 8/2/06 8/31/06 11/25/06 7/31/07 8/31/07 
Cottonwood 
Creek, s. 25 

     5.1 

Cottonwood 
Creek, s. 32  

     2.3 

Cottonwood 
Creek Rd 

21.3  3.2 1.6 0.3   0.2 
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010 
Cottonwood 
Creek Hwy 
138 

10.8 0.6 Dry Dry Dry Dry 

Sand Creek 
Sun Mtn Rd 

80.0  55.0 36.3      

Sand Creek 
Powerline 

43.1* 44.0 28.3    

Sand Creek 
Hwy 97 

  25.7 
 

   

Scott Creek 
Sun Mtn Rd 

20.7 15.7 12.8    

Bear Creek 
Arterial 70 

0.8      

Miller 
Creek at FS 
Local 620 

96.0 77.2 48.2  Snow 29.3 30.3 

Miller 
Creek at 
broken 
bridge 

50.3 21.8 12.1 18.2  7.9 

Miller 
Creek at 
Collector  
9770 

49.8 11.4 7.7 11.9 0.8 0.2 

Miller 
Creek at 
powerline 

Extreme 
flooded 

Flooded Flooded Flooded Water in 
channel, 
weak flow 

Dry 

Miller 
Creek at 
town of 
Beaver 
Marsh 

48.1 Dry Dry Dry Dry Dry 

Sink Creek 
off 9776 

     5.9 

Sink Creek 
at 9777 

     33.3 

Sink Creek 
off 330, s. 
29 

     6.9 

Sink Creek 
off 330, s. 
27 

     1.2 

Sink  Creek 
at 9775 

     Dry 

*Diversion of water from Sand to Scott Creek beneath bridge on F.S. Arterial Road 66 
measured at 29.3 cfs on 20-June-2006. The diversion lies between the box culvert on Sun 
Mountain Road and the steel culvert at the powerline site. 

 
 The combined instantaneous discharge for creeks flowing within the east flank for 
various dates is presented in Table 3.4. The measurement points are located in Table 3.4 
caption and fall near the boundary between the topographic features of the east flank and 
the low relief landscape of the Antelope Desert. Measurement sites were selected with 
respect to access and are arbitrary points rather than locations selected because of a 
significant hydrologic or geologic change in the stream. Sink Creek which drains the 
foothills in a distinctly incised valley that passes the north side of Welch Butte (Welch 
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Butte and Miller Lake quadrangle) was observed once during this study. Based on field 
observation at that time it is likely discharge is perennial in the incised reach. 
 
Table 3.4: Combined instantaneous discharge estimate for streams draining the east flank 
of the Cascade Range. Data collection sites located at: Sand Creek at Sun Mountain Road 
(UTM 589870 E, 4745760 N), Scott Creek at Sun Mountain Road (UTM 590755 E, 
4748617 N), Bear Creek at F.S. Arterial Road 70 (UTM 586161 E, 4762009 N), 
Cottonwood Creek at F.S. Local Road 010 (UTM 588376 E, 4771966 N), and Miller 
Creek at F.S. Road 9770 (UTM 595175 E, 4778561 N). No data for Bear Creek except on 
20-June-2006. Sink Creek not included in this analysis. 
23-April-2005 16-June-2005 10-July-2005 26-August-2005 20-June-2006 

27 cfs 68 cfs 40 cfs 24 cfs 173 cfs 
 
 The combined discharge of streams passing through the measurement circuit from 
the Cascades to the Antelope Desert during base flow conditions is less than 25 cfs and is 
probably between 23 and 30 cfs. Such conditions occur from late summer (August) to 
late spring (up to late May) during years when fall precipitation as rain is low. The 
highest discharge passing across the measurement route was in June 2006 when 
combined instantaneous discharge was near 250 cfs (an estimate for Sink Creek similar to 
Sand Creek added).  
 
 The instantaneous discharge measurements on 20-June-2006 are of particular 
interest because discharge from the Cascade Range was probably near peak in a year 
when snow conditions (Fig. 3.10) and spring runoff conditions tended to favor stream 
flow. On that date, we observed all channels at the sites designated in Table 3.4 and flow 
was observed only in Sand, Scott, Bear, Cottonwood, and Miller Creek. We deviated 
from the route along F.S. Arterial Road 70 in the Welch Butte quadrangle to determine 
whether discharge was taking place on Desert Creek where it crosses F.S. Collector Road 
2308 in section 34, T. 29 S, R. 6 E., approximately 2 miles upstream of F.S. Arterial 
Road 70. The channel at this location was dry.  
 
 The third objective of discharge studies in the east flank of the Cascade Range in 
the Williamson River basin is to estimate infiltration rates for pyroclastic flow deposits 
from the multiple vent phase of the eruption of Mount Mazama. The method used to 
accomplish this objective are described and presented in Chapter 2.  
 

Sand, Scott, Miller, and Cottonwood creeks flow across alluvial fans of fine sand 
to coarse cobbles (depending whether channel or over-bank deposits) that overlie 
pyroclastic-flow deposits (Chap. 4). Melady (2002) estimated the infiltration rate of the 
pyroclastic-flow deposits in the Sand Creek area at 10-6 m s-1 to 10-5 m s-1. James (2006) 
expanded the study to estimate the variation in infiltration rates along the range front. She 
determined that the infiltration rate into the pyroclastic-flow deposits ranges from 10-5 to 
10-6 m s-1 near Sand Creek, from 10-4 to 10-5 m s-1 near Pothole Creek, and from 10-3 to 
10-4 m s-1 northeast of Crater Lake near Miller Creek (see Table 2.4). However, questions 
about hydraulic equilibrium at Pothole Creek and channel morphology of Miller Creek as 
it enters Beaver Marsh were cited as uncertainties with the estimates for these areas. The 
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data for Sand Creek provide the most reliable estimate of the infiltration rate in the 
underlying pyroclastic-flow deposits. However, infiltration rates may be assumed to vary 
as the pyroclastic flow characteristics change regionally due to differences in 
emplacement temperatures and in deposition of block materials. The relatively low 
infiltration rates near Sand Creek suggests that water moves through the pyroclastic-fall 
deposits with greater ease than through the pyroclastic-flow deposits. 

 
 In 2006 and 2007, instantaneous discharge measurements on Miller Creek and 
Cottonwood Creek upstream from locations used by James (2006) and in 2007 five sites 
on Sink Creek were added to examine change in discharge along the streams’ courses. 
The characteristics and discharge data for Miller Creek, Cottonwood Creek, and Sink 
Creek are presented in Chapter 4. In all cases, discharge in June sends water beyond the 
range front. However, as summer continues, this water soaks into the pyroclastic-flow 
deposits and the streams progressively lose flow farther upstream. The greatest losses 
take place where channels are deeply incised into pyroclastic-flow deposits or into the 
underlying pyroclastic-fall deposits (Chap. 4). 
 

3.7: Isotope ratios and hydrochemistry 
 Oxygen and hydrogen isotopic ratios and cation and anion concentrations have 
been determined for Scott and Sand creeks, the most prominent and persistent streams 
discharging from the east flank of the Cascade Range. Both creeks have headwaters on 
the flanks of Mount Mazama; Scott Creek on the eastern flank of Mt Scott and Sand 
Creek near the east caldera rim. These data are reported in Table 3.5. 
 
Table 3.5: Oxygen and hydrogen isotopic ratios for Scott and Sand creeks from collection 
points along Sun Mountain Road. 

Creek Name Collection date δD δ
 18O 

4-June-2000 -108 -14.8 
21-October-2000 -102 -14.4 
12-January-2003 -112 -13.8 

Scott Creek 

17-May-2003 -105 -14.1 
4-June-2000 -109 

-109 
-14.8 
-14.9 

Sand Creek 

21-October-2000 -103 -14.5 
Analyzed by Geochron Laboratories a division of Krueger Enterprises, Inc., Cambridge, 
Massachusetts. 
  
 Figure 9.30 in Chapter 9 contains all oxygen and hydrogen isotopic data collected 
during this study. The isotopic ratios for water from Sand and Scott creeks are distinctly 
heavier than ratios for water from other sites in the Williamson River basin. The variation 
of isotopic ratios with season in Scott and Sand creeks suggests discharge is controlled by 
snow melt taking place at different elevations and variations in the proportion of surface 
and ground water moving through the streams during the year.  

 
Hydrogeochemistry was determined for Scott and Sand creeks for samples 

collected upstream from bridges/culverts on Sun Mountain Road. During the winter, 
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samples for Sand Creek were collected at F.S. Arterial Road 66 because the Sun 
Mountain Road was closed by snow. Compared to samples collected at Cottonwood, 
Miller, and Pothole creeks, samples from Sand and Scott creeks are distinctly higher in 
sulfate (Table 3.6A and Table 3.6B). This may reflect hydrothermal alteration prominent 
in the walls of the Crater Lake caldera near the head of Sand Creek and ongoing 
hydrothermal activity in the volcano (Wheat et al., 1998)  

 
Table 3.6A: Sand Creek sampled at Sun Mountain Road or at powerline crossing on F.S. 
Arterial Road 66 (Klamath County Road 3104) (*). Concentration in ppm. 
Sample 
date 

F- Cl- NO3
- HPO4

- SO4
2- Total alk* 

8/29/02 0.14 0.22 0.02 0.06 5.26  
4/13/03 0.10 0.18 ND ND 5.74  
8/30/04 0.06, 0.07 0.21, 0.19 0.17, 0.17 ND, ND 4.32, 4.32  
1/8/05* 0.10, 0.09 0.17, 0.36 0.08, 0.09 0.07, ND 5.21, 6.02  
3/26/05 0.10 0.37 0.31 0.14 6.42  
4/24/05 0.07 0.24 0.56 ND 5.72  
10/2/05 0.11, 0.09 0.39, 0.39 ND, 0.17 0.46, ND 5.35, 5.37 40 
*Total alkalinity in ppm determined by titration using a Mott Total Alkalinity test kit. 
 
Table 3.6B: Scott Creek sampled at Sun Mountain Road near intersection with F.S. 
Arterial Road 66 (Klamath County Road 3104). Concentration in ppm. 
Sample 
date 

F- Cl- NO3
- HPO4

- SO4
2- Total alk* 

8/29/02 0.05, 0.04 0.27, 0.27 0.01, 0.03 0.03, 0.07 3.08, 3.04  
4/13/03 0.05 0.15 0.02 ND 3.15  
8/30/04 0.02 0.03 0.11, 0.11 0.09, 0.09 ND, ND 2.95, 2.95  
2/19/05 0.03 0.34 0.04 0.06 4.23 34 
10/2/05 0.07 0.26 ND ND 3.50 28 
*Total alkalinity in ppm determined by titration using a Mott Total Alkalinity test kit. 
 
Table 3.6C: Miscellaneous samples: Cottonwood Creek (#), Pothole Creek (%), and 
Miller Creek (*). Concentration in ppm. 
Sample 
date 

F- Cl- NO3
- HPO4

- SO4
2- Total alk 

5/3/03(#) 0.02 0.13 0.01 ND 0.12  
8/29/02(%) 0.09 0.18 0.04 0.06 0.23  
6/8/03(%) 0.03 0.15 0.04 0.05 0.15  
4/13/03(*) 0.04 0.40 ND ND 0.06  
 

3.8: Summary 
 The east flank of the Cascade Range is the main recharge area for ground water in 
the Williamson River basin. The volcanic evolution significantly impacts how surface 
and ground water are partitioned within the system. The following items are findings of 
this chapter. 
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• Volcanic rocks of the Cascade Range in the western Williamson River basin are 
varied and were erupted during the last 1.5 million years. The Mount Mazama 
edifice developed during the middle and late Pleistocene with the earliest rocks 
erupted at approximately 420 ka. Mt Scott is underlain by dacite domes of this 
age. 

• Southeast of Crater Lake, diverse suites of lava flows including andesite, basaltic 
andesite, trachyandesite, and basalt separate the Wood River valley to the west 
form the Williamson River basin. The ages of these rocks range from late 
Pliocene to late Pleistocene. 

• Pyroclastic deposits from the climactic eruption of Mount Mazama dominate 
surface deposits in the western Williamson River basin and impact the 
partitioning of surface and ground water resources entering the basin. 

• Drillers’ logs for water wells allow stratigraphic reconstruction beneath the 
Antelope Desert, the area that lies immediately east of the Cascade Range. Logs 
indicate interlayered coarse- to medium-grained sedimentary rocks and lava 
flows. Some of the highest yielding wells have screened intervals within 
sedimentary rocks. 

• Instantaneous discharge for streams exiting the Cascades is highest during June. 
However, the combined discharge at the peak at a specified set of measuring 
locations is probably only 250 cfs. These streams dry up as they exit the range 
suggesting significant loss of surface water to the ground water system.  Total 
discharge at these same sites under base flow conditions is probably only 23 to 30 
cfs. 

• Oxygen and hydrogen isotopic ratios for Sand and Scott creeks are heavier than 
ratios for water from streams in the eastern part of the Williamson River basin. 
The isotopic ratios are an effective way to distinguish water entering the surface 
and ground water systems from the Cascade Range. 

• Although water from Sand and Scott creeks is dilute, it is distinguished from other 
waters in the Williamson River basin by relatively high sulfate concentrations. 
Sulfate concentration may reflect ongoing hydrothermal activity or interactions 
with rock that has been altered during earlier phases of the evolution of Mount 
Mazama.  
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Chapter 4: Post Mazama fans and stream valleys 
 
Quadrangles: Miller Lake, Chemult, Welch Butte, Mazama, Pothole Butte, Lenz, Sun 
Pass, and Fuego. 
   

4.1: Introduction 
Alluvial fans extending eastward from the Cascade Range overlie pyroclastic flow 

deposits from the ring-vent phase of the eruption of Mount Mazama. Two phases of  
alluvial fan development are inferred from topography and sediment characteristics. 
During the first phase fine- to medium-grained crystal and lithic-rich sand and glass-rich 
silty sand were deposited on fans whose locations are controlled by topography in the 
Cascade Range that pre-dates the Mazama eruption. During the second phase, valleys 
were cut into deposits of the first phase and, in places, into underlying pyroclastic 
deposits and glacial till. The valleys that formed during the second phase are occupied by 
perennial and intermittent streams.  
 
 Valleys of perennial and seasonal streams of the Cascade Range are deeply 
incised and V-shaped where cut into pyroclastic-flow and –fall deposits from Mount 
Mazama. Where these valleys emerge from the range the incision is less prominent and 
streams that are perennial within the range may become intermittent (e.g. Cottonwood 
Creek, Miller Creek, Sink Creek). Whether perennial or intermittent, streams east of the 
Cascade Range crest where pyroclastic deposits from Mount Mazama are prominent have 
four distinct topographically defined reaches: 1) Headwater reaches where there is little 
to no incision; 2) Distinctly incised reaches; 3) Weakly incised reaches; and 4) Fan 
construction reaches where sediment is deposited. The transition from distinctly to 
weakly incised reaches commonly occurs near topographic breaks that in several cases 
appear to be faults (e.g. Sand Creek). In addition, numerous typically dry, distinctly 
incised valleys that transition to weakly incised valleys cut the pyroclastic deposits within 
the Cascade Range. If flow takes place in these valleys it is likely to occur during the 
spring when the ground is frozen and the local snow pack is melting or during summer 
downpour events.  
 

The geomorphic evolution of the valley systems in the east flank of the Cascade 
Range is believed to be closely linked to the transition from a surface- to ground-water 
dominated hydrologic system in the Williamson River basin (Cummings, 2005, 2007). 
The transition involves progressive piracy by the ground water system as the upper 
reaches of streams cut deeper into pyroclastic deposits and locally in underlying glacial 
till and outwash. As a result the surface-water dominated system that developed on the 
east flank of the Cascade Range after the eruption of Mount Mazama has progressively 
transformed into a ground-water dominated system. In this section, observations that 
suggest this evolution are presented and conclusions drawn about the nature of the 
process and its implications. 

 
4.2: Observations 

Perennial streams flowing eastward from the Cascade Range are relatively few 
and typically disappear into alluvial fans composed of glassy silt, mineral- and rock-rich 
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sand, and coarse pumice- and dense rock-bearing gravel where they emerge from the 
distinct valleys they occupy within the range. Often the most dramatic decrease in 
discharge occurs downstream from subtle to prominent scarps believed to be related to 
faulting.  
 
4.2.1 Miller, Cottonwood and Sink creeks 

Miller, Cottonwood, and Sink creeks illustrate several characteristics of these 
systems. These streams have headwaters in U-shaped valleys near the crest of the 
Cascade Range (Cottonwood Creek rises from a cirque on the east flank of Mt. Thielsen, 
Sink Creek rises on the northeast flank of Mt. Thielsen, Miller Creek heads in Miller 
Lake). The glacial deposits in these valleys were blanketed by layers of pumice from the 
Plinian stage of the single vent eruption phase. Isopach maps produced by Young (1990) 
suggest the combined thickness of the lower and upper pumice units is 5 to 20 feet in 
these valleys. Down valley, glacial deposits and pyroclastic-fall deposits are overlain by 
pyroclastic-flow deposits formed during column collapse during the single-vent phase 
and from the ring-vent phase of the climactic eruption of Mount Mazama.  

 
In the transition from the higher relief of the Cascade Range to the low relief 

landscape that flanks the range, pyroclastic flows overlie the pumice-rich pyroclastic fall 
deposits that blanket glacial deposits and older volcanic rocks of the range. Locally, the 
pyroclastic flow- and fall-deposits are overlain by fans of crystal- and lithic-rich sand 
with varying percentage of admixed stream rounded pumice and glass-rich silt. These 
inactive alluvial fans form gently sloping surfaces that extend eastward from the range 
front and are incised by modern stream valleys. 

 
4.2.1.1 Miller Creek 

The inactive alluvial fan of post-Mazama Miller Creek is one of several that 
coalesce at the topographic transition from the Cascade Range to Antelope Desert. Figure 
4.1 contains a topographic map and the location of auger holes and field observation 
sites. The deposits of the Miller Creek inactive fan are more than 8 feet thick and at one 
site (Maz-3, Table 4.1) the auger hole penetrated 6.7 feet of fan deposits before entering 
pyroclastic-flow deposits. The grain size distribution of three samples from the fan at site 
Maz-3 is presented in Figure 4.2 and the lithologic log for the auger hole is presented in 
Table 4.1. The upper-most sample (1.1-1.7 ft) contains more glass-rich silt (7.3%) than 
the two intermediate-depth samples (2.6-3.2 ft, 2.5%; 4.2-4.7 ft, 3.2%). Sand (~75% very 
fine to coarse sand) dominated by plagioclase and pyroxene phenocrysts, dense rock 
fragments, and rounded pumice is abundant in all samples. The coarsest fraction 
(granules to pebbles) contains rounded grains of pumice and sub-rounded gray to red, 
dense to vesiculated volcanic rocks. Pyroclastic flow deposits that underlie the fan crop 
out along F.S. Collector Road 9771 near UTM 593120 E, 4780500 N and an auger hole 
drilled at an elevation of approximate 4730 feet (approximately 30 feet above the 
elevation of the fan surface) was drilled to 5 feet in pyroclastic-flow deposits. No course 
pumice blocks were encountered in this auger hole.  
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Figure 4.1: Location map for the Miller Creek study area. Red circles are gaging 
locations cited in Table 4.2. From northwest to southeast, gage sites are F.S. Local Road 
620, broken bridge, F.S. Collector Road 9770, and Beaver Marsh town site. Small red 
circle is the power line site. Yellow triangles are locations of auger holes. The small blue 
triangle is a piezometer.  
 

F.S. Local Road 622 runs between F.S. Collector Road 9771 and F.S. Local Road 
620. Along this route, basaltic andesite lava flows and coarse pumice lapilli to blocks 
crop out in road cuts. Pyroclastic flow deposits are present down slope from the route of 
F.S. Local Road 622. Miller Creek is crossed by F.S. Local Road 620 at a seven-foot 
diameter, flat bottomed steel culvert. The south valley wall is cut into pyroclastic flow 
deposits that may be up to 60 feet thick. In the valley bottom, sub-rounded boulders of 
dense to vesiculated dark gray to red basaltic andesite and dacite are prominent. The 
boulder deposit is overlain by approximately 10 inches of coarse black sand which is, in 
turn, overlain by mixed coarse glassy silt to sand, rounded pumice cobbles, and mineral 
and rock sand which is 2 to 3 feet thick. Downstream at a site known as the “broken 
bridge” site (near UTM 0593910 E, 4700503 N), rounded cobbles to small boulders of 
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Grain Size Distribution for Auger Hole Mazama-3
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Figure 4.2: Cumulative percentage of grain sizes for samples collected from the Miller 
Creek fan at the Maz-3 site (Table 4.1). Grain size: <4 phi = silt/clay, +1 to + 4 phi = 
very fine to medium sand, + 1 to -1 phi = coarse and very coarse sand, >-1 phi = granules 
and pebbles. 
  
Table 4.1: Lithologic logs for auger holes through inactive fans along Miller Creek in the 
Chemult quadrangle. Grain size data for Maz-3 are presented in Figure 4.2.  
Site 
No. 

Location 
(UTM) 

Elevation Lithology 

CH-1 0594587 E, 
4780052 N, ± 
5.5 m 
 

~4700 ft 0-5.6 ft: lithic- and crystal-rich, moderately well 
sorted, angular to sub-angular sand. 
5.6-6.2 ft: rounded pumice with minor sand. 
6.2-8.3 ft: lithic- and crystal-rich sand with 
rounded grains of pumice. E.O.H. 8.3 ft. 

Maz-3 0594987 E, 
4780080 N, ± 
6 m 
 

~4710 ft 0-6.7 ft: lithic-bearing, sandy silt with small 
rounded pumice grains (sample 1.1-1.7 ft); sand 
percentage increases with depth as lithic 
abundance and rounded pumice grains increase 
(sample 2.6-3.2 ft). Small volcanic pebbles and 
plagioclase crystals common (sample 4.2-4.7 ft). 
Pumice-rich with glass-rich silt matrix and lithic 
grains, tends to clump. 
6.7-7.3 ft: pink, pumice lapilli to blocks in ash 
matrix, pyroclastic flow. E.O.H. 7.3 ft. 
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dense to vesiculated dark gray to red basaltic andesite to dacite underlie the valley 
bottom. The cobble bed at the broken bridge site is shown in Figure 4.3. In general, the 
valley bottom of Miller Creek grades from boulders near F.S. Local Road 620 to coarse 
cobbles and pebbles at the broken bridge. In auger holes near F.S. Local Road 620 and 
the broken bridge site, coarse glassy sand to silt and dark lithic-rich coarse sand overlie 
the boulder- and cobble-rich deposit. These deposits suggest catastrophic failure of a dam 
on Miller Creek that failed after the eruption of Mount Mazama. The boulder to cobble 
deposits were carried downstream during the outburst flood while coarse-grained sand to 
glassy sand to glassy silt and admixed sand were deposited from the waning flood stage. 
The thickness of the boulder deposit is not known, but it likely overlies pumice deposits 
of the single-vent phase, glacial till/outwash, or bedrock. 
 

The age of the boulder deposit is not well constrained and the location of the dam 
is not known. However, it was deposited after Miller Creek incised its valley into the 
inactive alluvial fan surface. After the outburst, the creek has locally shifted away from 
the boulder deposit. In the reach between F.S. Local Road 620 and broken bridge the 
channel flows within a floodplain that lies to the west of the boulder deposit.  
 

The reach between F.S. Local Road 620 and broken bridge loses nearly half of the 
Miller Creek’s discharge to the ground water system (discussed below). Given the loss in 
discharge, it is inferred that the substrate is very permeable and is an important pathway 
for surface water to enter the ground water system. 

 
Figure 4.3: Coarse, dense volcanic rocks in the bed of Miller Creek at the broken bridge 
gage site (log in upper part of photo is part of the bridge) (UTM 0593910 E, 4700503 N). 
Cobbles of dense volcanic rock are prominent in the valley bottom and stream bed in this 
reach of Miller Creek. 
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In 2006, instantaneous discharge was measured at four sites on Miller Creek 

(Table 4.2). The two upper sites (F.S. Local Road 620 and broken bridge) are within the 
reach where the creek is incised into pyroclastic-fall, -flow and dam-failure deposits. This 
reach has characteristics of the “3) Weakly incised reaches”. On the other hand, the 
downstream sites (F.S. Collector Road 9770 and Beaver Marsh) are within “4) Fan 
construction reaches where sediment is deposited”. At both of these sites, pyroclastic-
flow deposits are overlain by fine- to coarse-grained crystal-, rock-, and rounded pumice-
rich sand. Near the F.S. Collector Road 9770 site the sand layer is approximately 1.5 feet 
thick and the contact between the sand layer and underlying pyroclastic-flow deposits is a 
zone of preferential plant rooting. In this area, pyroclastic-flow deposits are exposed 
where the topography is slightly higher while the sand layer is present in lower elevation 
areas. The patterns suggest channel migration, erosion of pyroclastic-flow deposits, and 
deposition of sand-rich sediment. The distal deposits associated with the dam failure 
event have not been identified in the lower reaches. In the town site of Beaver Marsh, 
pyroclastic-flow deposits are present, but human disturbance obscures stratigraphic 
relations. Flow in Miller Creek at Beaver Marsh (town site) generally takes place in June 
when discharge is highest on Miller Creek.  

 
The instantaneous discharge for the four gage sites is reported in Table 4.2. The 

instantaneous discharge decreases downstream from F.S. Local Road 620 to the Beaver 
Marsh town site. Between F.S. Collector Road 9770 and the Beaver Marsh town site is a 
broad low relief area where water ponds (on the Chemult 7.5’ quadrangle (1967) this is 
labeled “Beaver Marsh”). Discharge variations indicate some type of water control 
device, not accessed during this study, lies within this reach. In 2006, the service road 
that parallels the high tension power line and which crosses Beaver Marsh was observed 
to be flooded on 20-June, 1 and 31-August, and 25-November. This is the only year that 
standing water was observed in the road throughout the year. Instantaneous discharge 
decreases downstream (exception of 14-June-2004). In 2006, a decrease of approximately 
50 cfs was measured between F.S. Local Road 620 and the broken bridge site on three 
dates. The channel of Miller Creek is cut into dam-failure deposits and possibly coarse 
pumice deposits in this reach. At the broken bridge site the channel is probably cut into 
ash-rich pyroclastic-flow deposits. This is also the case for other downstream reaches. In 
Table 4.3, an estimate of the distance between gage sites is indicated and the decrease in 
discharge per mile of channel length is presented. The loss per mile of channel is greater 
in the reach where dam-failure deposits and pyroclastic-fall deposits underlie the channel 
system.  

 
Table 4.2: Instantaneous discharge for Miller Creek. 
Date Measured F.S. Road 

620 
Broken 
Bridge 

F.S. Road 9771 Beaver 
Marsh* 

19-April-2004   11.0 cfs 8.6 cfs 
14-June-2004   31.4 cfs 99.0 cfs 
23-April-2005   2.6 cfs Dry 
15-June-2005   18.1 cfs Dry 
10-July-2005   10.9 cfs Dry 
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26-August-2005   Dry  Dry 
20-October-2005   Dry Dry 
26-April-2006 Snowed in Snowed in Snowed in Dry 
20-June-2006 96.0 cfs 50.3 cfs 49.9 cfs 48.0 cfs 
3-August-2006 65.2 cfs 21.8 cfs 11.4 cfs Dry 
31-August-2006 41.1 cfs 12.1 cfs 7.7 cfs Dry 
25-November-2006 Snowed in 18.2 cfs 11.9 cfs  Dry 
31-July-2007 35.8 cfs N.D. 0.8 cfs Dry 
26-August-2007 30.3 cfs 7.9 cfs 0.2 cfs Dry 
*Beaver Marsh site is at twin 50-inch diameter culverts located on Holiday Lane west of Miller Street in 
the Beaver Marsh town site.  N.D. = not determined 

 

Table 4.3: Estimated distance between gage sites and loss of discharge per mile of 
channel between sites for Miller Creek. 
Reach Channel 

Distance 
Date Change Discharge 

loss per mile 
of channel 

Substrate 

6/20/06 -45.7 cfs 20 cfs/mi 
8/1/06 -43.4 19 cfs/mi 
8/31/06 -29.0 13 cfs/mi 

F.S. Road 
620 to 
broken 
bridge 

2.28 miles 

8/26/07 -22.4 10 cfs/mi 

Boulders 
over 
pyroclastic 
flow 

6/20/06 -0.4 cfs 0.2 cfs/mi 
8/1/06 -10.4 6 cfs/mi 
8/31/06 -4.4 3 cfs/mi 
11/25.06 -6.3 4 cfs/mi 

Broken 
bridge to 
F.S. Road 
9770 

1.61 miles 

8/26/07 -7.7 5 cfs/mi 

Pyroclastic 
flow 

6/20/06 -1.9 1 cfs/mi 
8/3/06 -11.4 6 cfs/mi 
8/31/06 -7.7 4 cfs/mi 
11/25/06 -11.9 6 cfs/mi 
7/31/07 -0.8 0.4 cfs/mi 

F.S. Road 
9770 to 
Beaver 
Marsh 

1.95 miles 

8/26/07 -0.2 0.1 cfs/mi 

Pyroclastic 
flow 

 
4.2.1.2 Cottonwood Creek 

Cottonwood Creek has its source in a cirque on the east flank of Mount Thielsen 
and flows east southeast through a U-shaped valley that has been partially infilled by 
pyroclastic-fall deposits from the Plinian phase and pyroclastic-flow deposits from the 
ring-vent phase of the eruption. The Wineglass Welded Tuff crops out in the area shown 
by the red triangle in Figure 4.4. Observations were made where Cottonwood Creek 
flows beneath F.S. Local Road 010 and State Highway 138, and at F.S. Local Road 014 
south of the highway in the Welch Butte quadrangle. On 31-August-2007 discharge was 
measured at two sites within the “distinctly incised reaches” of the creek. These localities 
are shown in Figure 4.4 relative to the morphology of Cottonwood Creek. 
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Figure 4.4: Topographic map of Cottonwood Creek showing location of gage sites (red 
circles) and auger holes (yellow triangles). Instantaneous discharge was measured at sites 
indicated by red triangles on 31-August-2007. Outcrops of Wineglass Welded Tuff (blue 
triangle). 
 

The F.S. Local Road 010 site is transitional between “2) Distinctly incised 
reaches” and 3) “Weakly incised reaches”. At this site the southwest valley wall is cut 
approximately 50 feet into pyroclastic-flow deposits. The valley bottom is also cut into 
pyroclastic-flow deposits. To the northeast, F.S. Local Road 010 climbs out of the valley 
and crosses a gently sloping surface before dropping into a roughly parallel dry stream 
valley, 0.4 mi away. This surface is the inactive alluvial fan associated with the early 
stage of landscape recovery after the eruption of Mount Mazama. An auger hole was 
drilled in this upper surface and is described as site 1 in Table 4.4. The moderately to 
poorly sorted sand is rich in volcanic rock fragments (dense), rounded pumice, and 
feldspar and pyroxene phenocrysts. Pebbles of dense volcanic rocks and rounded pumice 
are relatively sparse and comprise the coarse fraction in these deposits. The thickness of 
the fan is greater than 7.4 feet.  

 
Table 4.4: Lithologic logs for auger holes near Cottonwood Creek. 
Site 
No. 

Location Elevation Lithology 

1 588567 E, 
4772120 N, ± 
5.2 m 

4775 ft 0-6.2 ft: lithic-rich, subangular lithic and crystal 
grains. Sparse volcanic rock fragments up to 0.3 inch 
in diameter, sparse rounded pumice grains. Feldspar 
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crystals prominent.   
6.2-6.6 ft: gravel-bearing sand. Rounded clasts up to 
4 inches in diameter. 
6.6-7.4 ft: poorly sorted very coarse- to medium-
grained sand. Some gravel up to 1.5 inches in 
diameter. E.O.H. 7.4 ft. 

2 590586 E, 
4770260 N, ± 
5.8 m 

4665 ft 0-5.9 ft: glassy silt with minor rounded lithic sand 
grains and rounded pumice granules to pebbles. 
Pumice size increases with depth to 0.7 inches; 
sparse volcanic lithics to 0.4 inches in diameter. Pass 
through pumice pebble lenses and cohesive silt that 
will not roll a worm. At 5.7 ft reddish orange 
cohesive silt with rounded pumice to 1.1 inches in 
diameter. 
5.9-6.1 ft: Blocks of pumice with matrix of ash. 
Pyroclastic flow. E.O.H. 6.1 ft.  

 
A second auger hole, site 2 in Table 4.4, was drilled south of State Highway 138 

near F.S. Local Road 014. The hole was drilled on 20-June-2006 when Cottonwood 
Creek was flowing through lodgepole pine forest in a poorly defined channel. The site is 
“4) Fan construction reaches where sediment is deposited”. At this site, the fan is 
approximately 6 feet thick and overlies pyroclastic-flow deposits. The sediment is 
dominated by glassy silt with sand grains, some rounded dense volcanic rocks, and 
rounded pumice. The deposits are distinctly finer grained than those at site 1 which is part 
of the inactive alluvial fan deposits. 

 
Discharge on Cottonwood Creek at F.S. Local Road 010 (Table 4.5) is perennial 

with highest instantaneous discharge measured in June; the highest measured at 21 cfs on 
20-June-2006. Base flow is approximately 0.3 to 0.4 cfs.  During high discharge periods 
Cottonwood Creek also flows at State Highway 138 and in a subtle channel system that 
extends south of the highway. On 20-June-2006, instantaneous discharge at State 
Highway 138 was measured at 10.8 cfs. The stream lost approximately 10 cfs over a 
distance of 1.5 miles. On 31-August-2007, two sites upstream from F.S. Local Road 010 
were gaged (locations shown in Fig. 4.4). At the uppermost site, Wineglass Welded Tuff 
crops out in a cliff (~40 ft high) on the west bank of the creek. The Wineglass Welded 
Tuff is overlain by pyroclastic-flow deposits of the ring-vent phase of the eruption. 
Downstream, the stream bed is underlain by pyroclastic-flow deposits of the ring-vent 
phase and the inactive fan deposits that underlie the upland surface are up to 4 feet thick. 
Discharge decreased 5.1 cfs; 2.3 cfs; approximately 0.2 cfs at F.S. Local Road 010.  
 
Table 4.5: Instantaneous discharge for Cottonwood Creek. 
Date measured U.S.F.S. road 010 Highway 138 
14-June-2004 7.3 cfs 2.2 cfs 
23-April-2005 1.4 cfs Dry 
15-June-2005 4.9 cfs Dry 
10-July-2005 6.0 cfs 2.6 cfs 
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25-August-2005 0.4 cfs Dry 
2-October-2005 0.8 cfs Dry 
20-June-2006 21.3 cfs 10.8 cfs 
2-August-2006 3.2 cfs 0.6 cfs 
31-August-2006 1.6 cfs Dry 
25-November-2006 ~0.3 cfs Dry 
29-August-2007 ~0.2 cfs Dry 
 
4.2.1.3 Sink Creek 
 Sink Creek has its headwaters on the northeast flank of Mt. Thielsen and flows 
east-southeast around the north side of Welch Butte before disappearing into the 
pyroclastic-flows deposits that underlie the area northwest of Diamond Lake Junction 
(State Hwy 138 and U.S. Hwy 97). On 31-August-2007 a discharge survey of Sink Creek 
was conducted between F.S. Collector Road 9775 and near F.S. Collector Road 9776. On 
that date, flow was absent at the culverts beneath F.S. Collector Road 9775. Silty sand 
deposits of an inactive fan are present in the lower reaches of Sink Creek in sections 27, 
28, and 29 (T. 28 S. R/ 7 E (north of Welch Butte). Upstream from section 27 the creek is 
cut into pyroclastic-flow deposits of the Wineglass Welded Tuff and the ring-vent phase. 
Sink Creek, in the vicinity of F.S. Collector Road 9777 and F.S. Collector Road 9776, is 
incised into a fan-shaped feature underlain by pyroclastic-flow deposits from the ring-
vent phase of the Mazama eruption. Locations of discharge measurement and discharge 
are included in Table 4.6. Except for measurement at culverts beneath F.S. Collector 
Road 9777, all discharge measurements were made in open channel settings in the 
“distinctly incised reaches” of the stream.  
 
Table 4.6: Instantaneous discharge for Sink Creek listed in order of location down stream 
from near F.S. Collector Road 9776 in s. 18, T. 28 S., R. 6 E.  
Location 
in UTM 

Instantaneous 
discharge 

Temperature Substrate 

586529 E 
4777600 N 
± 21 ft 

5.9 cfs 9.6˚ C Boulders in valley bottom which is cut 
into pyroclastic-flow deposits of ring-vent 
phase. 

587017 E 
4776805 N 
± 25 ft 

33.3 cfs 9.8˚ C Considerable modification for insertion of 
culverts beneath F.S. Collector Road 
9777. Pyroclastic-flow deposits of ring-
vent phase. 

589065 E 
4774892 N 
± 46 ft 

6.9 cfs 10.9˚ C Gray, stretch vesicle pumice of the 
Wineglass Welded Tuff present below 
approximately 4700 feet. Overlain by 
pyroclastic-flow deposits of the ring-vent 
phase. 

591089 E 
4774500 N 
± 18 ft 

1.2 cfs 13.1˚ C Pyroclastic flow deposits. Distinct terrace 
approximately 5 feet above stream. Valley 
incised into pyroclastic-flows of ring-vent 
phase overlain by 4 to 6 feet of silty sand 
of the inactive fan. 
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591801 E 
4773543 N 
± 22 ft 

Dry  Pyroclastic-flow deposits overlain by 5.6 
feet of sand grading upward to sandy silt.  

 
 Discharge data for Sink Creek presented in Table 4.6 have several interesting 
features. The distinctly higher discharge at F.S. Collector Road 9777 suggests that 
boulder deposits upstream from this site may accommodate significant hyporheic flow. 
Likewise, the higher discharge downstream from F.S. Collector Road 9777 than above 
this site may indicate significant hyporheic capacity in this reach. 
 
4.2.2 Sand and Scott creeks 

Sand Creek illustrates different aspects of the surface water system. Sand Creek, 
which rises on the west flank of Mount Scott, flows through glaciated valleys cut into the 
flanks of Mount Mazama. These valleys were buried by thick pumice deposits and 
pyroclastic flows that formed the Wineglass Welded Tuff during collapse of the Plinian 
eruption phase. The upper reaches of Sand Creek fit the category of 1) “Headwater 
reaches where there is little to no incision”. Down stream, the creek has cut a spectacular 
narrow canyon (200 to 250 feet deep) into the pyroclastic-fall deposits (upper valley (Fig. 
4.5) and Wineglass Welded Tuff (lower valley) to form a 2) “Distinctly incised reach”. 
Where the stream crosses a north-east striking fault scarp (Bacon and Lanphere, 2006) 
the valley changes direction from south-southeast to north-northeast, decreases in depth, 
and within two miles forms a subtle valley cut into cobbles, gravel, sand, and silt of a 
large fan (3) Weakly incised reaches; 4) Fan construction reaches where sediment is 
deposited”).  

 
Figure 4.5: Canyon of Wheeler Creek, tributary to Sand Creek with confluence in the 
vicinity of The Pinnacles in Crater Lake National Park. Pumice fall deposits from the 
Plinian stage of the single vent eruption phase. The onset of deposition of andesite 
pumice is marked by the dark boundary. 
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Scott Creek rises on the east flank of Mount Scott and within about 4 miles of its 
source enters the low relief landscape east of the Cascade Range. It flows across this low 
relief surface for approximately 1.5 miles before the gage point at Sun Mountain Road. 
East of Sun Mountain Road a diversion ditch allows water from Sand Creek to flow 
northward to Scott Creek. This diversion is seasonally operated (June) when discharge is 
high. 

 
The Sand Creek/Scott Creek fan extends six to nine miles east of the Cascade 

Range (Fig. 4.6). Site locations and lithologic logs for four hand-drilled auger holes are 
included in Table 4.7. Samples were collected where grain size changes were noted in the 
field at three different depths in each hole. 

 
Figure 4.6: Topographic map of the Sand and Scott Creek area showing location of auger 
holes described in Table 4.6 (yellow triangles). Gage locations are shown in large red 
circles. Sites where infrequent flow was noted (Sand Creek diversion and Scott Creek at 
Highway 97 are shown in small red circles. 
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Site PHB-1 is located near Scott Creek and east of Sun Mountain Road (Fig. 4.6). 
Penetration depth beyond 5.1 feet was controlled by a rock that was too large to break or 
enter the auger. Coarse-grained layers are dominated by granules, pebbles, and cobbles 
(~55-60%; Fig. 4.7) (basaltic andesite and dacite) in a matrix of coarse-grained sand to 
granules (Table 4.7). Finer-grained layers are composed of medium- to coarse-grained 
sand. Euhedral pyroxene and plagioclase phenocrysts are abundant in the sand fraction of 
all layers. The prominence of pyroxene phenocrysts imparts a “black” hue to the sand. 
Rounded, light brown pumice is the largest diameter sediment in all layers. The PHB-1 
site is interpreted as channel facies deposits.     
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Figure 4.7: Grain size analysis for auger hole PHB-1. The three samples from auger hole 
PHB are from within the channel facies of the Scott Creek fan. The samples demonstrate 
grain size variability encountered in this hole. The coarsest rocks are volcanic rocks from 
flows and domes in the Cascades and well-rounded pumice. Sand size ranges from -1 phi 
to +4 phi, +2 phi separates fine-grained and medium-grained sand. 
  

Site Fuego-1 is approximately 3.5 miles east of Sun Mountain Road and 5 to 6 
miles east of the fault scarp where Sand Creek is interpreted to change from 2) 
“Distinctly incised reaches” to 3) “Weakly incised reaches”. The site lies about 2 miles 
south of the current channel of Sand Creek. Fan deposits are 4.5 feet thick and directly 
overlie pyroclastic-flow deposits. Granules and pebbles of light brown pumice and dense 
volcanic rocks comprise approximately 25 to 35 % of the samples (Fig. 4.8). Medium- to 
coarse-grained sand is dominated by pyroxene and plagioclase phenocrysts. Although 
sand is prominent, lenses of pebble-bearing gravel are present (Table 4.7). Rounded 
pumice grains are uncommon in some parts of the section. The Fuego-1 site is interpreted 
as intermediate to distal fan facies. 
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Figure 4.8: Grain size distribution for auger site Fuego-1. Coarse grains are well rounded 
pumice. Grain size of volcanic and crystal grains is sand size and glass-rich silt is 
prominent in finer grain sizes. Sand size ranges from -1 phi to +4 phi; +2 phi separates 
fine-grained and medium-grained sand. 
 
Table 4.7: Lithologic logs for auger holes in the vicinity of Sand and Scott creeks. 
Site No. Location 

(UTM)  
Elevation Lithology 

PHB-1 0591253 
E, 
4748064 
N., ± 4.1 
m 

~4610 ft 0-0.2 ft: organic-bearing coarse-grained, poorly 
sorted sand to gravel. 
0.2-5.1 ft: interbedded poorly-sorted, coarse-
grained, lithic-rich sand and poorly sorted, lithic-
rich gravel. Hit a rock too big to break and too 
large to pick up in the auger. Samples collected 
from 0.6-1.2 ft, 1.8-2.4 ft, and 3.7-4.3 ft.  
E.O.H. at 5.1 ft. 

Fuego-1 0595322 
E, 
4744102 
N, ± 5.1 
m. 

~4552 ft 0-0.1 ft: organic-bearing sand with admixed 
rounded pumice grains. 
0.1 ft-4.5 ft: moderately sorted, lithic-rich 
medium- to coarse-grained sand with sparse 
grains of rounded pumice. Some pebble-bearing 
sections with dense volcanic clasts to 1.2 inches 
diameter. Samples at 1.1-1.6 ft, 2.8-3.4 ft, and 3.8-
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4.4 ft. 
4.5-4.6 ft: pumice blocks in matrix of fine to 
coarse ash. Pyroclastic flow. 
E.O.H. at 4.6 ft. 

Fuego-2 0594392 
E, 
4746651 
N, ± 6.4 
m. 

~4570 ft. 0-9.2 ft: lenses of poorly sorted to fine-, medium-, 
and coarse-grained sand with abundant 
plagioclase and pyroxene grains. Rounded pumice 
is light colored in upper part of hole (sample 
collected at 3.9-4.4 ft) but dark gray, less open 
textured below about 5.7 ft (sample collected at 
5.7-6.2 ft). Moldable silt with low-density 
rounded dark gray pumice forms lenses.  
E.O.H. at 9.2 ft. 

Fuego-3 0594628 
E, 
4744482 
N, ± 9.8 
m. 

~4555 ft. Rounded pebbles to cobbles (to 2.4 in) of pumice 
at surface. 
0-6.2 ft: low density, dark gray, silty to very fine 
sand pumice. Sample collected 1.3-1.8 ft. Size 
varies from silty to sandy with sparse pebbles. 
Dark gray, rounded pumice clasts increase with 
depth, plagioclase crystals in sand size range. 
6.2-8.8 ft: coarse-grained sand to fine cobbles, 
moderately sorted, black pyroxene and light gray 
plagioclase grains abundant, rounded dark-gray 
pumice grains sparse. Gravel lenses of dark-gray 
pumice.  
8.8-9.0 ft: lighter brown, poorly sorted, glassy silt.  
E.O.H. at 9.0 ft. 

 
Fuego-2 site lies approximately 0.2 mile south of the current channel of Sand 

Creek (Fig. 4.6). The lithologic log in Table 4.6 indicates a change in the characteristics 
of pumice with increasing depth in this hole. The upper section (<5.9 ft) contains light 
yellow-brown pumice sand to pebbles while pumice at depths greater than ~6 feet is dark 
gray, weakly inflated pumice sand and granules. This dark gray pumice forms lenses in 
brown glassy silt near the bottom of the hole. Figure 4.8 displays the grain size 
distribution for two samples from the Fuego-2 auger hole. One sample (3.9-4.4 ft) was 
collected from the section where yellow-brown pumice dominates while the other sample 
(5.7-6.2 ft) was collected within the transition to the dark-gray pumice dominated section. 
The grain size distribution is shown in Figure 4.9. 

 
Dark gray pumice dominates the fan deposits at the Fuego-3 site which is located 

1.5 miles south of the current channel of Sand Creek and 1.3 miles south of the Fuego-2 
site (Fig. 4.6). The low-density, dark gray pumice is present as medium- to coarse-
grained sand, granules, and pebbles (Figure 4.9 grain size distribution for sample 1.3-1.8 
ft) throughout the hole. For the sample collected between 1.3 and 1.8 feet fine and 
medium sand comprise 73 percent of the sample. Plagioclase phenocrysts are present 
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where the gray pumice dominates. Deeper in the hole (>6.2 ft), the dark gray pumice 
forms lenses in pyroxene- and plagioclase-phenocryst-rich sand.  

Grain Size Distribution for Auger Holes Fuego-2 and Fuego-3
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Figure 4.9: Cumulative percentage of grain sizes for samples collected from the 
Sand/Scott Creek fan. Grain size: +4 phi separates sand from silt, +1 to + 4 phi = very 
fine to medium sand, + 1 to -1 phi = coarse and very coarse sand, -1 phi separates very 
coarse sand from granules and pebbles. 

  
The sediment in the large Sand Creek/Scott Creek alluvial fan suggests channel 

migration across the fan and change in the source of sediment transported by the streams 
through time. The dark gray, weakly inflated pumice is derived from the Wine Glass 
Welded Tuff which is exposed in the canyon walls at the Sand Creek Pinnacles in the 
Cascade Range. Dark gray pumice from the Wine Glass Welded Tuff is primarily from 
the Sand Creek drainage where the canyon is deeply incised into this tuff. The light 
colored pumice is derived from the multiple-vent phase of the eruption and pyroclastic-
fall deposits from the Plinian stage of the single vent phase (e.g. Fig. 4.5). Although 
pumice is prominent in the fan deposits, pyroxene and plagioclase phenocrysts are 
important components and, other than dark gray pumice, dominate the sand fraction. 
Dense volcanic rocks are abundant near Scott Creek at Sun Mountain Road and where 
Scott Creek passes under Highway 97 north of Sand Creek Station. The overwhelming 
dominance of dark gray pumice at the Fuego-3 site and the decrease in dark gray pumice 
upward at the Fuego-2 site suggest deposition of this part of the fan occurred during 
incision of Sand Creek canyon in the Cascade Range. The abundance of pebbles and 
cobbles of dense volcanic rocks in areas where the modern channel systems are located 
suggests incision has passed through the more easily eroded pyroclastic deposits and into 
dense volcanic rocks in these drainages. 
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4.2.3 Other stream valleys 
 In addition to the valleys occupied by perennial streams, a network of valleys cut 
into pyroclastic-flow and -fall deposits and, in several cases, cut into sandy lithic- and 
crystal-rich alluvial fans are common, particularly on the flanks of Timber Crater (Fig. 
4.10). Some, such as Pothole and Bear creeks flow during the June snow melt while 
others may flow only when the ground is frozen and the local snow-pack is melting.  

 
Figure 4.10: Topographic map of the east flank of Timber Crater. 
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Desert Creek illustrates patterns common to the latter of these valleys. Desert 
Creek is one of many dry valleys that arise on the northeast flank of Mount Mazama and 
Timber Crater. The headwaters for Desert Creek lie in the saddle between the two 
volcanoes and has characteristics of the “1) Headwater reaches where there is little to no 
incision”. Where F.S. Collector Road 2308 crosses the valley the morphology is 
transitional from 1) “Headwater reaches” to 2) “Distinctly incised reaches”. On the north 
side of the valley, F.S. Collector Road 2308 crosses medium- to coarse-grained sand at an 
elevation of approximately 5200 feet. On the south side of the valley at slightly higher 
elevation near the intersection with F.S. Collector Road 7010 pyroclastic-flow deposits 
are exposed. The valley floor is cut into pyroclastic-flow deposits suggesting that the 
sand-rich deposits may be 5 to 10 feet thick on the north flank of the valley and that the 
valley is cutting through these early formed alluvial fan deposits. Downstream from F.S. 
Collector Road 2308, the valley becomes a 2) “Distinctly incised reach” and forms a 
sharp valley for approximately 2 miles (up to 100 ft deep) before transitioning into 3) 
“Weakly incised reaches” and ultimately 4) “Fan construction reaches where sediment is 
deposited”. Where Desert Creek crosses F.S. Arterial Road 70, the canyon is cut into 
pyroclastic-flow deposits and is about 200 feet wide and 30 to 40 feet deep. When 
observed on 20-June-2006 at the peak of the spring runoff from the Cascade Range in a 
particularly favorable water year, the valley was dry everywhere.  

 
Less prominent valleys cut into pyroclastic flow deposits include a gentle 5 to 10 

feet deep, 300 to 350 feet wide dry channel occupied by F.S. Local Road 086 and 
prominently displayed at the intersection of F.S. Local Roads 086 and 147 a short 
distance north of State Highway 138 (route into Cottonwood Creek). Here, the valley 
floor is covered by a thin layer of sand and the valley walls expose pyroclastic-flow 
deposits.   
 

4.3: Synthesis 
 Valleys on the western edge of the Williamson River basin in the eastern flank of 
the Cascade Range are incised into pyroclastic-fall deposits from the Plinian phase, 
pyroclastic-flow deposits from the Plinian collapse phase (Wineglass Welded Tuff 
exposed in Sand Creek), and pyroclastic-flow deposits from the ring-vent phase of the 
climatic eruption of Mount Mazama. However, only a few of these prominent valleys 
carry perennial or seasonal flow and most appear to be dry. These valleys are also 
commonly associated with and are cut into alluvial fans that form gently sloping surfaces 
away from the range and in some cases such as Sand and Scott creek coalesce to form 
fans that extend more than 9 miles from the local range front. Geologic mapping suggests 
that there are two phases of development of these valley systems. In the first, which 
appears to be shortly after the eruption of Mount Mazama, alluvial fans prograded across 
the pyroclastic-flow deposits as the drainage system re-established. The streams 
transported mostly phenocryst-rich sand and glass-rich silt. In the second phase, streams 
incised through these early fans and transported cobbles and pebbles of dense volcanic 
rock where gradients were adequate and sand and rounded pumice farther out onto the 
basin floor where fans continued to prograde over pyroclastic-flow deposits. In some 
cases, such as Miller Creek, failure of up-valley debris dams delivered boulders, cobbles, 
and pebbles through valleys that were already incised into phase one fans. 
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4.4: Valley features farther from the Cascade Range 

Features associated with phase one and two are most prominent where stream 
valleys lie within the Cascades Range. Farther from the range front phase one is 
associated with a network of subtle valleys that are cut into pyroclastic-flow deposits and 
phase two is associated with construction of low relief alluvial fans.    

 
The phase one valleys are prominent as a network of dry valleys cut into 

pyroclastic flow deposits particularly in the Mazama and Lenz quadrangles. The most 
prominent is a southeast trending valley near the boundary between the Lenz and 
Mazama quadrangles (Fig. 4.12; UTM  059600 E., 4761000 N.). This valley is 
approximately 0.4 mile wide and greater than 15 feet deep. To the southeast, the valley 
transforms to a low relief fan-shaped feature that extends into Klamath Marsh in the Lenz 
and Military Crossing quadrangles. An auger hole in this channel near the Mazama and 
Lenz quadrangle boundary indicates the valley fill is 4 feet thick and comprised of glassy 
silt derived from reworked volcanic ash, rounded pumice granules to pebbles, and 
angular crystal and rock grains (Sample Maz 1, Fig. 4.11, Table 4.7) 
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Figure 4.11:  Cumulative percent retained for three samples collected from auger hole 
MAZ-1 located in abandoned channel near the southern boundary of the Mazama 
quadrangle. Grain size: +4 phi separates sand from silt, +1 to + 4 phi = very fine to 
medium sand, + 1 to -1 phi = coarse and very coarse sand, -1 phi separates very coarse 
sand from granules and pebbles. 
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Table 4.8: Lithologic log for auger hole in a paleochannel, northwest Lenz quadrangle. 
Site No. Location 

(UMT) 
Elevation Lithology 

Maz-1 
 

0595793 E, 
4761391 N, 
± 9.8 m. 

4585 ft. 0-0.5 ft: lithic-rich sand with admixed rounded 
pumice, glassy silt, and sparse organic debris.  
0.5-3.9 ft: coarse to medium lithic-rich sand and 
glassy silt with well-rounded granules to pebbles 
of pumice. Samples collected at 0.5-1.0 ft, 1.7-
2.3 ft, and 3.0-3.5 ft. 
3.9-4.0 ft: resistance to augering increases as 
encounter blocks of pumice in a pink matrix of 
ash. E.O.H. at 4.0 ft in pyroclastic flow. 

 
To the north in the Mazama quadrangle, definition of this channel system on 

topographic maps is muted due to change in contour interval from 5 feet in the Lenz 
quadrangle to 10 feet in the Mazama quadrangle. In the vicinity of the intersection of the 
Chiloquin Camp Road (Klamath County Road 3018) and U.S. Highway 97, pyroclastic- 
flow deposits that underlie topographic highs are exposed in prominent road cuts. Auger 
holes in the floor of flanking valleys indicate near surface deposits of glass-rich silt, 
rounded pumice granules to pebbles, and mineral and lithic-rich sand overlie pyroclastic- 
flow deposits. A ground penetrating radar (GPR) survey line along Klamath County Road 
3018 immediately west of U.S. Highway 97 conducted in October 2004 was positioned at 
a high angle to the axis of this channel. Both the west and east end of the line were in 
areas where pyroclastic-flow deposits are exposed. Technical problems (dead battery) 
arose before the east end of the line was reached. The contact between valley fill and 
pyroclastic deposits produced a distinct reflection while reflections from the pyroclastic 
deposits are chaotic, consistent with the expected properties of pyroclastic flows. A 
prominent roughly horizontal reflector at approximately 25 feet below the valley floor is 
interpreted as the water table.  

 
Another prominent channel is present near a quarry developed in a small cinder 

cone and located north of the Military Crossing Road in the Lenz quadrangle (s. 9, T. 30 
S, R. 8 E). Channels cut 10 to 15 feet into pyroclastic-flow deposits converge on the 
cinder cone from the north and northwest (Fig. 4.12). The channel emerging from the 
south side of the cone is more deeply incised (+15 ft) and is 12 feet deep where it is 
crossed by the Military Crossing Road. From there the channel meanders to the south and 
southeast toward Klamath Marsh along the northern flank of the fan produced by the 
larger channel described above. A GPR survey line from east of the cone to the Military 
Crossing Road shows the water table and dipping layers of the cinder cone buried in 
pyroclastic-flow deposits.  
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Figure 4.12: Topographic map of paleochannel systems including the quarry developed in 
a basaltic cinder cone on the north side of the Military Crossing Road (Klamath County 
Road 677) in s. 9, T.30 S., R. 8 E. (4760200 N 600600 E), near Big Springs, and crossing 
Highway 97 in the northwest corner of this map. Location of auger hole MAZ-1 in Table 
4.7 is shown in a yellow triangle next to Highway 97. Water level data are available for 
the locations marked with red dots (Chap. 9). 
 

The relation between the phase one channel systems and alluvial fans and modern 
spring-fed streams such as Spring Creek (s.16, T.30 S., R.8 E.) suggest the modern 
systems inherit their location and direction of flow from the older systems. The head 
water springs for Spring Creek and the meandering channel that flows to the southeast 
from them are aligned with the orientation of the older channel. The channel of Spring 
Creek is incised through the fan deposits of the older system and into underlying 
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pyroclastic-flow deposits. The morphology of the head springs is characterized by a steep 
headcut (15 to 20 feet) and steep valley walls bounding a flat valley bottom (Chap. 9). 
The slope of the valley bottom is lower than the slope of the surrounding land surface. By 
approximately 1.7 miles (chord distance) from the head spring the valley is less than five 
feet deep (contour interval change from 5 to 20 feet at quadrangle boundary precludes 
further analysis).  

 
 

4.5: DISCUSSION 
 Landscape recovery after a volcanic eruption has received more attention in the 
Pacific Northwest since the 1980 eruption of Mount St. Helens (Collins and Dunne, 
1986; Major and Mark, 2006). A longer tradition of research in the Taupo Volcanic Zone, 
North Island, New Zealand provides additional insight into the regional scale processes 
and their timing relative to a cataclysmic volcanic event. The Taupo Volcanic Zone 
provides greater insight into processes active within the Williamson River basin because 
of thick, pumeceous pyroclastic fall- and pyroclastic flow-deposits produced in the A.D. 
181 Taupo Eruption. The rhyolitic Taupo Eruption ejected approximately 25 mi3 ((105 
km3 (~8 mi3, ~35 km3 of magma)) of material and culminated in collapse of the vent area 
and emplacement of the Taupo ignimbrite (Wilson and Walker, 1985). Although 
similarities to the Williamson River basin exist, the Taupo Volcanic Zone is distinct in 
one key factor: climate. At the time of eruption the climate in the Taupo Volcanic Zone 
was similar to that of today: humid temperate with prevailing southwesterly winds and 
rainfall distributed throughout the year.  
 
 Manville (2002) describes four stages of landscape response to the Taupo 
Eruption. Stage 0, eruption and ignimbrite emplacement, established the landscape 
elements for subsequent modification by fluvial and lacustrine processes. Stage 1, early 
mobilization, is characterized by increase in runoff of incident precipitation by a factor of 
2-3 due to 1) reduced evapotranspiration and interception losses, and 2) rain beat surface 
compaction. Dramatically increased sediment yields due to frequent rainstorms and 
sediment remobilization by mass flows and ephemeral streams characterize a period of 
intense erosion and deposition. Stage 2, fluvial reestablishment, took place over several 
months to years as upland rill networks consolidated and stabilized. Sediment yields 
decreased as streams depleted the reservoir of easily remobilized material. Stage 3, as 
stream systems consolidated into fewer, larger trunk streams, numerous dry valleys and 
gullies were left behind. Plant colonization further modified the runoff, 
evapotranspiration, and interception capacity of the basin. Stage 3 includes the impacts of 
the Taupo outbreak flood (Manville et al., 1999), establishment of forests within 120-225 
14C years after the eruption, stabilization of the Waikato River system, and human 
modification associated with settlement.   
 
 Few aspects of landscape evolution during and after the eruption of Mount 
Mazama have been examined in the Williamson River basin with the exception of the 
debris-dammed lake that occupied the basin (Conaway, 2000; Chap. 8). The observations 
included in this section suggest significant modification of the post-Mazama surface- and 
ground-water systems. We hypothesize that the early surface-water-dominated system 
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that formed shortly after the cataclysmic eruption evolved to a ground-water dominated 
system through piracy of surface flow as the geomorphic evolution of the basin 
progressed. 
 
 The pre-eruption landscape included the large, glaciated cone of Mount Mazama. 
Bacon and Lanphere (2006) estimate the total volume of Mount Mazama as ~27 mi3 (112 
km3). Glaciers and glaciated valleys occupied the flanks of the cone and many of the 
surrounding volcanic peaks including Mount Thielsen and Miller Mountain, large 
volcanic peaks along the western edge of the Williamson River basin. Smaller volcanic 
cones, horsts and grabens of the Cascade neotectonic zone (Pezzopane and Weldon, 
1993), and river valleys draining to the east and southeast produced an irregular 
landscape that was first blanketed by pumice from the Plinian eruption and later locally 
inundated by pyroclastic flows from the collapse of the Plinian column and outpourings 
from the ring-vent phase of the eruption. The watershed of the basin at the end of the 
eruption was, similar to the Taupo Volcanic Zone after the A.D. 181 eruption (Stage 0 of 
Manville, 2002), deforested and the drainage system overwhelmed by loose pyroclastic 
debris. Bradbury et al. (2004) document the direct impact of the Mazama tephra on the 
open-water limnology of Upper Klamath Lake by shifts in the diatom assemblage in the 
lake. Upper Klamath Lake lies south of the main pyroclastic deposits, but in the down-
stream direction of the regional hydrologic system and the outflow of the Williamson 
River basin. 
 

The distinctly seasonal precipitation pattern of the Williamson River basin is 
characterized by accumulation of snow pack in the winter with melting at progressively 
higher elevations through spring and summer. Rill and gully erosion similar to Stage 1 in 
the Taupo Volcanic Zone likely marked early drainage development. As the drainage 
became more organized, sediment remobilized on steeper slopes was transported onto the 
relatively low relief landscape of the Antelope Desert. Here, crystals, rock fragments, 
pumice, and glassy silt were deposited as stage one alluvial fans, while stage one stream 
channels were cut into pyroclastic deposits farther from the range front and sediment 
transported in these channels (more glassy silt and rounded pumice and less crystal and 
lithic sand) were deposited farther out in the basin. Continued drainage network 
integration led to stream incision. Streams cut into the stage one fans and where the pre-
eruption landscape was encountered, gravel and cobbles from lava flows and glacial 
deposits were transported down valley. However, whereas in the Taupo Volcanic Zone 
sediment yield decreased as rills reached relatively impermeable and stable pre-eruption 
soil, the incision of rills and streams in the western Williamson River basin encountered 
higher permeability pyroclastic-fall, glacial outwash, and till deposits. Thus, as erosion 
continues, less water remains in the surface water system and more water enters the 
ground water system. Distal parts of the stream system dry up, the water table adjusts to 
change from a system dominated by infiltration from above to a system increasingly 
dominated by flow through a semi-confined aquifer. Head springs of spring systems 
feeding streams in the distal portion of the system (e.g. Spring Creek) migrate as the 
discharge location of the ground water system adjusts to the new landscape. As long as 
stream discharge remains above the infiltration rate through the pyroclastic flow deposits, 
mid and lower system channels carry water, erode in the mid part of the system and 
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deposit sediment in the distal system. As the discharge decreases as more water enters the 
ground water system in the upper reaches, eventually infiltration rates into pyroclastic 
flows in mid reaches exceed discharge and streams sink into the subsurface. Continued 
piracy decreases discharge to a level where infiltration near the range front strips water 
from the channels.  

 
Analysis of the current configuration of surface water features along the western 

margin of the Williamson River basin suggests significant loss of flow to the ground 
water system takes place in the Cascade Range particularly where streams are flowing 
across deeply incised pyroclastic-flow deposits. Surface water entering the basin is now a 
small percentage of the annual precipitation received by the Cascade Range, and surface 
water from the Cascade Range does not contribute significantly to the water budget of 
Klamath Marsh. These findings are consistent with the high reliance of the hydrologic 
system of the Williamson River basin on ground water as suggested by Melady (2002), 
Cummings and Melady (2002) and James (2006).  
  

Instantaneous discharge in the western Williamson River basin from Cascade 
sources has been measured periodically since 2000. These data are summarized in 
Chapter 3. Miller Creek enters the Williamson River basin from the Cascade Range in the 
northwestern part of the basin and crosses from pumice deposits to pyroclastic-flow 
deposits. The creek looses water along the entire course where gage sites are located. 
However, the greatest loss (~50 cfs) takes place in the reach where pyroclastic-flow 
deposits are thin and underlain by pumice deposits. The annual loss to the ground water 
system is estimated from hydrographs constructed from the instantaneous discharge 
record at the four gage sites. In water year 2006, the loss to ground water in the reach 
between F.S. Local  Road 620 and the broken bridge site is estimated at 1.5 x 104 acre-
feet. The loss decreases where the stream flows over pyroclastic-flow deposits, but the 
loss to ground water downstream from F.S. Local Road 620 in water year 2006 is 
approximately 2.8 x 104 acre-feet.  

 
The combined instantaneous discharge for specific dates calculated in Chapter 3 

indicate the highest combined discharge of  ~200 cfs in June 2006 and the lowest 
combined discharge of  20 cfs. The highest discharge on each stream takes place in June 
with the rise to peak discharge starting in mid May and tapering off to “base” flow 
conditions in August or September. The annual discharge for Sand, Scott, Bear, 
Cottonwood, and Miller creeks passing the gage points and the combined annual 
discharge were calculated from hydrographs constructed from the instantaneous 
discharge record. The estimated annual discharge entering the Williamson River basin as 
surface water from Cascade Range sources is presented in Table 4.9. Water year 2005 
received below normal precipitation while water year 2006 received above normal 
precipitation. Table 4.10 places these data in context of other estimates for other 
hydrologic processes in the Williamson River basin. These comparisons emphasize the 
relatively minimal importance of surface water and the great importance of ground water 
on the water resource of the Williamson River basin. The surface water contribution from 
the Cascade Range is a small fraction of the mean annual precipitation received by the 
range and relative small when compared to the ground water contribution to Klamath 
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Marsh. However, the surface water contribution is large when compared to the annual 
volume passing the Williamson River near Klamath Agency gage (U.S.G.S. gage # 
11493500) and annual volume from Spring Creek. 
 
Table 4.9: Annual discharge for east-draining streams from the Cascade Range in water 
years 2005 and 2006 (in cubic feet and acre-feet). Locations of gage sites used in these 
calculations are shown in Table 3.2. 
Year WY 2005 

Cubic Feet 
WY 2005 
Acre Feet 

WY 2006 
Cubic Feet 

WY 2006 
Acre Feet 

Sand Creek 3.6 x 108 8336 1.0 x 109 23763 
Scott Creek 9.5 x 107 2178 3.4 x 108 7833 
Bear Creek   2.5 x 107 579 
Cottonwood Creek  6.1 x 107 1394 1.3 x 108 2892 
Miller Creek 1.2 x 108 2860 2.8 x 108 6485 
Total Volume 6.4 x 108 14,768 1.8 x 109 41,552 
   
 
Table 4.10: Comparison of estimated combined annual surface water discharge of all 
streams from the Cascade Range to other estimated parameters in the Upper Klamath 
basin and Williamson River basin. 
Parameter Estimated 

volume 
Source Relative to surface 

water from Cascade 
Range 

Mean annual precipitation in 
Cascade Range (Williamson 
River basin only)  

2.9 x 1010 ft3 

6.74 x 105 acre-ft 
Melady, 
2002 

WY 2005 ~2% 
WY 2006 ~6% 

Ground water discharge to 
Klamath Marsh 

2.1 x 109 to 4.9 x 
109 ft3 

4.8 x 104 to 1.1 x 
105 acre-feet 
(WY 2002) 

James, 
2006 

WY 2005 ~13% of 
high estimate, ~31% 
of low estimate. 
WY 2006 ~37% of 
high estimate, ~87% 
of low estimate. 

Annual discharge on 
Williamson River near Klamath 
Agency (gage # 11476500) 
(based on monthly mean 
discharge) 

2.8 x 107 ft3; 
657 acre-feet 
(WY 2005) 
2.0 x 108 ft3; 
4666 acre feet 
(WY 2006) 

USGS 
website 

>2000 % in WY 
2005. 
~900 % in WY 2006. 

Annual discharge on Spring 
Creek (300 cfs) 

3.9 x 108 ft3 

9.0 x 103 acre-feet 
Gannett 
et al., 
2007 

~160 % in WY 2005. 
~460 % in WY 2006. 

 
Melady (2002) estimated that the mean annual precipitation received in the 

Cascade Range sub-region of the Williamson River basin is 2.9 x 1010 ft3 (8.31 x 108 m3, 
6.74 x 105 acre-ft). The estimated annual volume of surface water passing the gage points 
on the streams listed in Table 4.9 is between approximately 2 percent (WY 2005) and 6 
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percent (WY 2006) of this volume. Even though these calculations are limited by the 
assumptions used for their generation, the combined volume of surface water streams 
passing the gage sites along the western edge of the basin is a small percentage of the 
ground water moving through the system and the potential volume contributed annually 
to the Cascades sub-region of the basin.  
 

The shift from a surface-water dominated system to a system progressively 
controlled by ground water encouraged an increase in discharge of ground water through 
springs in the distal part of the system. As time has gone on, the head springs have 
migrated up valley forming valley system similar to those described in the Taupo 
Volcanic Zone by Blong (1970). The discontinuous valleys described by Blong (1970) 
are similar in morphology to Big Springs Creek in that the head spring has a steep 
headcut and sidewalls and flat valley bottom. Blong (1970) synthesizes earlier work to 
describe the general sequence of events involved in forming valleys with similar 
morphology in pyroclastic deposits. The first two steps in this sequence appear most 
applicable to the Williamson River basin. (1) Initiation of the valley is due to formation 
of small scarplets or knick points on the relatively flat pumice valley floor during 
periodic surface water flow. (2) Head ward retreat and deepening of a discontinuous gully 
is due to plunge pool erosion, undermining, and collapse of the headwall; concurrent fan 
formation at the gully mouth creating a local area of steeper gradient. In New Zealand, 
where thick pumice deposits overlie lower permeability pyroclastic flows, stream flow is 
largely underground except during periods of high intensity rainfall (Blong, 1970).  

 
The morphology of Big Springs Creek and its head springs is similar to patterns 

described by Blong (1970). However, Blong indicates that the valley form takes place in 
pumice deposits and not in ignimbrites in the Taupo Volcanic Zone. The ignimbrites in 
the Taupo Zone were deposited at higher temperature and exhibit greater lithification 
than the multiple vent-phase pyroclastic flow deposits of the Williamson River basin. 
Also, the location of Big Springs is near the distal edge of the pyroclastic flow deposits 
from Mount Mazama. In New Zealand, the potential for high precipitation events any 
time during the year can instigate a round of severe valley cutting. In the Williamson 
River basin, two processes may play a similar role. 1) Relatively rapid melting of a 
water-rich snow pack may produce conditions that could produce nick point formation. 2) 
The rise and fall of the water table leading to periodic drying and refreshing of the head 
spring. Unsaturated pumice sloughed from the head wall is transported away as the spring 
is refreshed and the headcut is undermined leading to head ward erosion. 

 
The first process is suggested by snow melt and peak runoff patterns in 2006 that 

produced significant incision of Mosquito and Yoss creeks in areas underlain by 
pyroclastic-fall deposits. At Mosquito Creek, pits several feet deep (depth of scour during 
peak discharge could not be estimated) were scoured into the bed where tree roots 
dislodged by bank collapse obstructed flow. An estimate of the discharge for Mosquito 
Creek at F.S. Road 86 based on the height of debris trapped in brush and water marks on 
the support structure of the wooden bridge was made from these field observations. The 
low end discharge estimate is based on velocities measured at this site during June run off 
(0.7 ft/s with 1 cfs discharge). If a velocity of 0.7 ft/s is used with the cross-sectional area 
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estimated from debris lines, discharge reached approximately 65 cfs. If velocities reached 
3 ft/s, the discharge may have reached approximately 300 cfs. Infrequent high discharge 
events in areas underlain by pyroclastic-flow and –fall deposits have the potential to 
produce significant geomorphic changes in the basin.  

 
4.6: Summary 

 The geomorphic evolution of the landscape of the western Williamson River 
basin reflects the recovery of the basin after the eruption of Mt. Mazama. This recovery 
ultimately plays an important role in the partitioning of surface and ground water 
resources in the basin. The following findings are relevant to this chapter.  

• Streams that carry year-round flow resulted from consolidation of the drainage 
network after the eruption of Mt. Mazama. These streams, including Miller, Sink, 
Cottonwood, Bear, Scott, and Sand are sustained by ground water from the 
Cascade Range during the summer, but feed the ground water system that 
emerges in the Williamson River basin at Klamath Marsh and at Spring Creek 
(Hwy 97). 

• Perennial streams from the Cascade Range are characterized by four distinct 
geomorphic reaches: 1) Headwater reaches where there is little to no incision; 2) 
Distinctly incised reaches; 3) Weakly incised reaches; and 4) Fan construction 
reaches where sediment is deposited. Ground water enters the streams in the 
headwater reaches and part of the distinctly incised reaches and returns to the 
ground water system in the distinctly and weakly incised reaches and fan 
construction reaches. 

• Early evolution of the landscape after the eruption of Mt. Mazama included 
construction of alluvial fans along the range front. These alluvial fans are 
generally 5 to 10 feet thick and composed of phenocryst-rich sand and glassy silt. 
The fans generally fine upwards from sand-rich to silt-rich deposits. Fans from 
local valleys coalesce to form extensive fan networks along the range front. 

• While early fans were developing along the range front, streams eroded valley 
systems into pyroclastic-flow deposits in the Antelope Desert and deposited deltas 
into the Klamath Marsh. 

• Consolidation of the drainage system into relatively few perennial streams 
accompanied incision into early stage fans and development of distinctly and 
weakly incised reaches. Within these reaches, surface water returns to the ground 
water system leading to loss of flow and abandonment of earlier formed channels 
in the Antelope Desert and west edge of Klamath Marsh. 

• The annual contribution of surface water from the Cascade Range is small relative 
to annual precipitation received by the range and of variable importance relative 
to the ground water contribution to Klamath Marsh. However, the surface water 
transported by streams in the Cascade Range is large compared to surface water 
flow on the Williamson River downstream from Klamath Marsh and Spring 
Creek at Highway 97. 
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Chapter 5: Yamsay Mountain Recharge Area 
 
Quadrangles: Gordon Lake, Yamsay Mountain, The Bull Pasture, Hamelton Butte, Fuego 
Mountain, and Silver Dollar Flat. 
 

5.1: Introduction 
 Yamsay Mountain is located on the eastern edge of the Williamson River basin 
and is a significant local recharge area for this part of the basin (Gannett et al., 2007). The 
western flank of Yamsay Mountain lies within the Williamson River watershed and the 
headwaters of the Williamson River lie near Taylor Butte (Gannett et al., 2007). 
Intermittent flow characterizes the river above Head of the River springs and into the 
Silver Dollar Flat quadrangle east of Taylor Butte.  
 

5.2: Bedrock geology synthesis 
 Yamsay Mountain is a late Miocene/early Pliocene volcanic center that was 
mapped by Hering (1981) at 1:48000 scale. Booth Ridge (south), the crest of Yamsay 
Mountain, and Buck Ridge (north) outline the approximate eastern edge of the 
Williamson River watershed. Hering (1981) considered Yamsay Mountain to be one of 
several large basaltic shield volcanoes that lie east of the Cascade Range that include the 
better known shields of Medicine Lake Highlands in northern California and Newberry 
volcano in central Oregon.  
 

In the Williamson River watershed on the western flank of Yamsay Mountain, 
Hering (1981) mapped the foundation of the volcanic complex as porphyritic basalt and 
basaltic-andesite lava flows (unit topf of Hering, 1981) erupted from numerous 
coalescing shields. The flows are commonly rubbly to massive and 7 to 25 feet thick. F.S. 
Arterial Road 49 traverses these flows in the Gordon Lake quadrangle near the 
topographic base of Yamsay Mountain. A dacite flow included in the older dacite flows 
(Tod-1) is exposed locally along Jackson Creek (S. 14, T. 30 S., R. 11 E.) where it 
overlies a pyroclastic flow. Hering (1981) inferred that the pyroclastic flow and older 
dacite domes and flows indicate a caldera-forming phase in the eruption history of 
Yamsay Mountain. Hering (1981) observed that the vents for younger non-porphyritic 
basaltic-andesite flows (Taf) formed a semi-circular distribution inferred to reflect ring 
fractures produced during the older caldera-forming phase. Vent areas for these flows are 
identified by abundant cinders and bombs. The flows are dense and uniform with 
thickness varying from 12 to 30 feet. Platy jointing is universally associated with these 
flows. 

 
Renewed eruption of porphyritic basaltic-andesite (Tpf) similar to the early 

shield-building phase followed eruption of non-porphyritic basaltic-andesite flows (Taf). 
Vents aligned north-south along Booth Ridge (locally marks the eastern boundary of the 
Williamson River watershed) are associated with exhumed dikes. Many of these flows 
contain abundant plagioclase phenocrysts. Yamsay Mountain, the largest of three 
eruptive centers for porphyritic basaltic-andesite (Booth Ridge and Rodman Rock are the 
other two), is composed of flows and pyroclastic deposits. Flows exposed on the west 
slope of Yamsay Mountain dip 5 to 10 degrees to the west.  
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A large north-facing U-shaped bowl at the top of Yamsay Mountain is a glacially 

and fluvially modified central summit crater and exposes the interior of the volcano. 
Abundant cinder, scoria, and lava flows are exposed in the walls of this bowl. Numerous 
springs discharge from the walls and the bowl is the source for Jackson Creek. Dacite 
domes (Td-1, Td-2) on the south and west flanks of Yamsay Mountain predate the 
youngest porphyritic basaltic-andesite flows from the Yamsay Mountain volcano. Hering 
(1981) viewed the distribution of vents for Td-1 and Td-2 dacites as controlled by the 
ring fractures of the older caldera phase. A third dacite unit (Td-3) exposed on the east 
flank of Yamsay Mountain is younger than the porphyritic basaltic-andesite flows and 
was dated by McKee et al. (1976; Fiebelkorn et al., 1983) at 4.79 ± 0.17 Ma. Hering 
(1981) viewed that a date for the pyroclastic flows from the inferred caldera forming 
phase dated by McKee et al. (1976; Fiebelkorn et al., 1983) bracket the eruptive period at 
Yamsay Mountain between 4.5 and 6.5 m.y.b.p.  

 
Hering (1981) reports approximately 50 cinder cones in his map area and 

indicated that some produced small volume basalt and basaltic andesite flows. Summit 
craters are lacking, but plugs and radial dikes are often exposed. Alignment of cinder 
cones northwest of Yamsay Mountain in a northwest-southeast direction were suggested 
to represent late phase basaltic activity on the flanks of the Yamsay Mountain shield 
volcano.  

 
Cummings et al. (unpublished mapping, Sugarpine Mountain quadrangle) and 

Cummings et al. (unpublished mapping, Wildhorse Ridge quadrange) describe deposits 
of moderately rounded to sub-angular cobbles to small boulders in a matrix of silt to 
coarse sand and well rounded cobbles to boulders with little matrix. The diversity of rock 
types including porphyritic dacite and porphyritic andesite to basaltic andesite suggest a 
source from Yamsay Mountain. The unit is interpreted as debris fans and fluvially 
reworked debris shed from the flanks of Yamsay Mountain during the late Miocene and 
Pliocene. The debris apron may have blocked the Pliocene Williamson River drainage 
which may have been to the north/northeast leading to over-topping divides west of 
Yamsay Mountain and establishing the modern course of the Williamson River. 

 
Hering (1981) interpreted a major fault bounding the west side of Yamsay 

Mountain, the Williamson River valley. The interpretation appears to be based on 
orientation of the valley similar to prominent northwest striking faults in the region and a 
“significant regional gravity anomaly” for which personal communication from S. Pitts is 
cited (Hering, 1981). 
 

5.3: Pyroclastic deposits 
 Hering (1981) reported pyroclastic-fall deposits from the eruption of Mount 
Mazama blanket Yamsay Mountain and locally have been reworked to form 
accumulations up to 3.5 feet thick along the western flanks of the mountain. Isopach 
maps of the lower and upper pumice units (Young, 1990) indicate the western flank lies 
in the eastern lobe of the lower pumice unit beyond the 4 inch (10 cm) isopach and along 
the eastern edge of the upper pumice unit where thickness is probably less than 20 inches 
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(50 cm). The isopach map of Williams (1942) suggests total thickness of pyroclastic 
deposits on the western flank of Yamsay Mountain is between 6 inches and 1 foot.   
 

5.4: Water-well logs 
 Five driller’s logs are available for section 36, T. 30 S., R. 10 E, a section that 
straddles the Williamson River valley and lies approximately 1 mile north of the gage on 
the Williamson River at F.S. Road 49 (Williamson River below Sheep Creek, gage # 
11491400). Of particular interest in this section is whether any of the logs may be 
interpreted to indicate the presence of the tuff of Meadow Creek, a distinctive pyroclastic 
flow with blocks of black pumice up to 3 feet in diameter in a brown glass-rich matrix. 
The unit is exposed in outcrops along F.S. Arterial Road 49 in the southwestern corner of 
section 1, T. 31 S., R. 10 E. This unit is described and mapped in the Wildhorse Ridge 
(Cummings et al. unpublished mapping) and in the Sugarpine Mountain (Cummings et 
al., unpublished mapping) quadrangles and is interpreted to be a distinct member within 
the sediments and tuffs of Abraham Flat. The tuff of Meadow Creek underlies the 
intracanyon lava flow that caps Wildhorse Ridge in the Wildhorse Ridge quadrangle and 
which is dated at 3.68 ± 0.08 Ma by Sherrod and Pickthorn (1992). The mapped 
distribution of the tuff of Meadow Creek suggests thickness greater than 20 feet and may 
be as much as 80 feet in the southeast corner of the Wildhorse Ridge quadrangle where 
black pumice clasts greater than 3 feet in diameter are present, to probably less than a 
foot near Silver Lake Highway south of the headquarters of the Klamath Marsh Wildlife 
Refuge and north of Silver Lake Highway in the Sugarpine Mountain quadrangle. All 
known tuff outcrops lie between 4560 and 4660 feet.  The tuff is an important marker 
unit but is also a low permeability unit that impedes the movement of water. Melady 
(2002) estimated the infiltration rate for the tuff of Meadow Creek between 8.9 x 10-8 and 
3.7 x 10-8 m sec-1. 
   

The log for the well in section 36 believed to be nearest the outcrop in section 1 
(KLAM 645) reports “clay brown w. pumice” from 3 to 15 feet. The description is 
consistent with what is believed to be the sediments and tuffs of Abraham Flat and likely 
is the tuff of Meadow Creek. Likewise, “brown clay” reported between 6 and 20 feet in 
KLAM 644 may also be the tuff of Meadow Creek.  The well log for KLAM 643 located 
on the east side of section 36, T. 30 S., R. 10 E reports “clay brown w/pumic” from 3 to 
15 feet and brown clay from 15 to 32 feet. The log for KLAM 641 indicates “lava 
boulders” from 9 to 11 feet and “rotten lava” from 11-14 feet. This well is believed to be 
in the area where the basaltic andesite lava flows of the shield building phase of Yamsay 
Mountain are likely to be present. Hering (1981) reports these flows are often moderately 
weathered.  

 
The drillers’ logs for all five wells (KLAM 641, 642, 643, 644, 645) suggest 

interlayered sedimentary rocks with cobbles and boulders in clay, and variously textured 
and colored lava flows. Materials described as sedimentary tend to dominate materials 
described as lava flows. 

 
Driller’s log for KLAM 54085 located in section 19, T. 30 S., R. 11 E. reports 

“brown pumice” (1-3 ft) and “brown clay & pumice (3 to 6 ft) before encountering a 
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“grey boulder” (6-7 ft). Below the boulder sandstone (brown and gray), brown sandstone 
with pumice, and locally brown clay are reported from 7 to 120 feet (E.O.H.). The well 
location suggests the upper pumice and brown clay and pumice are surface slough of the 
pyroclastic fall deposits overlying pyroclastic deposits reworked in the post-Mazama lake 
(Conaway, 2000). The section from 7 to 120 feet appears to be consistent with the 
sediments and tuffs of Abraham Flat and may include the tuff of Meadow Creek (21-47 
ft) (Cummings et al., unpublished mapping, Wildhorse Ridge quadrangle). 
 

5.5: Instantaneous discharge measurements 
The Williamson River valley lies along the western flank of Yamsay Mountain. In 

the Gordon Lake quadrangle the distance to the topographic divide that separates the 
Williamson River from west-flowing Skellock Creek and its tributaries is two to three 
miles. Gordon Lake, which lies east of the divide, is an intermittent lake that appears to 
be perched on the tuff of Meadow Creek. We have not observed surface flow in the 
pumice-filled valleys east of the divide although water may move through the pumice 
near the low permeability bedrock. Pumice deposits are about 3 to 5 feet thick in this 
area. In spring 2006 our observations coincided with surface flow in many valleys that 
had always been dry during other visits. Even under these conditions, surface flow was 
observed in the Williamson River and on the west flank of Yamsay Mountain only in 
Irving Creek, Dry Creek, Hoyt Creek, and Jackson Creek which drain the flanks of 
Yamsay Mountain. Except for Jackson and Irving, flow had not been witnessed in the 
other creeks during this study. The instantaneous discharge measurements reported in this 
study are believed to represent the surface water discharge from the west flank of 
Yamsay Mountain for most years. 

 
Instantaneous discharge was measured from the Williamson River 4560 bridge on 

F.S. Arterial Road 49 (s. 1, T. 31 S., R. 10 E.) and from a private footbridge located 
northeast of Wildhorse Ridge (s. 15, T. 30 S., R. 10 E.). Irving Creek (s. 19, T. 30 S., R. 
11 E.), Hoyt Creek (s. 18, T. 30 S., R. 11 E.), and Jackson Creek (s. 7, T. 30 S., R. 11 E.) 
were measured at culverts on F.S. Arterial Road 49.  

 
 The 4560 bridge over the Williamson River on F.S. Arterial Road 49 is located 
near the U.S. Geological Survey gage below Sheep Creek (USGS gage # 11491400). The 
approved record of this station covers the period from October 1, 1978 to September 30, 
1991. There are provisional data for periods outside of this period. The approved 
continuous discharge record for this station is presented graphically in Figure 5.1. 
Gannett et al. (2007) indicate average flow during spring is about 90 cfs and about 57 cfs 
during the fall. Comparison of September flow at U.S. Geological Survey gage 
#11491400 to precipitation at Crater Lake shows variation correlates with climate cycles. 
Comparison of September flow and cumulative departure from average precipitation at 
Crater Lake were shown by Gannett et al. (2007) as a positive linear relation (correlation 
coefficient of 0.79).  
 

The daily discharge and the median daily statistics for the 13 year period of record 
(U.S.G.S. gage #11491400) for two water years are presented in Figures 5.2 (WY 1984) 
and 5.3 (WY 1991). These years were selected because the 1984 water year had a robust 
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period of discharge that coincided with the spring snow melt. The 1991 water year was 
selected for the opposite reason, it was a drought year with a weak spring discharge 
period. These two years provide a framework within which to view the instantaneous 
discharge measured in this study.  

 

 

  
Figure 5.1: Daily mean discharge for the Williamson River below Sheep Creek (USGS 
11491400). Gage is located near bridge 4560 on F.S. Arterial Road 49 where 
instantaneous discharge was measured. 

Figure 5.2 illustrates the pattern expected for years characterized by a robust 
spring discharge season. Discharge increases steadily from about March 1 to a peak near 
the end of May. The peak is followed by a relatively rapid decline to the low discharge 
associated with summer and fall. Peak discharge exceeded 200 cfs. The summer low 
discharge period, however, remained at 60 to 70 cfs and distinctly above the 13-year 
median daily discharge. The 1984 water year fell within a cluster of water years that 
displayed a similar pattern. This cluster of years started with the 1982 water year when 
discharge climbed from a period of some of the lowest summer discharges (~35 cfs) to 
some of the highest spring discharges (~ 200 cfs) in the 13 year record. 

Figure 5.3 contains the hydrograph for the 1991 water year, the second of two 
years where discharge was significantly below the median daily discharge for the 13 
years of record (Fig. 5.1). Discharge during the spring snow melt period peaked around 
62 cfs before declining to the low discharge summer pattern. The lowest discharge is 
approximately 40 cfs.  
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Figure 5.2: Daily mean discharge for water year 1984 compared to the median daily 
statistic for the 13 year period from 1-October-1978 to 30-September-1991 for the 
Williamson River below Sheep Creek (U.S.G.S. Gage # 11491400). 

 

Figure 5.3: Daily mean discharge for water year 1991 compared to the median daily 
statistic for the 13 year period from 1-October-1978 to 30-September-1991 for the 
Williamson River below Sheep Creek (U.S.G.S. Gage #11491400). 

 
Instantaneous discharge measurements of the Williamson River from the deck of 

the 4560 bridge on F.S. Arterial Road 49 starting in spring 2002 (one measurement on 
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April  30, 2000, 94 cfs, Melady, 2002) and continuing through fall, 2006 are presented in 
Figure 5.4. The highest discharge in this period was measure in 22-April-2006 at 207 cfs. 
In general, the pattern in Figure 5.4 is similar to those in the continuous record from 1978 
to 1991 when the gage was operating (Fig. 5.1).   
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Figure 5.4: Instantaneous discharge measured from the deck of bridge 4560 on F.S. 
Arterial Road 49. Location is near the USGS gage on the Williamson River below Sheep 
Creek (U.S.G.S. Gage # 11491400). 
 

Irving Creek originates from springs approximately 0.75 miles east of F.S. 
Arterial Road 49 and flows west toward the Williamson River but drops below surface in 
the valley bottom. The springs are located where Hering (1981) mapped flows of the 
older basaltic andesites (Topf) that erupted during the shield building phase of Yamsay 
Mountain. Discharge varies little and ranges from 0.7 cfs to 2.5 cfs (on 7-June-2003) with 
higher discharge occurring most commonly from April to early June. The higher 
discharge during late spring suggests snow melt contribution to the creek. Otherwise, the 
discharge behavior is consistent with characteristics of spring-fed creeks outlined by 
Manga (1999). 

 
Hoyt Creek which rises high on the flank of the main basaltic andesite cone that 

forms Yamsay Mountain was observed in this study to carry discharge only on 22-April-
2006 (1.1 cfs). Springs feeding Hoyt Creek are not identified along the relatively long 
valley on the Gordon Lake topographic map. The stream apparently carries mostly spring 
snowmelt.  
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Jackson Creek originates from springs within the fluvially and glacially modified 

summit crater (Hering, 1981) of the volcano that forms Yamsay Mountain and flows 
down the north flank of the Yamsay Mountain complex before swinging west and 
southwest to disappear into the valley bottom sediment of the Williamson River valley. 
Gannett et al. (2007) report U.S. Forest Service estimate of ground water discharge to 
Jackson Creek from the head waters to F.S. Arterial Road 49 as 6 cfs (confidence level of 
4; period of measurement November 1991 to April 1997).  

 
At the gage point on F.S. Arterial Road 49 Jackson Creek flows through two, flat-

bottomed, 6 feet across culverts. When discharge is high, a third, 21-inch culvert located 
to the south of the double culverts also carries discharge. The lowest discharge is 
commonly in late summer and fall (~ 2 cfs: Fig. 5.5) while the highest discharge 
measured in this study was ~35 cfs (7-June-2003). Increased discharge patterns spring 
snowmelt with increasing discharge starting in late April and reaching peak discharge late 
in May to early June.  

Jackson Creek Instantaneous Discharge 
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Figure 5.5: Hydrograph of instantaneous discharge for Jackson Creek at F.S. Road 49 
collected between 29-March-2002 and 25-November-2006. 
 

The combined instantaneous discharge of all surface water features along F.S. 
Arterial Road 49 from the southeast corner of the Wildhorse Ridge quadrangle, the 
Williamson River valley, the lower slopes of Yamsay Mountain (Irving, Jackson, Hoyt 
creeks), and from Jackson Creek to Silver Lake Highway (Gordon Lake, Wildhorse 
Ridge, and Sugarpine Mountain quadrangles) ranged from a low of 65-67 cfs to a high of 
235-240 cfs. The Williamson River dominates discharge at all times (~ 95 %).  
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A footbridge across the Williamson River in section 15 (T. 30 S., R. 10 E) 
provides a discharge measuring point downstream from the confluence of the Williamson 
River and the Jackson, Irving, and Hoyt creek tributaries. Instantaneous discharge at the 
footbridge was measured by Melady (2002) and by James (2006). Figure 5.6 reports the 
discharge measurements at the 4560 bridge on F.S. Arterial Road 49 and the footbridge 
for the same dates between April 2000 and September 2003. The Williamson River loses 
an average discharge of 56 cfs along the 5 miles it travels downstream from bridge 4560  
to the footbridge despite the additional average combined flow of 5 cfs from Jackson and 
Irving Creeks. This area may recharge sedimentary bedrock and alluvial substrate 
materials. However, due to limited winter road access only one measurement was taken 
when evapotranspiration losses are assumed to be low (October 12, 2002) which shows a 
loss of 32 cfs (James, 2006). Measurement was discontinued after 2003 when land access 
became limited. 
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Figure 5.6: Hydrograph of instantaneous discharge on the Upper Williamson River 
collected from 30-April-2000 to 27-April 27-2001(Melady, 2002) and from29-March-
2002 to 6-September-2003 at bridge 4560 on F.S. Arterial Road 49 and a privately owned 
footbridge in section 15, T. 30 S., R. 10 E. (from James, 2006). 
 

5.6: Hydrogeochemisty 
 Oxygen and hydrogen isotopic ratios and cation and anion concentrations were 
determined for samples collected at bridge 4560 on F.S. Arterial Road 49 (near inactive 
USGS gage # 11491400, Williamson River below Sheep Creek). Oxygen and hydrogen 
isotopic ratios are presented in Table 5.1. Samples from this site display the isotopically 
lightest ratios of all sampling sites in the Williamson River basin at all times of year. 
These ratios are similar to those at Bedpan Spring, Three Creek, Corral Spring, and Dice 
Crane Spring (Chap. 9) and, on 19-January-2001, a sample from Klamath Marsh at the 
easternmost bridge on Silver Lake Highway contained similar ratios (δ18O = -15.4, δD = -
115). In general, isotopic ratios of hydrogen and oxygen for samples collected from 
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streams and springs east of Klamath Marsh have the lightest isotopic ratios in the 
Williamson River basin. Isotopic composition is related to temperature, latitude, altitude, 
distance from coasts, and intensity of precipitation (Sheppard, 1986). The relatively light 
isotopic ratios for samples collected from the eastern part of the Williamson River basin 
reflects evaporation within cloud masses that have passed the crest of the Cascade Range 
and are descending into the rain shadow of the mountain range. 
 

Table 5.1: Isotopic ratios for the Williamson River at 4560 bridge on F.S. Arterial Road 
49 near the U.S. Geological Survey gage on the Williamson River below Sheep Creek 
(#11491400). 

Collection date δD δ
18O 

29-Apr-00 -115, -116 -15.3 
22-Oct-00 -113 -15.4 
25-Spt-02 -116 -15.7 
13-Oct-02 -117 -15.7 
9-Nov-02 -110 -15.2, -15.3 
17-May-03 -113 -15.2, -14.9 

Analyzed by Geochron Laboratories a division of Krueger Enterprises, Inc., Cambridge, 
Massachusetts. 

 
Hydrochemistry was determined for samples collected at the same location. 

Likewise, Purdue et al. (1982) collected samples on a monthly basis between September 
1977 and September 1979 at this same site. Table 5.2 contains results of anion analysis of 
samples collected between August 2002 and October 2005 for the Williamson River, and 
Irving and Jackson creeks. The highest sulfate concentrations were consistently 
determined at Jackson Creek and highest chloride concentrations were determined for the 
Williamson River.  

 
Table 5.2: Hydrogeochemistry (anions) of the Williamson River at bridge 4560 on F.S. 
Arterial Road 49 and for streams draining the west flank of Yamsay Mountain including 
Irving and Jackson creeks at F.S. Arterial Road 49. Concentrations in ppm. 
Williamson River below Sheep Creek near USGS gage #11491400. 
Sampling 
Date 

F- Cl- NO3
- HPO4

- SO4
2-  

8/29/02 0.09 0.45 0.02 ND 0.22  
4/12/03 0.09 0.45 ND ND 0.26  
8/30/04 0.05, 0.05 0.37, 0.45 0.17, ND ND, ND 0.17, 0.17  
3/25/05 0.04 0.63 0.19 0.09 0.25  
4/23/05 0.03 0.50 0.07 0.09 0.23  
10/2/05 0.12 0.73 0.57 ND 0.13  
Irving Creek above culvert on F.S. Road 49. 
Sampling 
Date 

F- Cl- NO3
- HPO4

- SO4
2-  

8/29/02 0.15 1.82 0.02 0.24 2.62  
4/12/03 0.05 0.29 ND 0.05 0.17  
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8/30/04 0.03, 0.03 0.21, 0.19 0.12, 0.12 ND 0.13, 0.13  
3/25/05 0.04 2.62 0.15 0.12 0.18  
Jackson Creek at double culvert on F.S. Road 49. 
Sampling 
Date 

F- Cl- NO3
- HPO4

- SO4
2-  

8/29/02 0.04, 0.05 0.22, 0.21 0.02, 0.06 0.05, ND 1.04, 1.10  
4/12/03 0.04 0.24 0.04 ND 1.29  
3/25/05 0.04 0.40   1.30  
Analyzed by ion chromatography at the Trace Element Analytical Laboratory, 
Department of Geology, Portland State University. 
 
 Perdue et al. (1981) collected water samples on a monthly basis at bridge 4560 on 
F.S. Arterial Road 49 (Site WR21) between September 1977 and September 1979. The 
concentration of Na+, K+, Mg2+, and Ca2+ were determined each month. Figure 5.7 is a 
plot of the concentration (in µM) of Ca2+ versus Mg2+ and K+ versus Na+. The average 
[Ca2+]/[Mg2+] ratio is 0.99 (Std Dev = 0.13) and the average [K+]/[Na+] ratio is 0.16 (Std 
Dev = 0.03). The ratios for the individual sampling dates are plotted in Figure 5.8.  
  

The variations in ratios on a monthly basis are shown in Figure 5.8 for the 
Williamson River at the 4560 bridge on F.S. Arterial Road 49 (Perdue et al., 1981). The 
Ca2+/Mg2+ ratios for the 1978 water year are higher than in the 1979 water year due to 
lower average concentrations of Ca2+ in water year 1979. Likewise, the K+/Na+ ratios are 
higher in the 1979 water year than for the 1978 water year due to lower average 
concentration of Na+ and higher average concentration of K+ in the 1979 water year. In 
general, the Ca2+/Mg2+ ratios are higher in the 1978 water year and the K+/Na+ ratios are 
higher in the 1979 water year. The gage on the Williamson River below Sheep Creek 
(USGS #11491400) did not start operation until the 1979 water year (October 1, 1978) 
which is one of the lower discharge years of the 13 year record for the gage (Fig. 5.1). 
The Chemult Alternate and Diamond Lake Snotel Sites did not start until the 1981 water 
year.  
 

The concentrations of Ca2+ and Mg2+ are highest of the sites sampled by Perdue et 
al. (1981) on the Williamson River (Chap. 9). However, the concentrations of K+ and Na+ 

are the lowest for the sites sampled on the William River. The higher concentrations of 
calcium and magnesium suggest relatively longer residence time in the basaltic andesite 
bedrock for the ground water discharging from the Yamsay Mountain recharge area than 
the Cascade Range recharge area. The difference in sodium and potassium likely reflect 
the abundant young volcanic glass that ground water from the Cascade Range interacts 
with relative to the probably low glass content in the volcanic rocks of Yamsay 
Mountain. The variation in cation concentrations and ratios for sites on the Williamson 
River are examined in greater detail in Chapter 9. 
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Cation concentrations for Williamson River 4560 Bridge on F.S. Arterial Road 49
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Figure 5.7: Concentration (in µM) of Ca2+ versus Mg2+ and K+ versus Na+ for the 
Williamson River at the 4560 bridge on F.S. Arterial Road 49 for monthly samples 
collected between September 1977 and September 1979 (Perdue et al., 1981; site WR21). 
 

5.6 Summary 
 The Yamsay Mountain recharge area contributes surface and ground water to the 
Williamson River basin through streams and springs that flow from the western flank of 
the mountain. The following points are important for the context of this part of the 
system. 

• Yamsay Mountain is a late Miocene to early Pliocene composite volcano made up 
of overlapping shield volcanoes. Pyroclastic-flow deposits and the distribution of 
vents for non-porphyritic basaltic-andesite flows are evidence for a caldera 
forming phase in the growth of the volcano. Younger basaltic andesite cones 
define the higher elevation parts of the volcano and produce lava flows that gently 
dip into the Williamson River basin on the west flank of Yamsay Mountain.  

• Water well logs from the Williamson River valley at the foot of Yamsay 
Mountain suggest the sedimentary rocks and tuffs of Abraham Flat underlie the 
valley. This unit is believed to be of relatively low permeability, but may include 
well rounded conglomerate and sandstone produced by river working of debris 
shed from Yamsay Mountain.  

• Instantaneous discharge for the Williamson River indicates highest discharge 
during late April and into May when snow melts from the highest elevations on 
Yamsay Mountain. Base flow is approximately 65 to 70 cfs during late summer, 
fall, and winter (unless there is heavy autumn rainfall). 
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Figure 5.8: Concentration ratios of Ca2+/Mg2+ and K+/Na+ for monthly samples collected 
at the 4560 bridge on F.S. Arterial Road 49 between September 1977 and September 
1979 (Perdue et al., 1981). 
 

• Oxygen and hydrogen isotopic ratios of the Williamson River are light when 
compared to the isotopic ratio of surface and ground water from the Cascade 
Range. This provides a distinct signature for surface and ground water from 
the eastern part of the Williamson River basin. 

• The composition of Williamson River water is distinguishable from Cascade 
Range water by higher concentrations of calcium and magnesium and lower 
concentrations of potassium and sodium. It is also distinct in terms of 
concentration of anions relative to water from the Cascade Range.  

• The ratios and concentrations of cations in the Williamson River varies from 
year to year. The cause and extent of these variations are not known. 
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Chapter 6: Sugarpine Mountain Recharge area 
 
Quadrangles: Sugarpine Mountain, Round Butte, Sugarpine Mountain NW, Tea Table 
Mountain, Walker Mountain, Chemult, and Sellers Marsh. 
 

6.1: Introduction 
 The elevation of Sugarpine Mountain is great enough that precipitation is 
enhanced relative to the lower elevation areas of the Williamson River basin. However, 
the area with elevation high enough to receive more than 35 inches of precipitation per 
year is relatively small. Surface and ground water flow paths are impacted by complex 
stratigraphic relations among interfingering sedimentary, hydroclastic, and pyroclastic 
rocks and lava flows. Although surface water flow paths are toward Klamath Marsh and 
the Williamson River, the direction of ground water flow is less obvious.  
 

6.2: Geologic synopsis 
The geologic map of the Sugarpine Mountain quadrangle is the only map 

available (Cummings et al., unpublished mapping) for the Sugarpine Mountain area. 
Reconnaissance mapping has been conducted in the Round Butte quadrangle. The Tea 
Table Mountain, Walker Mountain, and Sellers Marsh quadrangles contain the upper 
reaches of Jack and Mosquito creeks which drain south to the Williamson River. 
Geochemistry and petrology of basalt lava flows in the Sugarpine Mountain quadrangle 
were studied by Hackett (2006).  

 
 The oldest rocks in the Sugarpine Mountain quadrangle extend westward into the 
Round Butte and northward into the Tea Table Mountain quadrangles. Basaltic 
hydroclastic rocks and coarse-grained clastic sedimentary rocks are complexly 
interlayered throughout the area (Fig. 6.1). God Butte, a prominent topographic high, is a 
deeply eroded basaltic tuff cone. A less prominent deeply eroded tuff cone is exposed as 
an unnamed butte near the eastern edge of the quadrangle (s. 2, T. 28 S., R.10 E.). Dikes 
intrude the tuff cone at this site and, similar to God Butte (unit Ttgb, Fig. 6.1), a lava flow 
occupies what is interpreted to be the crater of the tuff cone. Although these two features 
are the most prominent, hydroclastic rocks are present throughout the area. The 
hydroclastic tuffs range from gray to golden brown, massive to moderately well bedded, 
poorly sorted, ash to vesiculated lapilli and blocks, with sparse to common accidental 
inclusions of basalt. The hydroclastic deposits interfinger with and are overlain by poorly 
sorted lithic-rich sedimentary rocks that range from siltstone to matrix supported 
conglomerate. Paleosols with well developed peds and root seats are present. Drillers’ 
logs for water wells suggest hydroclastic tuffs, volcaniclastic sedimenatary rocks and 
interstratified thin basalt lava flows are prominent in this area (e.g. KLAM 11774, s. 32, 
T. 29 S., 9 E (U.S. Geological Survey monitoring well)). The section may attain thickness 
greater than 300 feet.    
 

The hydroclastic tuff/sedimentary rock section is truncated by an erosion surface 
of low relief. Palagonitized tuff cones (golden brown) are deeply eroded while the less 
palagonitized tuff cones such as God Butte form the higher topography on this erosion 
surface.  
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Figure 6.1. Generalized geologic map of the Sugarpine Mountain quadrangle (Hackett, 
2006). Sample numbers are for samples used by Hackett (2006) to examine the 
stratigraphy and petrogenesis of late Miocene and early Pliocene basalt lava flows. Unit 
designations: Tstlc – Sedimentary rocks and tuffs of Lane Creek (west) or Jack Creek 
(east); Tb olivine basalt lava flows; Tbasm undifferentiated basalt and basaltic andesite of 
Sugarpine Mountain; Tbds basalt of Deer Scaffold Spring; Tbgb basalt of God Butte; 
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Tbjcc olivine basalt of Jack Creek corral; Tbks olivine basalt of Kicking Horse Spring; 
Tbmc olivine basalt of Mosquito Creek; Tbmm olivine basalt of McCarty Meadow; Tbrm 
olivine basalt of Rake’s Meadow; Tbsp – olivine basalt of Sagebrush Point (buried under 
map caption); Tsaf – sedimentary rocks and tuffs of Abraham Flat, Tsafc conglomerate 
beds of the sedimentary rocks and tuffs of Abraham Flat; Ttgb basalt tuff of God Butte.  
Northwest corner located at 121˚ 37’ 30” West longitude and 43˚ 07’ 30” North latitude. 

 
Field relations suggest that Sugarpine Mountain, a stratovolcano (6393 feet, rises 

1400 feet above surrounding area) near the common corners of the Sugarpine Mountain 
(unit Tbasm, Fig. 6.1), Round Butte, Sugarpine Mountain NW, and Tea Table Mountain 
quadrangles, may have erupted onto this erosion surface before the eruption of basalt 
flows at about 5 Ma (unit Tb, Fig. 6.1). In the Sugarpine Mountain quadrangle, the 
mountain is composed of relatively uniform aphanitic to fine-grained, sparsely to 
moderately porphyritic basaltic andesite lava flows and vent deposits including shallow 
intrusions, breccias, and domes. Major and trace element geochemistry suggest little 
variation among the different textural and stratigraphic units (Cummings et al., 
unpublished mapping, Sugarpine Mountain quadrangle). The basalt flows inferred to 
overlie the basaltic andesite of Sugarpine Mountain also form the rim of the north 
Klamath Marsh in the Sugarpine Mountain (unit Tb, Fig. 6.1) and Round Butte 
quadrangles. These flows are dated at 4.94 ± 0.68 Ma (Cummings and others, 
unpublished mapping; Table 6.1). 

 
The 4.9 Ma basalt flows and slightly younger basalt flows that lie to the east and 

southeast of Sugarpine Mountain are characterized by olivine phenocrysts in a fine-
grained groundmass dominated by plagioclase microphenocrysts and abundant irregularly 
shaped gas cavities, so called diktytaxitic cavities. These lava flows were examined by 
Hackett (2006). Hackett (2006) divided these basalts into four units on the basis of 
texture, mineralogy, and geochemistry. The characteristics of each unit suggest 
independently evolving magma chambers produced these low volume flows. Trace 
element geochemistry of the basalt flows normalized against primordial mantle 
geochemistry produces spider diagrams characterized by the high LIL (Ba, Sr) relative to 
HFS (Th-Yb) signature that is a distinctive feature of subduction zone magmas (Hackett, 
2006). Compared to younger basalt flows (late Pliocene to Pleistocene) with similar 
mineralogy and texture exposed in the Military Crossing, Soloman Butte, Wildhorse 
Ridge, and Wocus Bay quadrangles, the trace, minor, and major element geochemistry of 
the basalt flows in the Sugarpine Mountain quadrangle are distinct (Hackett, 2006).  

 
Table 6.1: Age dates for bedrock units in the Sugarpine Mountain area. 
Sequence or 
Sample ID 

UTM 
coordinates 

Age Method Reference 

RB29SR9Es28 
 

0609469 E 
4765021 N 

4.94 ± 0.68 Ma 40Ar/39Ar This Study  

JCF29SR10Es34 
 

0620057 E 
4762951 N 

3.63 ± 0.10 Ma 40Ar/39Ar This Study 

Analysis by P. W. Layer at the Geochronology Laboratory, University of Alaska, 
Fairbanks, AK. Analytical methods and results are included in Appendix A. 
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The Miocene and early Pliocene stratigraphic section in the northern part of the 

Sugarpine Mountain quadrangle described above may dip gently to the south where 
Pleistocene sand dunes and pyroclastic deposits from Mount Mazama obscure 
stratigraphic relations. The slightly younger stratigraphic section that underlies the 
southern part of the quadrangle includes distinct marker units that are present in the 
Wildhorse Ridge quadrangle including the tuff of Meadow Creek (unit Tsaf in Fig. 6.1; 
Cummings and others, unpublished mapping). This section was deposited between 4 and 
3.5 million years and includes basalt flows dated at 3.63 ± 0.10 Ma (unit Tbrm, Fig. 6.1; 
Table 6.1; Cummings and others, unpublished mapping). The tuff of Meadow Creek is 
interbedded with the sedimentary rocks and tuffs of Abraham Flat (Cummings and 
others, unpublished mapping Wildhorse Ridge quadrangle) and extends into the 
Sugarpine Mountain quadrangle. Here, it is locally interbedded (?) and/or overlain by 
matrix supported conglomerate derived from Yamsay Mountain. 

 
After about 3.5 million years the area was again eroded in response to the onset of 

faulting along the Wildhorse Ridge-Military Crossing fault zone (Cummings and Melady, 
2002). The most prominent valley formed during this time contains Jack Creek which lies 
within a valley that is locally at least 140 feet deep. It appears that God Creek and 
Mosquito creeks also incised their valleys at this time. Both of these creeks form valleys 
cut into the tuff of God Butte. It is also tempting to erode the prominent basalt flow-
capped scarp that forms the northern edge of north Klamath Marsh at this time. However, 
we continue to seek alternative explanations for this feature. During the Pleistocene (?) 
basalt lava flows erupted from volcanoes in the Bear Butte quadrangle partially blocked 
the Jack Creek valley and locally formed an intracanyon flow (unit Tbjcc, Fig. 6.1). Jack 
Creek has locally eroded through these flows.  

 
6.2.1 Pre-Mazama unconsolidated sediments 
 Prior to the eruption of Mount Mazama ~7700 yr B.P., sand dunes accumulated 
south of Sugarpine Mountain and in the valley of the Williamson River. The dunes are 
most common and thickest in the south half of the Sugarpine Mountain quadrangle below 
about 4800 feet, but small isolated dunes are found throughout the quadrangle. These 
deposits are described in Chapter 7.  
 
6.2.2 Pyroclastic deposits from Mount Mazama 
 The Sugarpine Mountain recharge area is blanketed by pyroclastic-fall deposits 
from the climactic eruption of Mount Mazama. The isopach map of Williams (1942) 
indicates thicknesses range from approximately 3 feet in the east to over 10 feet in the 
west. Young (1990) indicates that the thickness of the lower pumice unit increases from 
about 1 inch (2 cm) to over 8 inches (20 cm) from east to west while the upper pumice 
unit ranges from 1.5 feet (50 cm) to over 6.5 feet (200 cm) from east to west.  
 
 Table 6.2 contains a selection of lithologic logs for auger holes from the 
Sugarpine Mountain quadrangle that illustrate the characteristics of the pyroclastic 
deposits and their relation to the overlying and underlying unconsolidated deposits and 
bedrock. In most of the quadrangle pumice blocks up to 2.5 inches in diameter are the 



 5 

uppermost deposits and are the upper pumice unit of the Mazama pyroclastic fall deposits 
(Young, 1990). Grain size abruptly decreases to 0.2 inches deeper in the upper pumice 
deposit. An ash bed is commonly present over the pre-eruption paleosol (e.g. site 6 in 
Table 6.2). 
 
Table 6.2: Lithologic logs of auger holes from the Sugarpine Mountain quadrangle that 
contain pyroclastic-fall deposits of the northern lobe of the lower pumice unit and the 
upper pumice unit (Young, 1990). Depth is relative to the local ground surface.  
Site Location Elevation Lithologic description 
1 NE, NW, NW, 

s. 31, T. 28 S., 
R. 10 E: UTM 
615240 E., 
4773150 N., ± 
10.4 m. 

5480 ft. 
1670 m. 
 

0-1 in: organic-bearing, finely rooted silt. 
1-19 in: brown, rounded, up to 1 inch pumice in 

silt, rooted, pumice abundance and size 
increase downward, some up to 2.5 
inches. 

19-35 in: yellow-brown, up to 1.5 inches, 
irregular shaped pumice lapilli. 

35-63 in: gray yellow, granular, < 0.5 inch 
pumice lapilli, lithic content increases 
downward. 

63-72 in: red bown, silty loam, some rocks to 1.5 
inches (aphanitic volcanic with sparse 
microphenocrysts of plagioclase, E.O.H. 
at 72 inches. 

2 SE, SW, SE, s. 
34, T. 28 S. 
R. 10 E.: UTM 
612045 E., 
4772345 N., ± 
5.7 m. 

5050 ft. 
1539 m. 
 

0-3 in: dark brown, organic-bearing silty with 
sparse, small pumice grains, rooted. 

3-12 in: brown rounded pumice in a silty matrix. 
12-24 in: yellow to yellow brown, irregular 

shaped, up to 2 inch pumice lapilli, 
distinctly weathered with weathering rinds 
on course grains. 

24-40 in: yellow, granular, pumice lapilli to 0.2 
inches, lithic and crystal clasts, grain size 
decreases downward with ash at base. 

40 in: hard rock, unable to break, E.O.H. 
3 NE, SW, NE, s. 

14,  T. 29 S., R. 
9 E.: UTM 
613413 E., 
4768422 N., ± 
9.1 m. 

4530 ft. 
1381 m. 
 

Rounded pumice blocks at surface. 
0-4 in: forest duff with pine needles in silt. 
4-24 in: < 0.2 inch rounded pumice grains, 

crystal and lithic clasts; pumice size and 
abundance increase downward. 

24-26 in: <0.2 inch, blocky pumice lapilli. 
26-29 in: yellow-brown up to 2 inch pumice 

cobbles some of which are very well 
rounded. 

29-31 in: mixed rounded pumice and lithic-rich 
sand. 

31-51 in: yellow-brown, up to 2 inch, pumice 
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blocks, grain size decreases downward, 
black coating at about 51 inches. 

51-87 in: light yellow-brown, granular, <0.2 inch 
pumice lapilli, red tint near base, ash bed 
at base at 87 inches, E.O.H.  

4 NW, SE, NE, s. 
5, T. 29 S., R. 
10 E.: UTM 
617797 E., 
4771433 N., ±  
5.4 m. 

4960 ft. 
1512 m. 
 

0-1 in: dark brown, organic-bearing, rooted. 
1-7 in: medium brown, pumice in silty matrix. 
7-18 in: yellow-brown, irregular shaped, up to 

1.4 inches pumice lapilli. 
18-43 in: yellow brown, granular shaped, <0.5 

inch to 0.2 inch pumice lapilli, lithic 
abundance increases as pumice grain size 
decreases with depth, lighter colored 
below 40 inches. 

43-46 in: brown, rooted, moist silty sand. 
46 in: hard rock, unable to break, E.O.H. 

5 NE, NW, NW, 
S. 27, T. 29 S., 
R. 10 E. UTM 
620393 E., 
4765695 N., ± ? 

4725 ft. 
1440 m. 
 

0-9 in: silty, low density, gray with pumice 
grains, organic material from 0-2.5 inches. 

9-35 in: yellow brown pumice lapilli with color 
decreasing in intensity with depth; clasts 
are1.5 inches and decrease with increasing 
depth. 

35-41 in: moist, fine sandy silt that forms clumps 
in the hand. E.O.H. 41 inches. 

6 NE, SW, NE, S. 
31, T. 29 S., R. 
10 E., UTM 
616438E, 
4763517 N. ±? 

4565 ft. 
1391 m. 
 

0-7 in: low density, silty sand, organic-bearing. 
7-50 in: pumice blocks, largest clasts are up to 

2.5 inches near the top to about 19 inches 
where grain size decreases to less than 0.3 
inch, changes from yellow-brown to white 
near base.  

50-50.5 in: gray ash layer. 
50.5-52 in: fine- to medium-grained, lithic-rich 

damp sand. E.O.H. 52 inches. 
7 SW, SE, NE, S. 

1, T. 30 S., R. 9 
E., UTM 
614860 E., 
4761799 N., ±? 

4538 ft. 
1383 m. 
 

0-3 in: organic-bearing, glassy silt, low density. 
3-33 in: mixed rounded pumice and silty sand. 
33-52 in: white pumice lapilli to blocks generally 

0.4-0.8 inches in diameter, rounded to 
angular. 

52-60 in: moderately well sorted, fine- to 
medium-grained, lithic rich sand, not well 
polished. E.O.H. 60 inches. 

8 SE, SW, SW, S. 
13, T. 29 S., R. 
9 E., UTM 
613833 E., 
4767284 N., ± 

4525 ft. 
1379 m. 
 

0-12 in: dark brown organic-rich silts, rooted, no 
pumice. 

12-25 in: moist, glass-rich silt, clumps when 
molded by hand, reworked ash/pumice. 

25-34 in: mixed lithic-rich sand and rounded 
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4.9 m. pumice up to 0.2 inches in diameter. 
34-78 in: pumice blocks starting with clasts up to 

2 inches in diameter, decreasing rapidly to 
lapilli less than 0.4 inch diameter, coarser 
clasts are more irregular in shape while 
smaller clasts are more rounded, pumice 
becomes moist below 61 inches; water 
table at 72 inches on June 15, 2004. 

78-79 in: mixed sand and pumice. 
79-86 in: lithic-rich sand, red and black grains, 

fine- to medium-grained, well sorted and 
well rounded. E.O.H. 86 inches. 

 
Wave action in the lake that occupied the lower elevations of the Williamson 

River basin for a short time after the climactic eruption of Mount Mazama eroded and 
reworked the pyroclastic deposits below approximately 4600 feet. This is illustrated at 
sites 3, 6, 7, and 8 in Table 6.2. In some areas, the entire pyroclastic section is eroded and 
sediment produced by the reworking of dune sand and pyroclastic deposits is present. 
Two such sites in the Sugarpine Mountain quadrangle are illustrated in Table 6.3. 
 
Table 6.3: Lithologic logs of auger holes in the Sugarpine Mountain quadrangle where 
pyroclastic deposits are absent, apparently eroded by wave action in the lake that 
occupied the Williamson River basin after the climactic eruption of Mount Mazama 
(Chap. 8). Depth is relative to the local ground surface. 
Site Location Elevation Lithologic description 
9 NE, SW, SW, s. 

11, T. 29 S., R. 
9 E.: UTM 
612155 E., 
4769175 N., ± 
9.1 m. 

4530 ft. 
1381 m. 
 

0-2 in: dark brown, organic-rich, rooted silt. 
2-48 in: low density, silty with rounded 

pumice to less than 0.4 inches. 
48-76 in: well sorted, lithic-rich sand which 

changes to sand with rounded pumice 
grains, pumice increases with depth. 

76-81 in: pumice lapilli with silty matrix, 
interbedded with silt to E.O.H. at 81 
inches. 

10 SW, SE, NW, S. 
3, T. 30 S., R. 
10 E., UTM 
620450 E., 
4761809 N., ± ? 

4585 ft. 
1398 m. 
 

0-9 in: organic-bearing, low density, silty. 
9-26 in: yellow brown pumice lapilli with 

sand grains, pumice is dominant. 
26-30 in: abrupt change to white pumice 

lapilli. 
30-42 in: well-rounded, well-sorted, lithic-rich 

sand. 
42 in: hard bedrock, broken pieces show dense 

rounded basalt cobbles, brown to 
yellow-brown silty to ashy matrix, may 
be crudely bedded. May be one black 
pumice clast. E.O.H. 42 inches. 
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6.3: Water well data 
Water wells are extremely scarce in the Sugarpine Mountain recharge area. A 

water well (KLAM 11774) is located near the northeast edge of the northern part of 
Klamath Marsh in the Round Butte quadrangle. The surface elevation at the well is 4520 
feet (nearly the surface elevation of the northern marsh). The well location is near 
outcrops of basalt flows that form the cliffs along the northwest and north edge of 
Klamath Marsh. Mapping in the Sugarpine Mountain quadrangle (Cummings et al., 
unpublished mapping) indicates talus composed of basalt boulders has accumulated down 
slope from these capping basalt flows and is commonly engulfed in well rounded, lithic-
rich dune sand. Below about 4600 feet, pyroclastic deposits and dune sand were eroded 
and reworked in the lake that occupied the basin after the eruption of Mount Mazama 
(Conaway, 2000; Cummings et al., unpublished mapping, Sugarpine Mountain 
quadrangle; Chap. 8). The driller’s log for KLAM 11774 does not report pyroclastic 
deposits near the surface. Instead, the first 50 feet are reported as “top soil” (0-2 ft), “sand 
& peat” (2 to 9 ft), “gray boulders & clay” (9 -14 ft), and “brown sand & clay” (14-50 ft). 
At about 50 feet the well encountered basalt and from 50 to 140 feet basalt lava flows 
interfinger with cemented sandstone and gravel. From 140 feet to the end of hole at 300 
feet, the well penetrated cemented sand and gravel and “clay”. The description in the log 
suggests the first 50 feet of the well penetrated the interbedded hydroclastic tuffs, 
volcaniclastic sedimentary rocks, and thin lava flows similar to those exposed in the Jack 
Creek valley along the east edge of the Sugarpine Mountain quadrangle. 

 
  At the time of well completion, the static water level was recorded at 5.5 feet 

(6/24/79). Continuous monitoring of water level in the well started on 14-September-
2000 and continued until 11-July-2005. As shown in Figure 6.2, the water level in 
KLAM 11774 fluctuated annually with rising levels in the fall and winter months 
(October to March) and falling levels from May to middle September. However, over the 
nearly five years of continuous monitoring the water level declined. 

 
A water well (KLAM 562) located east of Sugarpine Mountain (NW, NE, S. 27, 

T. 28 S., R. 10 E.) intersected water-producing strata at approximately 308 feet and again 
at 400 feet beneath the local ground surface (4885 feet). The driller’s log suggests the 
well penetrated approximately 27 feet of hydroclastic tuff before entering lava flows 
(thickness >380 ft). Water levels in this well were continuously monitored by the U.S. 
Geological Survey and data are presented in Figure 6.3 for the period from October 10, 
2001 to late fall 2006. On 10-October-2001 the water surface was 371.80 feet beneath the 
ground surface (4885 ft) at an elevation of approximately 4513 feet and steadily declined 
to nearly 382 feet in early 2006 before recovering by approximately 3 feet. At the lowest 
level, the elevation of the water table was about 4503 feet. The water table is over 350 
feet below the bed of Jack Creek which is approximately 0.2 miles east of the well. The 
elevation of the water surface during this monitoring period is also below the surface 
elevation of Klamath Marsh (4516 feet) on the west side of the Sugarpine Mountain 
quadrangle. Water-level contours presented by Gannett et al. (2007; Fig. 21, p. 45) based 
on sparse water well data indicate the direction of ground water flow is not well 
constrained in the Sugarpine Mountain recharge area. 
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Figure 6.2: Water level record for well KLAM 11774 between 14-September-2000 and 
11-July-2005.  
 
  Driller’s log for the Shevlin-Hixon well (KLAM 561, approximately 2 miles west 
of Sugarpine Mountain in the Sugarpine Mountain NW quadrangle in s. 20, T. 28 S, R. 9 
E.) reports 15 feet of pumice and 655 feet of lava (E.O.H. 670 ft). A porous zone in the 
lava sequence is reported between 496 and 514 feet. The water level is reported at 496 
feet below the surface (~4980 ft). Based on these data, the water level reported in the well 
at the time of drilling (September, 1947) is below the surface of Klamath Marsh. The 
thickness of the pumice deposits is consistent with the isopach map of the upper pumice 
unit reported by Young (1990).  
 
 The driller’s log for KLAM 11773 (s. 5, T. 29 s., R. 9 E, Round Butte quadrangle, 
elevation 4950 suggests this well is located on a topographic high in this section) reports 
17 feet of pumice overlying sedimentary rocks (“rock and clay”) from 17 to 290 feet (one 
section of lava flows ~ 38 ft thick). From 290 to E.O.H. at 380 feet the well penetrated 
lava flows. The thickness of pumice is consistent with Young (1990). However, “rock 
and clay” may describe basaltic hydroclastic deposits better than sedimentary rocks since 
medial and proximal hydroclastic deposits often contain accidental inclusions (the “rock” 
part) embedded in what started out as glass and is commonly altered to “clay”. This 
interpretation is consistent with stratigraphic relations in the Sugarpine Mountain 
quadrangle (Cummings et al., unpublished mapping).  
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Figure 6.3: Continuous record of water levels in well KLAM 562. 
 

6.4: Stream systems 
Four stream valleys dominate the surface water system in the Sugarpine Mountain 

recharge area. Three of these streams, Jack Creek, Mosquito Creek, and God Creek are 
characterized by infrequent flow along their entire course, local reaches of year-round 
flow, and local ponding. Three Creek generally flows all year, but has been found dry in 
drought years. These streams provide insight into the interaction between surface- and 
ground-water systems in the Sugarpine Mountain recharge area. 

 
6.4.1 Jack Creek valley 
 Jack Creek has its source on the east flank of Walker Mountain in the Walker 
Mountain quadrangle. From its source, the creek flows south through the Sellers Marsh 
and Tea Table Mountain quadrangles before entering the Sugarpine Mountain quadrangle 
where it occupies a valley along the boundary between this quadrangle and neighboring 
Bear Butte quadrangle. Eventually the valley swings southwest and loses distinct 
topographic expression south of the Silver Lake Highway and before intersecting the 
Williamson River in the northern part of the Wildhorse Ridge quadrangle (Fig. 6.4). 
 

The valley bottom in the Sugarpine Mountain quadrangle has been mapped by 
Cummings et al. (unpublished mapping). Along the east edge of the quadrangle the Jack 
Creek valley is cut into stream-deposited volcaniclastic sedimentary rocks containing  
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Figure 6.4: Topography of the Jack Creek valley in the Sugarpine Mountain and Bear 
Butte quadrangles. Locations of auger holes described in Table 6.4 are shown as yellow 
triangles. Locations of piezometers shown as red circles. Jack Creek floodplain (Fig. 6.5) 
is located at the northernmost red circle. Sample location for age date JCF29SR10Es34 in 
Table 6.1 is shown as a black flag. Location of water well KLAM 562 is shown as a 
purple diamond (Fig. 6.3). 
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paleosols and basaltic hydroclastic deposits. The western valley wall rises 180 feet above 
the stream and is capped by basalt lava flows. There does not appear to be a similar 
topographic feature defining an eastern valley edge. The valley asymmetry persists to the 
south to a point where the valley enters a relatively narrow valley that crosses the 
southeastern corner of the Sugarpine Mountain quadrangle. Younger (late Pliocene?) 
basalt lava flows erupted from vents in the Bear Butte quadrangle partially cover the 
valley floor and in the southeast corner of the Sugarpine Mountain quadrangle form an 
intracanyon flow (unit Tbjcc follows this valley, Fig. 6.1). Along its course through the 
quadrangle, the basalt flows locally form the creek bed, valley walls and the creek bed, or 
valley walls where cut through by the stream. Depending upon the local configuration, 
the stream reaches vary from bedrock-lined channel, alluvium-lined channel that is dry 
through most of the year, to alluvium-lined channel with ponded water throughout the 
year. Downstream from the terminus of the intracanyon flow, stream reaches are 
alluvium with or without standing water. The Jack Creek valley was inundated during the 
flooding of the Williamson River basin that occurred after the eruption of Mount 
Mazama (Conaway, 2000; Chap. 8; Cummings et al., unpublished mapping, Sugarpine 
Mountain quadrangle) to an elevation of approximately 4600 feet. Rounded pumice 
boulders and beveled sand dunes in the lower reaches of the valley attest to this 
inundation.   

 
As indicated in the description of well KLAM 562, the water table lies far below 

the valley bottom of Jack Creek throughout its course. Areas of standing water in the 
channel are perched above the regional ground water system. Flow in the channel, as 
observed in April 2000 and April 2006, apparently takes place when discharge exceeds 
the rate at which water can enter the ground water system of the deep aquifer. The water 
table in well KLAM 562 (Fig. 6.4) lies below the elevation of Klamath Marsh and the 
Williamson River during much of the time of record (10-October-2001 to late fall, 2006). 
Water level contours presented by Gannett et al. (2007) indicate the water table is below 
4500 feet in this area. Data are extremely sparse, but ground water flow from the 
Williamson River basin to the north or northeast, routes that may have existed prior to 
capture of the headwaters of the Williamson River during the middle Pliocene, is 
possible. Studies on the history of aquatic systems in the Great Basin based on the 
distribution of aquatic biota suggests important hydrographic boundaries developed 
between the systems of the Great Basin and Snake River basins and the Klamath basin 
during the Pliocene and Pleistocene. Distribution maps for fishes (Smith et al., 2002) and 
aquatic snails (Hershler and Sada, 2002) contain boundaries near the Jack Creek-upper 
reaches of the Williamson River in the vicinity of Yamsay Mountain. 

 
A selection of lithologic logs from hand-augered holes in the valley bottom is 

included in Table 6.4. Auger holes 11 to 14 in Table 6.4 record a traverse across the Jack 
Creek flood plain near the eastern boundary of the Sugarpine Mountain quadrangle (Fig. 
6.4). In this area, lava flows of the olivine basalt of Jack Creek corral (Tbjcc of Fig. 6.1) 
blocked the creek. Flow top breccias of these flows were encountered in holes 11, 12, and 
14, but were not encountered in hole 13 which is located in the flood plain at the lowest 
surface elevation of the four holes. These relationships suggest Jack Creek cut a channel 
into the flows that is greater than 8 feet deep before sand partially filled the channel. 
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These sand deposits were, in turn, buried by the pyroclastic fall deposits from the 
climactic eruption of Mount Mazama. In this part of the quadrangle, the total thickness of 
pyroclastic fall deposits is expected to be 2.5 to 3.0 feet. However, these pyroclastic fall 
deposits were also eroded before deposition of glass-rich silty sand with rounded grains 
of pumice. The water table, perched in this area, apparently fluctuates within the upper 
pre-Mazama sand where iron-rich concretions are present.  
 

Farther down stream in the vicinity of Rakes Meadow (site 15, Table 6.4), 
wetlands north of the Jack Creek valley appear to be persistently wet and non-
channelized flow is present locally. Sand dunes form the local topography. Bedrock is the 
sedimentary rocks and tuffs of Abraham Flat (Cummings et al., unpublished mapping). 
The auger hole is located on the south side of the creek channel. Nearly three feet of 
glassy silt, fine-grained lithic sand, and rounded clasts of yellow-brown pumice overlie 
the pyroclastic fall deposits that appear to include the lower and upper pumice unit of 
Young (1990). The increase in lithic clasts near the end of the hole suggests the hole was 
stopped just short of the pre-Mazama palesol. The pumice deposits are approximately 4 
feet thick.  
 
 
Table 6.4: Selection of lithologic logs from the Jack Creek floodplain in the Sugarpine 
Mountain quadrangle.   
Site Location Elevation Lithologic description 
11 SW, NE, SW, S. 11, 

T. 29 S., R. 10 E., 
UTM 622058 E, 
4769154 N., ± 6.2 m. 

4725 ft. 
1440 m. 
 

0-35 in: pumice lapilli 
35-43 in: fine-grained, lithic rich sand. 
43-47 in: red, scoria, low phenocryst content. 

E.O.H. at 47 inches. 
12 SW, SE, NW, S. 11., 

T. 29 S., R. 10 E., 
UTM 621911 E., 
4769632 N., ± 5.6 m. 

4710 ft. 
1436 m. 
 

0-9 in: organic-bearing layer at surface grading 
downward to fine-grained, low-density silt 
with small rounded grains of pumice. 

9-20 in: pumice lapilli to 0.5 inches.  
20-87 in: lithic-rich, uniform, medium-grained 

sand. Red cinder clasts are present near the 
bottom of this interval. E.O.H. at 87 inches. 

13 NW, NE, NW, S. 11, 
T. 29 S., R. 10 E.,  
UTM 621892 E, 
4770653 N., ±7.3 m. 
Jack Creek 
floodplain 

4690 ft. 
1430 m. 
 

0-40 in: low density, silty, fine-grained sand with 
rounded pumice grains. 

40-78 in: fine- to medium-grained, lithic-rich sand. 
No pumice present. Mottled with red-brown 
spots. Between 55 and 60 inches iron-oxide 
cemented sand concretions. At 60 inches 
concretions are still present but are no longer 
red. 

78-80 in: gray, clay-rich layer. 
80-85 in: black, medium- to coarse-grained sand. 

Uncemented. Water table is at about 80-83 
inches on 16-June-2004. E.O.H. at 95 
inches. 
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14 NE, NW, NW, S. 11, 
T. 29 R., R. 10 E., 
UTM 621856 E., 
4770620 N., ± 16.5 
m. 

4705 ft. 
1434 m. 
 

0-30 in: mixed fine- to medium, moderately sorted 
sand with rounded grains of pumice. 
Increasingly red with depth. 

30-37 in: broken and highly weathered red to red-
brown scoria. Apparently weathered flow 
top. E.O.H. at 37 inches. 

15 NW, NW, NW, SE, 
S. 33, T. 29 S., R. 10 
E., UTM 619206 E., 
4763168 N., ±? 
Rakes Meadow 

4555 ft. 
1388 m. 
 

0-13 in: rooted, some pumice mixed with low 
density silt, some fine sand, medium brown. 

13-33 in: mixed sand and pumice, clean, well-
rounded, lithic-rich sand, pumice is rounded. 

33-52 in: yellow-brown pumice with clast size 
largest at 52 inches. Hit water table on 10-
July-2003. 

52-73 in: light yellow-brown pumice lapilli with 
pumice size up to 0.8 inches in diameter.  

73-83 in: angular pumice lapilli with overall size up 
to 0.8 inches in diameter, sand or lithic 
fragments increase at base. E.O.H. at 83 
inches. 

 
6.4.2 Mosquito Creek valley 
 Mosquito Creek rises in Jackies Thicket and Mosquito Flat in the Tea Table 
Mountain quadrangle and flows southward through MacCarty Meadow before swinging 
southwest around the south side of God Butte where it continues on to Klamath Marsh. 
Along its course, the patterns in the valley are similar to those in Jack Creek with 
alternating dry reaches of lava flow-lined channels, dry reaches where alluvium overlies 
lava flows, and alluvial reaches with ponds and flowing water that generally overlie 
basalt hydroclastic deposits. The latter is demonstrated on the south side of God Butte 
where the stream is perennial and alternates between ponds and flowing reaches. The 
bedrock throughout this area is the tuff of God Butte (Ttgb, Fig 6.1). In its lower reach (s. 
19, T. 29 S., R. 10 E, and s. 24, T. 29 S., R. 9 E) where the stream crosses a gently 
sloping surface underlain by lithic-rich dune sand it is seasonally dry. The sand is locally 
admixed with well-rounded pumice pebbles. The gentle slope of the surface was 
produced by wave action in the shore environment of the lake that formed in the 
Williamson River basin after the eruption of Mount Mazama (Conaway, 2000; Chap. 8; 
Cummings et al., unpublished mapping, Sugarpine Mountain quadrangle).   
 
6.4.3 God Creek valley 
 God Creek rises at Sheep Spring (s. 7, T. 29 S., R. 10 E.) and flows south toward 
God Butte before swinging west to Klamath Marsh. Sheep Spring is intermittent and 
appears to be stratigraphically controlled between basaltic andesite flows associated with 
Sugarpine Mountain and basalt flows of unit Tb (Fig. 6.1). Sedimentary deposits may 
mark this contact zone locally. North of God Butte the channel is cut into hydroclastic 
deposits of God Butte, but this reach contains water only in its upper section where basalt 
lava flows overlie the hydroclastic deposits. Downstream from God Butte, God Creek 
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cuts a valley into younger basalt flows and eventually flows into the sand dune field 
(Cummings et al., unpublished mapping, Sugarpine Mountain quadrangle).   
 
6.4.4 Three Creek valley 
 Three Creek flows southward along a fault-bounded valley and appears to be 
related to seeps discharging to wetlands from rubble zones in the lava flows (unit Tb, Fig. 
6.1) that cap the uplands northwest of Klamath Marsh. This area lies in the Round Butte 
quadrangle for which a geologic map is not available. The creek is perennial, however, 
periods of no flow have been observed late in the summer in drought years (e.g. 2003, 
Melady, 2002). Flow has not been observed where the creek drops over the cliff that 
bounds the marsh.  
 
6.4.5 Springs 
 The complex stratigraphic relations in the sedimentary rocks and tuffs of Lane 
Creek and Jack Creek (unit Tstlc, Fig. 6.1) and the younger sedimentary rocks and tuffs 
of Abraham Flat (unit Tsaf, Fig. 6.1) control numerous seeps and springs throughout the 
Sugarpine Mountain quadrangle. The interfingering hydroclastic tuffs, pyroclastic tuffs, 
volcaniclastic sedimentary rocks, and thin lava flows of these units produce complex 
pathways for the movement of ground water. Locally, well defined springs are present, 
but in most areas, ground water surfaces in widespread seeps to form vernal and 
perennial wetlands. Two springs have been monitored during this study: Bedpan Springs 
and unnamed springs located near the valley of Three Creek, but below the south facing 
scarp that lines northern Klamath Marsh.  
 
 Bedpan Spring (s. 32, T. 29 S., R. 10 E.) emerges from the sand dune area that 
underlies much of the southwestern part of the quadrangle. There are no known outcrops 
of bedrock within 1 mile of this spring. It is inferred that the bedrock is the relatively low 
permeability sedimentary rocks and tuffs of Abraham Flat, a unit defined in the 
Wildhorse Ridge quadrangle (Cummings et al., unpublished mapping) and confirmed to 
be present in the southern part of the Sugarpine Mountain quadrangle. Discharge 
measured on a ditch leading away from the springs was 0.01 cfs on 25-April-2005. 
 
 Springs north of Klamath Marsh, herein referred to as spring 8672, discharge 
from the base of the cliff that bounds the south facing escarpment. The discharge is 
routed beneath F.S. Collector Road 8672 through two 12 inch culverts. A large grove of 
aspen is present at the site. The springs discharge from what is interpreted to be 
interfingering hydroclastic tuff and volcaniclastic sedimentary rocks that underlie the 
capping basalt flows. Flow is constant through both culverts, but <0.2 cfs.  
 

6.5: Instantaneous discharge 
 Surface water features in the Sugarpine Mountain recharge area are varied. As a 
result, instantaneous discharge measurements are sporadic. They are presented in this 
section to provide insight into the pattern expected throughout the recharge area where 
surface water is perched above the regional water table. 
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In the south half of section 28 and northern parts of section 33 (T. 29 S., R. 10 E.) 
standing water in wetlands and weakly defined pathways of surface flow persist 
throughout the summer. In places, remnants of sand dunes rise above the wetlands and 
the channel of Jack Creek which lies on the south edge of this area contains standing 
water. The wetland area lies south of an area where sand dunes dominate the landscape 
and bedrock is not exposed. It is believed that the area is underlain by sedimentary rocks 
and tuffs of Abraham Flat, a unit defined from outcrops in the Wildhorse Ridge 
quadrangle (Cummings et al., unpublished mapping). 
 
 Wetlands flank the well-developed channel of God Creek where it is cut into 
hydroclastic tuff of God Butte in sections 17 and 18 (T. 29 S., R. 10 E.). The channel 
generally contains water but alternates between stagnant and flowing reaches. Where the 
channel cuts through basalt flows west of God Butte, flow is persistent and characterized 
by rapids and pools. The water sinks into well-sorted dune sand that underlies the area 
between the basalt flows and Klamath Marsh.   
 
 Tributaries to Mosquito Creek in section 33 (T. 28 S., R. 10 E.) and section 4 (T. 
29 S. R. 10 E.) appear to flow perennially and discharge into wetlands in MacCarty 
Meadow. Discharge on the tributary in section 33 (T. 28 s., R. 10 E.) was measured on 
18-June-2004 (a dry year) at 0.4 cfs. These tributaries are locally flowing in bedrock 
lined channels even though the area is characterized by gentle slopes, low relief, and 
forms a high elevation area. The lava flows that underlie this area contain distinct, large 
crystals of plagioclase feldspar and abundant small, irregularly shaped gas cavities 
(diktytaxitic cavities). Pyroclastic fall deposits are relatively thin (<4.3 ft).  
 
 Flow in Jack Creek has been observed twice since the study began. In April, 2000 
and 22-April-2006 discharge was observed in section 27 (T. 29 S., R. 10 E) and at the 
bridge on Silver Lake Highway in section 4 (T. 30 S., R. 10 E.). A discharge survey from 
the head waters to Silver Lake Highway by Oregon Water Resources Department during 
March 2000 estimated a ground water gain of 2 cfs (confidence level 4: Gannett et al., 
2007). In section 27 the stream lies within a valley cut through a basalt intracanyon lava 
flow (unit Tbjcc, Fig. 6.1). Reworked pyroclastic deposits (~ 10 ft thick) overlie lithic-
rich, poorly sorted sand. During periods of high flow eddies excavate prominent 
depressions in the stream bed where the unsaturated pumice is buoyantly lifted in the 
eddy. The years when discharge takes place, it is estimated to last about 2 to 3 weeks. 
After the discharge event ends the water level drops rapidly in the reworked pumice 
deposits that fill the valley. Water levels in a piezometer at the section 27 site in Figure 
6.5, illustrates this pattern. On 1-April-2000, piezometer installation took place during 
bank-full flow on the crest of a barely emergent island. Between 20-April and 9-
September-2000 the water level dropped nearly 7 feet (83 inches, 210 cm; Fig. 6.5) and 
dropped below the bottom of the piezometer. In 2002 the piezometer was reinstalled in 
the stream bed and 60 inches lower than the original. It penetrated glassy silt, pumice 
sand, and pumice cobbles and approximately 10 inches of sandy sediment that underlies 
the reworked pumice-rich pyroclastic deposits. Discharge was not observed again until 
22-April-2006 when flow was nearly bank full and at least 2.4 feet deep at the section 27 
(T. 29S., R. 10 E.) piezometer. On 20-June-2006, the next date of observation, water was 
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stagnant in the channel at the section 27 (T. 29 S., R. 10 E.) and section 4 sites (T. 30 S., 
R. 10 E). Although discharge on Jack Creek between the floodplain site (s. 27, T. 29 S., 
R. 10 E.) and the Silver Lake Highway site (s. 4, T. 30 S., R. 10 E.) is infrequent, the 
perched water table lies within pre-Mazama channel deposits or within the glassy sand, 
silt, and cobbles that fill the channel throughout the year.  
 
 Instantaneous discharge at the Silver Lake Highway site (section 4, T. 30 S., R. 10 
E.) on Jack Creek was measured by Melady (2002) at 20 cfs on 30-April-2000 (stagnant 
on 3-June-2000). By 12-July water levels were below the stream bed and dropped nearly 
two feet (22 in; 56 cm) by 9-September-2000. The piezometer was reinstalled in 2002 but 
hit basalt bedrock at 50 inches beneath the surface. Water was not observed at the surface 
or in the piezometer until 22-April-2006 when the piezometer was 32 inches under water, 
but the water was stagnant.    
 

Water level relative to local surface for Jack Creek floodplain 
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Figure 6.5: Piezometer data for the Jack Creek floodplain site in the Sugarpine Mountain 
quadrangle. Measurements are in inches below the local ground surface where originally 
installed on 1-April-2000. 

   
 Mosquito Creek at F.S. Road 86 in section 24 (T. 29 S., R. 9 E.) usually 
discharges in June for a few weeks. However, depending upon the snow pack and spring 
temperature patterns, discharge may take place in April or May. After discharge ceases, 
water levels drop quickly to below the depth of the piezometer. The measurement site is 
located where medium-grained dune sand and reworked dune sand are the substrate. 
Instantaneous discharge is typically less than 1 cfs. Although discharge is commonly 
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observed in June, earlier discharge events apparently take place as the snow melts at 
lower elevations. Sometime during the spring of 2006, a particularly high discharge was 
suggested by debris caught in young aspen and willow trees that line and grow in the 
channel. In places, the debris was observed 4 to 5 feet above the local channel bottom. 
Water depth interpreted from debris and water marks on the bridge suggest water was 7 
feet deep (center of channel at bridge) during peak discharge. To estimate discharge 
during this exceptional event, channel depth/width relations were measured and a curve 
generated for various velocities. The estimated discharge may have reached 300 cfs 
(assuming 3.3 ft/s velocity) during the spring runoff at this site. Access to the site was 
blocked by remnants of snow drifts on F.S. Arterial Road 86 on April 22-April-2006 and 
by the next site visit on 20-June-2006, discharge was much less impressive at 0.7 cfs. 
     
 Flow has not been observed in God Creek at F.S. Arterial Road 86. On 20-June-
2006 the water level was within 3 inches of the creek bed and water marks on the channel 
wall suggested water up to 16 inches deep had been present in the channel. Discharge for 
Three Creek is measured at a culvert on F.S. Local Road 570 in section 29 (T. 29 S., R. 9 
E.). The stream generally flows at this site, but it was observed to be dry in fall 2003. The 
highest instantaneous discharge was measured 21-June-2007 at 1.2 cfs. Generally 
instantaneous discharge has been around 0.2 cfs. Likewise, culverts on F.S. Collector 
Road 8672 in section 28 (T. 29 S., R. 9 E.) that carry discharge from springs that feed 
Three Creek channel (always observed to be dry at this site) carry minimal, but persistent 
discharge (<0.2 cfs).   
 

Piezometers (~9 feet deep) were installed by James (2006) at Cole and Lane 
creeks where moderately well developed channels feed into culverts under F.S. Collector 
Road 8672. Discharge has not been observed at these sites and only on 20-June-2006 was 
water detected in the piezometers (below channel bottom: 52 inches at Cole, 102 inches 
at Lane; snow on road prevented access on 22-April-2006).  

 
6.6: Hydrology summary 

Although springs, water ponds, and short reaches of perennial channelized and 
sheet flow are observed throughout the Sugarpine Mountain recharge area, these water 
sources are perched above the regional water table and reflect complex patterns of 
interlayered relatively permeable and low-permeability bedrock units. Melady (2002) 
estimated the mean precipitation for the Sugarpine Mountain recharge area as 28 inches 
(71.8 cm) with annual volume of 3.96 x 105 acre-feet (4.89 x 108 m3), mostly as snow. 
However, discharge as surface flow is infrequent and minor. 

 
When snow melt is adequate, discharge can be impressive, however it is not 

synchronous in the various valleys. Infrequent discharge on Jack Creek appears to peak in 
late March to early April with standing water by May and dry by late May. In most years, 
discharge on Mosquito Creek at F.S. Arterial Road 86 takes place in June, but in 
exceptional snow years may be earlier as was the case in 2006. As indicated, no 
discharge has been observed on God, Lane, and Cole creeks where observed along F.S. 
Connector Road 8672 and F.S. Arterial Road 86.  
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The older (> 5 Ma) interbedded hydroclastic tuffs and volcaniclastic sedimentary 
rocks that underlie a large part of the Sugarpine Mountain recharge area and younger 
(3.5-4 Ma) interbedded sedimentary rocks and tuffs that underlie the southern half of the 
Sugarpine Mountain quadrangle figure prominently in the distribution of surface water. 
These late Miocene and early Pliocene rocks appear to be of relatively low permeability 
and influence surface and ground water flow. Infrequent surface discharge on streams 
draining the Sugarpine Mountain recharge area and the alternating pattern of stream 
reaches with persistent wetlands, ponds, or flowing water and dry reaches suggest water 
may infiltrate to the regional water table in areas where bedrock units are permeable and 
remains near the surface where bedrock units are less permeable.  

 
Reorganization of the surface water system during the Pliocene was accompanied 

by eruption of the Wildhorse Ridge basaltic andesite lava flow (3.68 ± 0.08 Ma; Sherrod 
and Pickthorn, 1992), construction of debris fans from the flanks of Yamsay Mountain, 
and onset of regional faulting likely resulted in the capture of the headwaters of the 
Williamson River in the vicinity of Yamsay Mountain. Prior to capture, the Williamson 
River may have flowed to the north or northeast and may have discharged into drainage 
systems in the northern Great Basin. An integrated geologic-hydrologic-biotic study may 
resolve questions that arise from surface and ground water patterns in the Sugarpine 
Mountain and Yamsay Mountain recharge areas.   

 
6.7: Hydrogeochemistry 

 Sites in the Sugarpine Mountain recharge area were rarely included in sampling 
programs to determine hydrogen and oxygen isotopic ratios. When sampled, the purpose 
was to determine whether there were distinct differences in isotopic ratios in this area 
compared to the Williamson River above Klamath Marsh. Bedpan Spring, Three Creek, 
and Jack Creek were sampled on the dates indicated in Table 6.5. Bedpan Spring is a low 
yield spring discharging from within the sand dunes in south central Sugarpine Mountain 
quadrangle (s. 32, T. 29 S., R. 10 E.). Discharge remains constant from year to year and 
throughout the year. These observations suggest the spring discharges the deeper ground 
water system. Three Creek produces year-around discharge in most years and was 
sampled late in the year to avoid snow-melt dominated runoff. The isotopic ratios for 
these two sites are similar to those from the Williamson River near the Sheep Creek gage 
(Chap. 5). Jack Creek was sampled during the spring snow melt in April 2000, one of two 
times the stream has been observed to have flow in its lower reaches (the other time was 
April 2006). The isotopic ratios in this Jack Creek sample are heavier than the ground 
water discharging at Bedpan Springs and Three Creek. The isotopic ratio of precipitation 
falling on Sugarpine Mountain may be expected to vary from year to year and by 
elevation and varies as a function of the annual precipitation cycle. Similar isotopic ratios 
were also determined for the Williamson River near the Sheep Creek gage station number 
11491400 in May, 2003. 
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Table 6.5: Oxygen and hydrogen isotopic ratios for Jack and Three creeks and Bedpan 
Spring. 
Sample source Date collected δD δ

18O 
Jack Creek 29-Apr-00 -111 -14.8 
Bedpan Spring 4-Jun-00 

22-Oct-00 
-118 
-115 

-15.8 
-15.6 

Three Creek 22-Oct-00 
19-Jan-01 

-115 
-113 

-15.3 
-15.3, -15.5 

Analyzed by Geochron Laboratories a division of Krueger Enterprises, Inc., Cambridge, 
Massachusetts. 
 
   Anion concentrations were determined for samples collected from Three Creek 
and springs that discharge into lower Three Creek (spring 8672 in Table 6.6) and Bedpan 
Spring, perennial surface water features, and Mosquito Creek during its spring discharge 
in 2003. Concentrations are low at all sites. Mosquito Creek, because it was sampled 
during spring runoff, reflects anion concentrations in the snow during the low 
precipitation winter of 2002-2003. These water sources all have very low discharge with 
combined discharge less than 1 cfs.  
 
Table 6.6: Anion concentrations for samples collected from spring 8672, Three Creek, 
Mosquito Creek, and Bedpan Spring. Concentration in ppm. 

Sampling 
Date 

F- Cl- NO3
- HPO4

- SO4
2- Total 

alkalinity 
Spring 8672 

8/27/02 
0.14 
0.14 

0.39 
0.39 

0.03 
0.09 

0.21 
0.17 

0.26 
0.23 

 

Spring 8672 
4/12/03 

0.23 0.44 ND 0.17 0.24  

Spring 8672 
4/23/05 

(6.69˚C, 57 
µS/cm, 6.72 pH) 

0.10 0.29 0.08 0.05 0.26 52 

Bedpan 
Spring 
5/1/03 

0.26 0.97 0.04 0.18 0.41  

Three Creek 
5/1/03 

0.08 0.64 ND ND 0.63  

Three Creek 
4/24/05 

(7.49˚ C, 61 
µS/cm, 6.35 pH) 

0.04 0.97 0.13 0.02 0.18 68 

Mosquito 
Creek 

5/13/03 

0.05 0.66 0.05 ND 0.34  

Anion concentrations determined by ion chromatography in the Trace Element Analytical 
Laboratory at Portland State University. Total alkalinity determined in the field by 
titration. 
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6.7: Summary 
 The Sugarpine Mountain recharge area is underlain by interfingering volcanic 
rocks of different permeability. These relations impact the routing of surface and ground 
water flow paths in the Williamson River basin. The following items summarize findings 
for the Sugarpine Mountain recharge area.  

• Basalt hydroclastic rocks interfinger with fine- to coarse-grained sedimentary 
rocks to form the platform upon which the basaltic andesite of Sugarpine 
Mountain and surrounding basalt flows were erupted. Prior to the eruption of the 
lava flows, the older hydroclastic and sedimentary rocks were eroded. Paleosols 
in the sedimentary rocks indicate subaerial weathering. 

• Younger volcanic and sedimentary rocks, the sedimentary rocks and tuffs of 
Abraham Flat, underlie the southern part of the recharge area. These rocks were 
deposited prior to the onset of faulting along the Wildhorse Ridge-Military 
Crossing fault zone at approximately 3.5 Ma. 

• Jack, God, and Mosquito Creeks cut valleys into the sedimentary rocks and tuffs 
of Abraham Flat and the older basalt hydroclastic and sedimentary rocks after 
faulting began. 

• Reorganization of the regional drainage system during the middle to late Pliocene 
established flow to the Pacific Ocean in areas where flow had been to the Snake 
River system.   

• The abundance of relatively low permeability rocks (hydroclastic, pyroclastic, and 
sedimentary rocks) influences the pathways by which ground water migrates and 
sites where ground water emerges to form springs and seeps. The relative 
abundance of surface water features in the Sugarpine Mountain area masks the 
fact that they are perched above a much deeper regional ground water system. 

• Sparse data suggest the deep ground water system may flow to the north-northeast 
while the perched ground water and surface water systems flow to the west and 
south. During snow melt events, surface water flows to the west and south.  

• Oxygen and hydrogen isotopic ratios are similar to ratios for the Williamson 
River above Klamath Marsh. The ratios appear to vary from year to year as a 
function of elevation and dynamics of the annual precipitation cycle. 
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Chapter 7: Pleistocene landscapes in the Williamson River basin 
 
Quadrangles: Soloman Butte, Fuego, Pothole Butte, Mazama, Military Crossing, 
Wildhorse Ridge, Sugarpine Mountain, Wocus Bay. 
 

7.1: Introduction 
The landscape of the Williamson River basin at the time Mount Mazama erupted 

in the early Holocene contained topographic features that developed during the 
Pleistocene and probably reached their peak of development during the late Pleistocene. 
Two features are of particular interest in this chapter: the Williamson River canyon and 
sand dune fields.  

 
7.2: Williamson River canyon 

The Williamson River was blocked at least twice during evolution of the 
Pleistocene landscape. The blockage of the river impacted the basin upstream of the 
obstructions and allowed distinct geomorphic features and deposits to be formed. 

 
Accumulation of volcaniclastic sedimentary rocks and thin diktytaxitic basalt lava 

flows occurred in areas west of the Wildhorse Ridge-Military Crossing fault zone during 
the late Pliocene and into the Pleistocene. This depositional phase persisted until about 
1.14 ± 0.10 Ma (Cummings and Lee, unpublished mapping; Wiley, 2002), the age of a 
the basaltic andesite of Spring Hill (lava flow that caps the sedimentary section and 
prominently exposed in road cuts along Highway 97 north of Collier Memorial State Park 
(Fig. 7.1; Chap. 3). Drillers’ logs from water wells in the Klamath Marsh suggest similar 
sedimentary rocks underlie the area between the Wildhorse Ridge/Military Crossing fault 
zone (Cummings and Melady, 2002) to the east and probably interfinger with lava flows 
erupted from within the Cascade Range to the west (Chap. 3, Chap. 9). Reconstruction 
from the water well logs suggests a landscape dominated by relatively high gradient 
streams with interspersed floodplains and lakes. Within these environments, lithic-rich 
sediment, pyroclastic deposits and locally erupted basaltic lava flows and small cinder 
cones accumulated. Along the western margin, basaltic andesite volcanoes within the 
Cascades produced lava flows and pyroclastic deposits.  

 
 Similar sedimentary rocks interfingering with and overlying pillow basalt along 

the Union Pacific railroad in the Soloman Butte quadrangle (Cummings and Lee, 
unpublished mapping) suggests the sedimentary beds were more widespread than 
currently exposed. Across the Soloman Butte quadrangle the sedimentary rocks were 
deposited on substrates of different ages and hydrologic characteristics. In the west, the 
sedimentary rocks overlie relatively porous basalt lava flows which focus ground water 
discharge at the head of Spring Creek (Wiley, written communication, 2002). Near the 
modern canyon of the Williamson River the sedimentary rocks overlie basalt hydroclastic 
tuff and interfinger with the pillow basalt mention above.  
 
 
Figure 7.1: Location map of the Williamson River canyon (next page) showing the 
distribution of features referred to in the text. 
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Williamson River near 
Klamath Agency, U.S. G. S. 
gage # 11493500 

Soloman Butte 
1.71 ± 0.06 Ma 

Basaltic andesite lava 
flows that blocked the 
first valley of the 
Williamson River 
(middle Pleistocene?) 

Basaltic andesite lava flows 
that blocked the second 
canyon of the Williamson 
River near Kirk (mid to late 
Pleistocene). 

Williamson River canyon 
where blocked for the third 
time by pyroclastic flows 
from Mount Mazama 
(Holocene). 
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Sedimentary sources are inferred to be the Cascades, uplifting areas east of the 

Wildhorse Ridge/Military Crossing fault zone, volcanic centers that lie south of Klamath 
Marsh including Soloman Butte (1.71 ± 0.06 Ma), basalt lava flows and cinder cones 
within the basin, and sediment recycling as horst and graben structures developed 
concurrently with sedimentation. Locally, disruption of drainage by volcanic eruptions 
and/or faulting allowed accumulation and preservation of organic debris as indicated by 
organic-rich beds exposed in the Highway 97 road cut near Collier Memorial State Park 
(Cummings and Lee, unpublished mapping).  

 
Although a well defined cutoff for conditions that led to accumulation of these 

deposits has not been established, it appears that sometime after the eruption of the 1.14 
Ma lava flow that caps the sedimentary section at the Highway 97 road cut erosion rates 
became greater than accumulation rates. As a result the relatively wide, low relief valley 
of the ancestral Williamson River became established west of the modern location of the 
river. The east side of this valley was bounded by lava flows from Soloman Butte (1.71 ± 
0.06 Ma), older hydroclastic tuff of eroded basalt tuff cones, and thin basalt lava flows 
that locally form the pillow complexes with sedimentary rocks correlated to the 
sedimentary section at the Highway 97 road cut (Cummings and Lee, unpublished 
mapping). The east side of the valley may have been locally controlled by faults that cut 
the pillow basalt and sedimentary rocks.  

 
The relatively wide, low relief, ancestral valley of the Williamson River was 

blocked by basaltic andesite lava flows erupted from vents probably located within the 
valley. Several flows were erupted and total thickness, estimated from outcrops in the 
modern canyon, is at least 260 feet. The flows overlie eroded hydroclastic tuff cones and 
decrease in total thickness southward to a single, 80-foot thick flow exposed near the 
modern canyon mouth (Fig. 7.2). In the vicinity of Soloman Butte, the basaltic andesite 
flows are in contact with older thin basalt flows and massive andesite flows. To the west, 
the flows lap against the small volcanic centers of the Cascade Range. As a result of these 
eruptions, the south-draining Williamson River was blocked. The age of this blockage is 
inferred to be middle Pleistocene.   

 
Before a new canyon could be cut, a lake developed behind these lava flows and 

wave action in this lake produced a distinct wave cut terrace in bedrock. The age of this 
lake is not constrained. Conaway (2000) measured topographic profiles in the Wocus Bay 
quadrangle using the elevation of hydrophyllic vegetation in Klamath Marsh as the datum 
(~4513 feet, ~1376 m, Fig. 7.1). The tread of the terrace ranges from 32 to 230 feet (10 to 
70 m) at six profiles in the Wocus Bay quadrangle (Fig. 7.3). Conaway (2000) estimated 
the average elevation of the strath terrace as 30.5 feet (9.3 m, δ±0.9 m) above the marsh, 
or an elevation of approximately 4545 feet.  
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Figure 7.2: View looking north from near the 9730 bridge on F.S. Collector Road 9730. 
Cliffs of basaltic andesite on the skyline are remnants of the lava flows that blocked a 
broad, low-relief valley of the Williamson River probably during the early Pleistocene 
(1.6 Ma to 775 ka). 
 

 
Conaway (2000) used Arc View and digital elevation models of the basin to 

estimate a surface area of the lake as 150 mi2 (390 km2) based on the elevation of the 
strath terrace. The base level established by the lava flow(s?) controlled lake level, 
however, neotectonic activity during the Pleistocene and Holocene have modified 
elevation relations between the outlet and the strath terrace. The strath terrace elevation is 
higher relative to current marsh levels for the eastern profiles (Wocus Bay, 34 ft, 10.3 m) 
and lower for the western profiles (Little Wocus, 27 ft, 8.3 m; Hog Creek, 28 ft, 8.6 m 
(Fig. 7.3)). Uncertainty in the absolute elevation of the datum used by Conaway (2000; 
estimate error of ±2 m; topographic-map based estimate of elevation at edge of 
hydrophyllic vegetation) prevents rigorous analysis of the variation in the strath terrace 
elevation in the Wocus Bay quadrangle. The Wocus Bay quadrangle lies within the 
Cascades neotectonic zone described by Pezzopane and Weldon (1993). The profile 
locations are locate in different fault blocks suggesting faulting along these structures 
during the Pleistocene and Holocene prior to eruption of Mount Mazama. Cummings and 
Melady (2002) document post eruption displacement on the Wildhorse Ridge-Military 
Crossing fault zone and argue that this fault zone marks the eastern edge of the Cascades 
neotectonic zone.  
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Figure 7.3: Topographic profiles measured (electronic total station) using the local 
elevation of hydrophyllic vegetation in Klamath Marsh as datum (from Conaway, 2000).  

 
Eventually, the river eroded a canyon along the contact between the blocking 

basaltic andesite lava flows and older basalt flows and andesite flows from Soloman 
Butte. South of Kirk, it appears that the valley floor became established at an elevation of 
approximately 4480 feet upstream from the canyon.  

 
The eruption of basaltic andesite lava flows from the Cascade Range blocked the 

valley near Kirk after the canyon developed (Cummings and Lee, unpublished mapping). 
These flows advanced from the west and onlap either lava flows on the lower flank of 
Soloman Butte or butt against a fault scarp that may lie in this area. The flows established 
a new base level for the Williamson River and during the late Pleistocene a shallow lake, 
glacial Lake Chemult (Conaway, 2000), occupied the basin. Glacial Lake Chemult likely 
developed after the last glacial maximum. Bradbury et al. (2004) interpret diatom 
biostratigraphy of Upper Klamath Lake to indicate cold and probably somewhat arid 
conditions were present up to 15 ka when an abrupt end to the full glacial climate 
occurred. Based on this interpretation, glacial Lake Chemult probably developed at 15 ka.  

 
Sedimentation patterns in glacial Lake Chemult are not known. However, the lake 

may have been shallow and eventually partially filled with coarse grained sediment 
carried by outwash from the Cascade Range glaciers. Drillers’ logs for water wells in the 
vicinity of Klamath Marsh first intersect clastic sediment beneath the pyroclastic deposits 
from Mount Mazama at the approximate elevation of the lava flow near Kirk.  

 
The geomorphic features produced by and after the first and second blockage of 

the Williamson River set the stage for the third blockage of the river by pyroclastic flows 
during the eruption of Mount Mazama during the Holocene. The sharp bend in the 
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canyon about midway through (Fig. 7.1) probably slowed the pyroclastic flows 
advancing down the canyon and allowed them to backup to form the dam that blocked 
the river (Chap. 8).  

 
7.3: Sand dunes 

Sand dunes may be widespread in the Williamson River basin as suggested by 
subtle to prominent elongate dune-shaped ridges capped by pyroclastic deposits near 
Sand Creek and north, northeast, and south of Klamath Marsh. However, the most 
prominent dunes are located northeast of Klamath Marsh in the Sugarpine Mountain 
quadrangle. Here, the largest dunes are at least 100 feet high and east-west, northeast, and 
north-northwest orientations of the ridge crests are common. The dunes are most 
prominent in south central Sugarpine Mountain and northern Wildhorse Ridge 
quadrangles where they cover approximately 15 mi2. At elevations below 4600 feet, the 
dunes have been modified by wave action in the lake that occupied the basin after the 
eruption of Mount Mazama (Chap. 8). 

 
In 2006, students in the introductory petrology course at Portland State University 

examined the dunes for grain size distribution, mineralogy, texture, and provenance. The 
hypothesis was that glacial outwash and fluvial sediment entering the western edge of the 
Williamson River basin from the Cascade Range delivered sediment that was reworked in 
the late Pleistocene lake (glacial Lake Chemult of Conaway, 2000). When this lake dried, 
the sand was carried by wind to form the dunes. To test this hypothesis six sites were 
selected for sampling from hand-drilled auger holes. Three sites in pre-Mazama dunes 
were selected in the Sugarpine Mountain and Wildhorse Ridge quadrangles (SPM-1, 
WHR-1, WHR-2; Fig. 7.4). Three sites from the west side of the basin were selected in 
the post-Mazama Sand Creek/Scott Creek fan and in a paleo valley of the Miller Creek 
system (PHB-1, MAZ-1, Fuego-1; Fig. 7.4; Chap. 4). The sites for the western basin were 
assumed to be similar in composition to alluvial fans that were active before the eruption 
of Mount Mazama. Samples were collected from different depths in each hole and sieved 
to determine grain size distribution. These data are reported in Figure 7.5 to Figure 7.7 
and Table 7.1 to Table 7.3. All sites are located below the elevation for the high stand of 
the post-Mazama lake (4600 ft) (Chap. 8). 

 
At site WHR-1 (Fig. 7.5; Table 7.1), the upper part of the sand dune has been 

reworked in the post-Mazama lake (Chap. 8) and the shallow sample (9 – 16 in) contains 
rounded pumice grains in lithic-rich sand. The dune ridge is oriented northwest-southeast. 
At site WHR-2 (Fig. 7.6; Table 7.2) the core of the dune is exposed and the auger hole 
was placed within the core to sample a dune where the reworked layer is not present. 
Some pumice grains sloughed into the hole during augering and populate the coarsest 
grain sizes in these samples. The dune ridge is oriented north-south. At site SPM-1 (Fig. 
7.7; Table 7.3) the dune is covered by pumice lapilli of the lower pumice unit of the 
climactic eruption. The pumice directly overlies the sand of the dune. The dune ridge is 
oriented east-west. This dune shows the greatest variation in grain size with depth of the 
three sample sites.  
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Figure 7.4: Location of auger sites in the dune deposits located northeast of Klamath 
Marsh (SPM-1, WHR-1 and WHR-2). Auger sites MAZ-1, Fuego-1, and PHB-1 are 
located in post-Mazama fans prograding eastward from the Cascade Range. 
 

Sand from the core of the dunes is well-rounded, moderately to well sorted, fine 
to medium-grained, lithic-rich sand. Mineral grains include rounded plagioclase 
(commonly spindle shaped), olivine, and pyroxene. Dense, black and red rock fragments 
are abundant. Although the dune cores are composed of sand of similar grain size, the 
size distribution varies with depth. This is best illustrated at site SPM-1 (Fig. 7.7; Table 
7.3) where grain size coarsens upward through the dune. This site lies on the southern 
edge of the area of largest (height to 100 ft) dune ridges and most extensive sand deposit. 
The sand from this site is also the overall coarsest of the three sample sites.  

 
Table 7.1: Lithologic log for auger hole WHR-1. Grain size distribution is illustrated in 
Figure 7.6. Sample depth is measured below the local ground surface. 
Sample 
site 

UTM 
coordinates 

Sample 
depth 

Lithologic log 

WHR-1 0616461 E, 
4760804 N, 
±22.1 ft. 

9-16 in (24-40 
cm) 
28-32 in (70-
81 cm) 
60-66 in (152-
169 cm) 
91-97 in (230-
247 cm) 

0-2 in: lithic-rich fine to medium sand 
with admixed well-rounded grains of 
pumice with minor organic debris. 
2-20 in: lithic-rich sand with admixed 
well-rounded grains of pumice. 
20-97 in: well-sorted, fine to medium-
grained, lithic-rich sand. 
E.O.H. 97 inches. 

 



 8 

Grain Size Plot

0

10

20

30

40

50

60

70

80

90

100

4.75mm 2mm 841µm 300µm 180µm 125µm 75µm <75µm

Mesh Diameter

%
 C

u
m

u
la

ti
ve

 R
et

ai
n

ed

WHR - 1 (24-40 cm) WHR-1 152-169 WHR-1 230-242cm WHR-1 70-81 cm
 

Figure 7.5: Grain size distribution (cumulative percent retained) for auger site WHR-1 
located north of the Williamson River near the north edge of the Wildhorse Ridge 
quadrangle. The shallow sample was collected from the reworked layer that overlies the 
dune core. Dune ridge is oriented northwest/southeast. Lithologic log contained in Table 
7.1. 
 

 
Table 7.2: Lithologic log for auger hole WHR-2. Grain size distribution is illustrated in 
Figure 7.7. Sample depth is measured below the local ground surface. 
Sample site UTM 

coordinates 
Sample depth Lithologic log 

WHR-2 0620942 E, 
4760986 N, 
±13.1 ft. 

17-21 in (44-
54 cm) 
38-43 in (96-
109 cm) 
85-92 in (217-
234 cm) 

0-2 in: mixed lithic-rich sand and 
organic debris. Some rounded grains of 
pumice float at the surface. 
2-92 in: well-sorted, well rounded, 
lithic-rich medium to fine-grained sand. 
E.O.H. 92 in. 
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Figure 7.6: Grain size distribution (cumulative percent retained) for auger site WHR-2 
located north of the Williamson River near the north edge of the Wildhorse Ridge 
quadrangle. The core of the dune ridge is exposed at this site, however, some pumice-
bearing sand sloughed into the hole during augering. Dune ridge is oriented north-south.  
Lithologic log contained in Table 7.2. 
 
 
Table 7.3: Lithologic log for auger hole SPM-1. Grain size distribution is illustrated in 
Figure 7.8. Sample depth is measured below the local ground surface. 
Sample Site UTM 

coordinates 
Sample depth Lithologic log 

SPM-1 0615849 E, 
4763428 N, 
±17.1 ft. 
 

22-28 in (56-70 
cm) 
52-58 in (133-
148 cm) 
90-97 in (229-
246 cm) 

0-2 in: organic-bearing, pumice-
rich sand. 
2-13 in: pumice lapilli to 1 cm 
diameter. 
13-97 in: well-sorted, well-
rounded, lithic-rich, fine to 
medium grained sand. 
E.O.H. 97 inches. 
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Figure 7.7: Grain size distribution (cumulative percent retained) for auger site SPM-1 
located near the southwest edge of the largest dune field in the Williamson River basin. 
The core of the dune ridge is overlain by undisturbed pumice of the pyroclastic fall 
deposits. Dune ridge is oriented east-west. Lithologic log contained in Table 7.3.  
 

The lithologic logs and grain size distribution diagrams for the post-Mazama fans 
along the western edge of the Williamson River basin are presented in Chapter 4. The 
mineralogy of samples from these sites lacks olivine and contains relatively blocky 
shaped plagioclase phenocrysts. The sediment is very angular and mineral grains have 
well developed crystal faces that reflect the limited transport they experienced before 
deposition.  

 
The hypothesized source of the sand in the sand dunes is glacially derived 

sediments exposed in the Williamson River basin as glacial Lake Chemult filled with 
sediment or dried. However, the presence of olivine crystals and the elongate plagioclase 
grains suggests that the Cascade Range is not the sole source of sediment in the dunes. At 
least some of the sand was derived from olivine basalt lava flows that lie between the 
Cascades and the dune collection sites (e.g. The Peninsula). The modern fans prograding 
from the Cascade Range on the western edge of the basin (Fig. 7.4) lack olivine, but 
contain abundant pyroxene phenocrysts. The sediment source is likely a mix of sand from 
the pre-Mazama Cascade Range fans and olivine basalt flows such as those exposed at 
The Peninsula. The sediment was likely worked in glacial Lake Chemult before being 
deposited by wind in the dune fields. Although not sampled yet, it is likely that small 
dunes along the western edge of the basin are compositionally different; lacking olivine. 
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 The time of dune formation is suggested by the clustering of dunes in the 
northeastern part of the Williamson River basin. Bradbury et al. (2004) explained the 
distribution of Pliocene diatoms in Upper Klamath Lake sediment deposited between 30 
and 15 ka as sourced in Pliocene sediment exposed east of the lake and blown into the 
lake by east winds associated with the glacial maximum. The reconstruction of paleo-
wind patterns by Kutbach and Guetter (1986) indicates a large anticyclone related to the 
Laurentide/Cordilleran ice sheets circulated cold dry air from east to west through the 
Upper Klamath basin during the last glacial maximum. Such conditions persisted until 
the abrupt end of glacial conditions. The abrupt change at 15 ka (Bradbury et al., 2004) is 
associated with changed wind patterns similar to those of today. Thus, the dunes were 
deposited between approximately 15 ka and the eruption of Mount Mazama at ~7.7 ka.  
 

7.4: Summary 
 During the Pleistocene the landscape was modified by glaciation and evolution of 
the Williamson River valley downstream from Kirk (Fig. 7.1). This evolving landscape 
was the stage upon which the eruption of Mount Mazama provided a time marker by 
which pre- and post- eruption processes can be delineated. The following items are 
findings of this chapter. 

• The Williamson River has been dammed at least three times during the 
Pleistocene and Holocene. Lava flows blocked the river twice during the middle 
and late Pleistocene and pyroclastic flows from the Holocene eruption of Mount 
Mazama blocked it a third time. 

• After the first blocking, a large lake developed upstream and persisted long 
enough to cut a prominent strath terrace along the southern shore of the basin. 
Subsequent deformation on north-northwest striking faults has offset the strath 
terrace. 

• Before the second blocking, the river cut the narrow canyon that persists in the 
modern landscape. The canyon was blocked for a second time by lava flows that 
entered the valley near Kirk from vents to the west. 

• The third blocking occurred during the Holocene eruption of Mount Mazama. 
This dam was removed by catastrophic failure (Chap. 8) due to over-topping of 
the debris dam. 

• Sand dunes accumulated in the eastern Williamson River basin after wind patterns 
associated with the last glacial maximum switched to the modern pattern. This 
suggests the dunes developed between about 15 ka and the eruption of Mount 
Mazama at 7.7 ka.  

• Although the Cascade Range is a likely source of sand, olivine basalt lava flows 
in the vicinity of The Peninsula are also likely sources. Dunes are locally as thick 
as 100 feet. 

•  Sand dunes may be present throughout the Williamson River basin as suggested 
by subtle dune forms buried beneath thick blankets of pumice. If this is the case, 
they may be expected to have different mineral composition and degree of 
sorting. 
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Chapter 8: Post Mazama evolution of the Williamson River Basin 
 
Quadrangles: Mazama, Round Butte, Sugarpine Mountain, Bear Butte, Pothole Butte, Lenz, 
Military Crossing, Wildhorse Ridge, Gordon Lake, Fuego, Wocus Bay, The Bull Pasture, 
Soloman Butte, Fuego Mountain. 
 

8.1: Introduction 
 Geologic mapping in the Wocus Bay quadrangle during 1998 and 1999 (Cummings and 
Conaway, unpublished mapping) recognized features indicating a lake occupied the basin after 
the eruption of Mount Mazama. This recognition was confirmed when large boulders were found 
near the mouth of the Williamson River canyon in the Soloman Butte quadrangle (Cummings 
and Lee, unpublished mapping). The discovery of these features led to a basin wide search for 
evidence for the lake and its fate. Conaway (2000) described evidence from the Wocus Bay and 
Soloman Butte quadrangle and established the extent, volume, and history leading to catastrophic 
draining. Subsequent mapping has refined details of the lake and its evolution. 
  

8.2: Geologic synthesis 
 During the ring-vent phase of the climactic eruption, pyroclastic flows flowed down the 
flanks of Mount Mazama and inundated the area currently occupied by Klamath Marsh. Some of 
the pyroclastic flows followed the Williamson River canyon (Soloman Butte quadrangle) and 
south of Kirk formed a debris plug that dammed the river. The lake that subsequently developed 
behind the debris dam and the catastrophic failure of the debris dam were first described by 
Conaway and Cummings (1999), Conaway (2000), Cummings and Conaway (unpublished 
mapping of Wocus Bay quadrangle). Subsequent mapping has enhanced the details of the lake 
that formed upstream from the blockage and identified features throughout the basin that are 
related to this event.  

 
8.3: Stratigraphic relations 

Evidence for a post-Mazama lake and the catastrophic flood that drained it are presented 
for three geographic areas (Fig. 8.1): the flooded area upstream from Kirk, the area between Kirk 
and the mouth of the Williamson River canyon, and the mouth of the Williamson River canyon 
and areas downstream. 
 
8.3.1 Flooded area upstream from Kirk.  
The high stand and surface area of the lake are estimated from the 1) spill point along the 
Williamson River canyon, 2) exposed pre-eruption talus, 3) rafted boulders of rounded pumice, 4) 
beveled sand dunes, and 5) reworked pyroclastic deposits. The high-stand elevation estimated from 
each line of evidence is summarized in Table 8.1. The elevations are estimated from 7.5 minute 
quadrangle maps with a contour interval of 20 feet. Based on these observations, the highest stand 
of the lake is estimated at 4598 feet (± 2 ft; 1401 m (± 0.61 m); approximately 83 feet (25 m) 
above the modern level of Klamath Marsh (4515 feet; 1376 m) and 98 feet (30 m) above the nick 
point at Kirk. The estimates included in Table 8.1 are from sites at least 2 miles from the fault 
scarps (combined 20 to 30 feet; 6 to 9 m) along the Military Crossing-Wildhorse Ridge fault zone 
that displace Mazama ash and reworked pyroclastic and sand dune deposits (Cummings and 
Melady, unpublished mapping Military Crossing quadrangle; Cummings and Melady, 2001).  
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Figure 8.1: Geographic distribution of features associated with the lake that occupied the 
Williamson River basin after the Williamson River canyon became blocked by pyroclastic flows 
from the eruption of Mount Mazama. From Conaway, 2000.  
 

Flooded area upstream 
from Kirk. 

Williamson River canyon. 

Mouth of the Williamson 
River canyon.  
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Table 8.1: Observations used to estimate the high stand of the lake that filled upstream of the 
Williamson River canyon after pyroclastic flows from the eruption of Mount Mazama dammed the 
river within the canyon (Conaway, 2000; Conaway and Cummings, 1999). 

General location Feature Estimated 
elevation 

Williamson River canyon 
downstream from Kirk 

Bedrock exposures along canyon rim 
where all pyroclastic deposits have been 
eroded. 

4582 ft 
1397 m 

Williamson River canyon 
downstream from Kirk 

Lowest elevation of undisturbed 
pyroclastic fall and flow deposits. 

4600 ft 
1402 m 

Northern edge of Klamath 
Marsh 

Basalt talus blocks exposed where 
pyroclastic deposits are usually 4.3 ft 
thick. 

4590 ft 
1399 m 

Northeastern edge of 
Klamath Marsh 

Beveled dune ridges and mixed rounded 
pumice and lithic-rich sand. 

4580 ft 
1396 m 

Primarily valleys east of 
Klamath Marsh 

Rounded cobbles and boulders of pumice 
resting on surface.  

4592 ft 
< 1400 m 

Basin wide Modified grain size distribution in 
pyroclastic-flow and –fall deposits. 

4592 ft 
~1400 m 

 
8.3.1.1 Spill point along the Williamson River canyon 

The spill point is bracketed in the Williamson River canyon by the lowest elevation of 
undisturbed pyroclastic deposits upstream from the inferred blockage and the elevation from 
which pyroclastic deposits have been stripped from the canyon rim. The water first overtopped 
the blockage in the canyon on the west wall. Here, basaltic andesite lava flows are exposed for 
approximately 0.6 mi along the west rim of the canyon where the combined thickness of 
pyroclastic fall and flow deposits is normally 3.0 to 3.3 feet. These bedrock exposures lie 
between 4565 and 4582 feet. Approximately 0.3 miles upstream, pyroclastic fall overlain by flow 
are preserved at approximately 4600 feet (1402 m). Likewise, west of the canyon pyroclastic 
deposits slightly below 4600 feet are not disturbed.  
 
8.3.1.2 Pre-eruption talus deposits 

The pre-Mazama landscape included talus accumulations below thick basalt lava flows 
that control topography along the northern edge of Klamath Marsh (Figure 8.1). The blocks of 
basalt (up to 10 feet in diameter) were covered by at least 4.3 feet of pyroclastic-fall deposits 
during the eruption of Mount Mazama. In the post-eruption lake the pumice was eroded to 
expose the blocks below approximately 4585 feet.   

 
8.3.1.3 Rafted boulders of rounded pumice 
 Well-rounded pumice boulders up to 1 foot in diameter are present throughout the basin 
below approximately 4600 feet and are particularly abundant in areas such as Hog Creek 
Meadow, Skellock Draw and Yoss Creek (Fig. 8.1). Figure 8.2 shows rounded pumice boulders 
trapped in the roots of a lodgepole pine from Yoss Creek at an elevation of approximately 4530 
feet. 
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A 

B 
Figure 8.2: a. Rounded pumice boulders in the rootball of a lodgepole pine root ball at 
approximately 4530 feet in the Yoss Creek valley (blue pen for scale). b. Cross sectional view of 
root ball showing dark organic-rich sediment overlying tuffacous silt and rounded pumice 
(middle section) and rounded pumice boulders (right side).  
 

Near the Yoss Creek site shown in Figure 8.2, Williams (1942) observed large blocks of 
pumice 23 to 32 feet above the water level of Wocus Bay and rightly inferred that the blocks 
indicated an earlier high stand of water in the basin. However, he interpreted the distribution of 
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pumice blocks partially to displacement of water in a pre-eruption lake by introduction of huge 
volumes of pumice and partially to waves produced by pyroclastic flows entering the lake.  
 
 Pumice boulders are concentrated near constrictions in the flooded basin, such as Hog 
Creek Meadow, Yoss Creek Meadow, and Skellock Draw. The abundance of pumice boulders is 
also greater where slope angles are low such as north of Little Wocus Butte, where they rest on 
the tread of the Pleistocene strath terrace, east of the north marsh in the Sugarpine Mountain 
quadrangle where they rest on a surface cut into pre-eruption sand dunes, and in the upper 
reaches of the Williamson River canyon (Chap. 7 and 9). 
 
 The diameter of the large pumice boulders in Skellock Draw and Yoss Creek is much 
greater than the maximum diameter of pumice blocks (1.2 to 1.6 in) found in the pyroclastic-fall 
deposits that underlie these sites and that blanket the surrounding highlands. However, large 
blocks of pumice (> 10 inches) are present in the pyroclastic-flow deposits that inundated the 
western half of the basin and the rounded boulders of pumice are likely derived from this source. 
The distribution of abundant large pumice boulders suggests stranding of floating pumice as 
water levels dropped during lake drainage. 
 
8.3.1.4 Beveled sand dunes 
 Sand dunes composed of lithic-rich, medium-grained sand are present throughout the 
basin, but the largest concentration and largest dunes are located northeast of Klamath Marsh in 
the Sugarpine Mountain quadrangle (Chapter 7). Throughout the basin, the dunes are covered by 
pyroclastic fall deposits. In low-relief areas of the Sugarpine Mountain quadrangle and between 
the marsh and prominent dune ridges, auger holes first penetrate either lithic-rich, medium-
grained sand, mixed rounded pumice (~0.4 in) and lithic-rich sand, or pyroclastic-fall deposits of 
pumice lapilli and blocks. Which deposits are first encountered depend upon the original 
distribution of dune ridges and inter-dune valleys. The valleys between dune ridges were infilled 
by mixed sand and rounded pumice from the dune ridges as waves in the rising lake beveled the 
dunes. The gently sloping, low-relief surface that occupies parts of the dune field lies below 
about 4590 feet south of Sugarpine Mountain.  
 
8.3.1.5 Reworked pyroclastic deposits 
 Thickness and grain size distribution of pyroclastic-fall and –flow deposits are modified 
to varying degree wherever the lake was present. In the area of Klamath Marsh, volcaniclastic 
silt to fine-grained sand composed of glass, angular crystals, and rounded pumice is present. 
Here, the reworked deposits are distinguished from the parent pyroclastic-fall and –flow deposits 
primarily by grain size. On steeper slopes along the eastern and southern edges of the lake, 
thickness of pyroclastic-fall deposits has been modified.  
 
 In the low relief settings of Klamath Marsh where pyroclastic flow deposits are 
prominent, the volcaniclastic sediment is light brown, low density silt with sparse rounded grains 
of pumice. In hand augered holes, there is a distinct color change (pink), increase in the 
abundance of blocks of irregular shaped pumice, and reduction in penetration rate due to an 
increase in resistance to augering at the boundary between the reworked and primary deposits. 
The thickness of the volcaniclastic sediment is from 2.3 to 4.5 feet. 
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The complex patterns produced by reworking of pyroclastic-fall and –flow deposits in 

low relief settings is illustrated in the Military Crossing quadrangle (Cummings and Melady, 
unpublished mapping) from sites located north of Klamath Marsh and west of Military Crossing 
and The Peninsula. Throughout this area the surface slopes gently to the south providing ample 
opportunity for wave action to rework pyroclastic deposits as the lake level rose.  

 
Characteristics of the primary pyroclastic deposits were determined to provide a basis for 

identifying characteristics associated with reworked deposits. According to the distribution maps 
prepared by Young (1990) the basal ash bed, lower pumice unit, middle ash bed, and upper 
pumice unit of the climactic eruption are expected to be present at these sites. The study sites are 
estimated to be near, but to the west, of sites 32 and 33 of Young (1990). At site 32, Young 
(1990) reports the total thickness of the climactic eruption deposits is greater than 2.6 feet (78 
cm) and greater than 3.3 feet (100 cm) at site 33. The lower and upper pumice units are present 
at both sites. The upper pumice unit is yellow brown pumice with average diameter of 0.08 to 
0.11 inches: some clasts are up to 1.9 inches. The lower pumice unit is gray to light brown, better 
sorted and bedded, and contains clasts up to 1.5 inches in diameter. Pyroclastic-flow deposits are 
also present in the study area, but there are no data from which to predict the thickness expected 
in the study area.   

 
Table 8.2 contains data from auger holes in primary pyroclastic deposits and reworked 

pyroclastic deposits. The grain size distribution in pyroclastic-flow deposits varies considerably. 
In places, blocks of pumice at least 12 inches in diameter are abundant. Where pumice blocks are 
abundant, representative samples that demonstrate grain size distribution could not be recovered 
from the auger holes. The grain size distribution of the pyroclastic-flow deposits was examined 
in auger holes MC1 and MC2 (Fig. 8.3; Table 8.2). The contact between the pyroclastic-flow and 
reworked deposits in auger hole MC1 is 20 inches below the surface and delimited by the change 
from light brown reworked deposits (0 to 20 in) to the pink ash-rich deposits of the pyroclastic 
flow (20 to 54 in). The only large block of pumice (larger than the diameter of the auger) was 
encountered near the contact (depth of ~52 in) between the pyroclastic-flow deposits and the 
pyroclastic-fall deposits (52 to >67 in). In auger hole MC2, drilled near the northern edge of the 
pyroclastic-flow deposits in section 1 (s. 1, R. 8 E., T. 20 S., near UTM 605339E, 47651490N, 
EPE 4 m), large pumice blocks were not encountered. In both holes, coarse and fine ash accounts 
for nearly 80 percent of the sample.  

 
Table 8.2: Lithologic logs for auger holes located north of Klamath Marsh in the Military 
Crossing quadrangle (Cummings and Melady, unpublished mapping). Unit designations are: Qts 
– tuffaceous (glassy) silt produced by reworking of pyroclastic-flow (Qpaf) and –fall (Qpf) 
deposits; Qtf – pyroclastic fall deposits from the eruption of Mount Mazama; Qtaf – pyroclastic 
flow deposits form the eruption of Mount Mazama: Qds – medium grained sand from sand dune 
deposits. 
No Location Elevation Stratigraphy Unit  
MC-1 NE, SE, SE, s. 12, 

R. 8 E., T. 30 S.: 
near UTM 
605647E, 

~1397 m 
~4583 ft 

0-20 in: light brown, powdery, 
silt/sand with sparse rounded pumice 
to 0.7 in. 
20-53 in: pink, ash-rich with pumice 

Qts 
 
 
Qpaf 
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4759462N, EPE 6 
m. 

clasts to 1.1 in; sparse large blocks. 
Sample MC-1(1) at 39 to 43 in. 
53-67 in: uniform cream pumice 
lapilli from 0.2 to 0.6 in diameter. 

 
 
Qpf 

MC-2 NW, NE, SE, s. 1, 
R. 8 E., T. 30 S., 
near UTM 
605339E, 
4761490N, EPE 4 
m. 

~1396 m 
~4580 ft 

0-11 in: medium brown, powdery, 
small rounded grains of pumice to 0.2 
in. 
11-77 in: pink, sparse 1.1 in diameter 
pumice in ash-rich matrix. Sample 
MC-2(1) at 58 to 60 in. 

Qts 
 
 
Qpaf 

MC-3 NE, NW, NE, s. 18, 
R. 9 E., T. 30 S., 
near UTM 
606594E, 
4759063N, EPE 5 
m. 

~1387 m 
~4550 ft 

0-37 in: sandy with pumice, low ash 
content. Sample MC-3(1) from 2 to 7 
inches. Sample MC-3(2) from 18 to 25 
in. 
37-47 in: increase in pumice content 
and decrease in matrix. Sample MC-
3(3) from 37 to 44 in. 
47-60 in: pumice up to 1 inch 
diameter in sandy to ashy matrix. 
Sample MC-3(4) from 47 to 52 in. 
60-68 in: paleosol, brown, sandy, 
water-rich. Sample MC-3(5) from 61 
to 68 in. 

Qts 
 
 
Qts 
 
 
Qts 
 
 
Qds 

MC-4 SW, NE, SW, s. 7. 
R. 9 E., T. 30 S., 
near UTM 
606193E, 
4759605N EPE 6 
m. 

~1394 m 
~4575 ft 

0-7 in: sandy, low pumice and ash. 
7-46 in: pumice in ash-rich matrix. 
Pumice content variable. Sample MC-
4(1) from 11 to 16 in. Sample MC-
4(2) from 24 to 30 in. 
46-73 in: well sorted, bedded, pumice 
less than 0.3 in diameter. Fine-grained 
lithic clasts present. Sample MC-4(3) 
from 46 to 51 in. Sample MC-4(4) 
from 58 to 61 in. Sample MC-4(5) 
from 70 to 73 in. 

Qts 
Qpaf 
 
 
 
Qpf 

 

The ash-rich-small-diameter pumice character of the distal pyroclastic-flow deposits 
allowed auger holes to be drilled through the pyroclastic-flow deposits and into the pyroclastic-
fall deposits of the upper pumice unit. In auger hole MC-4 (s. 7, T. 30 S., R. 9 E.; Table 8.2) 
samples of flow and fall were collected for the grain size analyses presented in Figure 8.4. The 
samples of pyroclastic flow (MC4(1) and MC4(2)) contain greater than 80 percent coarse and 
fine ash. No large blocks of pumice were encountered in this auger hole. The grain size data for 
the four pyroclastic-flow samples (Fig. 8.3 and 8.4) suggest that variability in grain size is 
extreme in these deposits, but the matrix contains a significant percentage of coarse and fine ash 
(< 2 mm). The pyroclastic-fall samples (MC4(3), MC4(4), MC4(5); Fig. 8.4 and Table 8.2) 
contain 40 to 60 percent lapilli and blocks of pumice and are believed to be from the upper 
pumice unit of Young (1990).  
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Figure 8.3: Grain size distribution for two samples of pyroclastic flow from auger holes MC1 
and MC2. Lithologic logs are presented in Table 8.2.  
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Figure 8.4: Grain size distribution for samples collected from auger hole MC4 (Table 8.2). 
Lithic sand-rich reworked deposits of unit Qts are present at the surface. 

 
In the Military Crossing-The Peninsula area, wave action in the post eruption lake greatly 

modified the thickness of pyroclastic deposits. In places, pyroclastic deposits have been totally 
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removed and older dune sand or bedrock is exposed. In other places, the pyroclastic flow and the 
upper pumice unit have been eroded to expose the lower pumice unit. The deposits produced by 
reworking in the lake reflect the deposits impacted by wave action. Where pyroclastic deposits 
were reworked, a layer of low-density glass-rich silt with rounded pumice is prominent. Where 
pyroclastic deposits and underlying sand dune deposits were reworked, a layer of lithic sand with 
admixed rounded pumice grains is prominent (See section on beveled sand dunes).  

 
The silt deposits are distinguished from pyroclastic flow deposits by a color change from 

light brown to pink and abrupt increase in resistance to penetration by the auger at the contact. 
Likewise, the change from silt deposits to pyroclastic-fall deposits is marked by change in 
penetration rate and grain size. Figure 8.5 compares the grain size distrubiton of a sample of silt 
collected near Soloman Butte and samples MC4(1) of pyroclastic-fall and MC4(4) of 
pyroclastic-flow. In general, the silt is finer grained than pyroclastic-fall deposits and lacks the 
coarse pumice clasts commonly found in pyroclastic-flow deposits.  
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Figure 8.5: Comparison of grain size where unit Qpaf is reworked to form deposits of Qts. A 
size distribution of a pyroclastic-fall deposit is included for reference.   

  

 On steeper slopes in the Wocus Bay quadrangle, the thickness of pyroclastic-fall deposits 
above 4600 feet, at mid slope, and at the slope base near the level of the Pleistocene strath terrace 
were determined at the Wocus Bay East and Hog Creek profiles by Conaway (2000). The Hog 
Creek site was isolated from the main lake by topography and was less prone to wind-driven 
wave action. The expected thickness of the pyroclastic-fall deposits at the site as determined 
from the auger hole located above 4600 feet is 108 inches (275 cm, Fig. 8.6). The thickness is 
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greater at mid slope 118 inches (301 cm), but is significantly less at the base of the slope 64 
inches (163 cm) and zero where bedrock is exposed on the Pleistocene strath terrace. Down slope 
movement of pumice since the time of the eruption of Mount Mazama should produce thicker 
deposits lower on the slope rather than the pattern observed at this site.    
 

The Wocus Bay East site would have been located on the edge of the open lake and more 
likely subjected to wind-driven wave action. Similar thickness patterns are present in samples 
collected above 4600 feet, at mid slope, and base of slope (Fig. 8.7) as were determined at the 
Hog Creek site. Bedrock is also exposed on the Pleistocene strath terrace at the Wocus Bay East 
site.  
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Figure 8.6: Thickness of pyroclastic-fall deposits on the middle Holocene terrace scarp at Hog 
Creek. Five times vertical exaggeration (from Conaway, 2000). Solid triangles are elevation 
control points above the elevation at which hydrophylic vegetation is prominent.  

 
In these profiles (Fig. 8.6 and 8.7) and sites throughout the basin there is no indication of 

a shore line at the high stand elevation of 4600 feet (1402 m). As in these two profiles, what is 
measured is a relatively constant slope and decrease in thickness of pumice deposits below the 
inferred high stand elevation. This suggests that water levels were not maintained at the high 
stand elevation long enough to cut a beach before the obstruction in the canyon was overtopped 
and the lake drained. 
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Figure 8.7: Thickness of pyroclastic-fall deposits on the middle Holocene terrace scarp at Wocus 
Bay East. Five times vertical exaggeration (from Conaway, 2000). Solid triangles are elevation 
control points above the elevation at which hydrophylic vegetation is prominent.  
  
8.3.2 Williamson River canyon  

The bedrock geology and distribution of surficial deposits in the vicinity of the 
Williamson River canyon are presented by Lee (2000) and Cummings and Lee (Soloman Butte 
quadrangle, unpublished mapping). Figure 8.8 displays the distribution of pyroclastic-flow, 
pyroclastic-fall, and reworked pyroclastic deposits in the vicinity of the Williamson River 
canyon. Pyroclastic-fall deposits are expected to be approximately 4.3 feet (1.3 m) thick. The 
thickness of pyroclastic-flow deposits decreases dramatically from nearly 80 feet (25 m) between 
Kirk and the head of the canyon to less than 1.5 feet (0.5 m) on both sides of the middle segment 
of the canyon (Fig. 8.8).  

 
A longitudinal profile is presented in Figure 8.9. The channel of the Williamson River 

drops from an elevation of 4500 feet (1372 m) near Kirk to approximately 4200 feet (1280 m) at 
the mouth of the canyon. Near Kirk a Pleistocene basaltic andesite lava flow forms a ridge that 
extends from a source west of the river to Soloman Butte. This bedrock high is the local base 
level for the Williamson River after it exits Klamath Marsh. Approximately 2.2 miles (3.7 km) 
downstream from this flow, the river enters a canyon. Through the next 1.3 miles (2.2 km) the 
channel is on bedrock and the canyon walls are relatively free of talus (Fig. 8.10). The greatest 
change in elevation is through this reach (Fig. 8.9). It is within this reach that the canyon makes a 
sharp jog to the west. For the first 0.6 mile (1 km) distinctive basalt flows (early Pleistocene) 
with thin (4 to 6 inches) alternating vesiculated and non-vesiculated bands are exposed on the 
eastern wall and basaltic andesite flows are exposed on the western wall (Chap. 2). For the last 
1.2 miles (2 km) the canyon is incised into Pliocene palagonitized basaltic tuff cones. These tuff 
cones were partially eroded before the lava flows were erupted. In this reach, talus has 
accumulated below cliffs of the basaltic andesite flows that cap the tuff cone on the west wall. 
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Talus on the upper slopes is spatially associated with pyroclastic-fall deposits and is interpreted 
as pre-dating the eruption of Mount Mazama. 

 

 
Figure 8.8: Geologic mapping showing the distribution of surficial deposits in the Soloman Butte 
quadrangle (Lee, 2000; Cummings and Lee, unpublished mapping). 
 

A subtle topographic high near 4600 feet extending from the canyon westward through 
sections 23 and 24 (T. 33 S., R. 7 E) defines the boundary between primary pyroclastic-flow 
(south) and reworked deposits (north) (Fig. 8.8). The pyroclastic-flow deposits have been 
reworked to a depth of approximately 0.5 feet (0.15 m) in areas north of this divide. The upper 
1.5 feet (0.5 m) of the pyroclastic-fall deposits are reworked in areas where they were not 
protected by pyroclastic-flow deposits. In no place has the entire section been reworked. The 
reworked deposits are depleted in both the fine- and coarse-fractions relative to the undisturbed 
pyroclastic-flow deposits.  
 

In at least two areas the reworked deposits are overlain by pumice that at first appearance 
is similar to pyroclastic-fall deposits. However, the pumice is less irregular in shape and 
somewhat coarser than the pumice in the local fall deposits. These deposits are up to 3 feet thick. 
Similar deposits have been described by Manville et al. (1998) in the Taupo volcanic zone, North 
Island, New Zealand. These deposits form by pumice that becomes saturated and settles through 
the water column while impounded lakes are present. Manville et al. (1998) experimentally 
determined that the elapsed time to sinking is proportional to the radius squared for grains 
approximately 16 mm in diameter (largest size tested in the experiment).  
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Figure 8:9: Longitudinal profile of the Williamson River canyon between F.S. Arterial 43 near 
Kirk and the 9730 bridge on F.S. Connector Road 9730. A south-looking view in the bedrock-
lined middle segment of the canyon is presented in Figure. 8.10. 
 

 

 
Figure 8.10: Looking south along the bedrock-lined reach of the Williamson River canyon. This 
view is near the northern end of the area dammed by pyroclastic flows. (Photo by J. Hackett). 

U.S.G.S. gage 
#11493500 

Debris dam location 
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In the central part of the canyon (area of debris dam), no pyroclastic deposits are present 
up to an elevation of 4,583 feet (1397 m). Lava flows are exposed in the canyon walls to the 
bottom of the canyon.  

 
8.4: Location and extent of debris dam 

 The location of the debris dam has been determined from the distribution of pyroclastic-
flow and fall deposits, reworked pyroclastic deposits, and areas of scour along the Williamson 
River canyon. Key observations include: 1. Pyroclastic-flow deposits are present on both sides of 
the canyon and directly overlie undisturbed pyroclastic-fall deposits. 2. Above approximately 
4600 feet (1,402 m) neither the pyroclastic-flow nor pyroclastic-fall deposits are reworked. 3. 
Pyroclastic deposits are absent from a narrow strip where basaltic andesite bedrock is exposed at 
elevations between 4,563 to 4,583 feet (1,391 to 1,397 m) for at least 0.6 miles (1 km) on the 
west canyon wall. 4. Small patches of reworked pyroclastic-fall and undisturbed pyroclastic-fall 
deposits are present at 4560 feet (1,390 m) and reworked pyroclastic-flow deposits up to 2 feet 
thick overlie undisturbed pyroclastic-fall deposits at approximately 4600 feet (1,402 m) feet on 
the east canyon wall. 5. Pyroclastic deposits are absent and talus is relatively rare for at least 1.5 
miles (2.5 km) of the canyon (Fig. 8.11). 

 
 Figure 8.11: Williamson River canyon in the area where the debris dam blocked the 
canyon. Pyroclastic deposits are not found in this area and talus is relatively minor. The debris 
deposit filled the canyon (~200 feet deep) at this location. (Photo by J. Hackett). 
 

The dam produced by pyroclastic flows entering the Williamson River canyon reached an 
elevation greater than 4600 feet (1402 m) and ranged from at least 170 feet (52 m) thick near its 
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upper end to 195 feet (59 m) near its mid section and lower end. The length is estimated at 
approximately 1.5 miles (2.5 km). The volume is estimated at 5.8 x 107 yd3 (4.4 x 107 m3). 

  
8.4.1 Mouth of the Williamson River canyon 

The Williamson River valley broadens rapidly at the mouth of the canyon (Fig. 8.12). At 
the mouth of the canyon, the modern course of the river lies to the east of a deposit of large 
boulders and against hydroclastic deposits exposed along the east wall of the valley. 
Approximately 0.7 miles downstream, the river crosses the boulder deposit at rapids before 
forming a channel cut in hydrovolcanic deposits and fluvial/lacustrine sediment of late Pliocene 
age (Cummings and Lee, unpublished mapping). Boulders found at the mouth of the canyon are 
a conglomeration of talus, boulders in the channel prior to the flood, and boulders plucked from 
the outcrops lining the canyon. In this reach the river flows beneath bridge 9730 on F.S. 
Connector Road 9730, a location where instantaneous discharge was measured during this study 
(Chap. 9).  
  

In a small quarry at the mouth of the canyon (Fig. 8.12) large boulders of three distinct 
lithologies exposed along the walls of the Williamson River canyon are present: 1. Blocks of 
massive diktytaxitic basaltic andesite derived from the plateau west of the canyon, 2. distinctly 
banded Pliocene basalt derived from flows exposed locally in the east wall of the upper canyon, 
and 3. Pliocene palagonitized basaltic hydrovolcanic tephra derived from the tuff cones exposed 
in the walls of the lower canyon. The dimensions of large boulders set aside during quarrying 
operations are easily measured. However, between the mouth of the canyon and the upper 
reaches of the quarry, the boulder deposit is partially buried. Figure 8.12 indicates the average 
diameter of the largest boulders exposed in the deposit. The largest boulder has a long axis of 22 
feet. This banded basalt boulder is located 3.7 miles downstream from the outcrop source. The 
largest boulder of palagonitic tephra (11 ft long) is located less than 0.6 miles from the nearest 
source in the canyon. It can be inferred that these boulders of friable tephra were plucked from 
the hydrovolcanic outcrops near the mouth of the canyon and deposited in their present position 
in a single event. 

 
The boulder deposit rapidly grades to basalt and basaltic andesite lithic-rich sand 

containing lenses of well rounded, less than 3 inches in diameter clasts of pumice in a silt to sand 
matrix of pumice, volcanic glass, and lithic sand. In auger holes located downstream from the 
boulder deposit (Fig. 8.12) these deposits are up to 28 inches thick and overlie stream-rounded 
cobbles. The underlying cobbles could be river deposits or flood deposits, but since undisturbed 
pyroclastic fall was not encountered in this section, the underlying cobbles are likely part of the 
flood deposits. 
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Figure 8.12: Mouth of the Williamson River canyon showing distribution of boulder deposit and 
diameter of boulders through the deposit. Locations of auger holes and rafted pumice are 
indicated by (+) and (*), respectively. (Modified from Conaway, 2000). 

 
8.5: Draining of the lake 

 Overtopping of the debris dam and draining of the lake through the Williamson River 
canyon produced several distinctive features. In addition to stranded rounded pumice boulders 
throughout the lake basin, these features include scour channels, scoured surfaces, and boulder 
deposits. 
 
 Linear channels cut into pyroclastic-flow deposits are present along the margins of the 
impounded lake and are best developed and largest between Kirk and the upstream end of the 
debris dam (Fig. 8.1). The channels range from 5 to 40 feet deep and 16 to 100 feet wide and are 
incised into pyroclastic-flow deposits. Near Kirk, large linear to gently curving channels are 
carved into pyroclastic-flow deposits between approximately 4560 and 4475 feet elevation along 
both sides of the Williamson River. Channels are at high angle to the local slope. The channels 
and surrounding pyroclastic-flow deposits are overlain by large rounded boulders of pumice. 
None of the channels shows evidence of stream occupation and all are heavily forested with 
Lodgepole Pine. 
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Another type of scour feature is present where all pyroclastic deposits and volcaniclastic 
sediment are absent and bedrock is exposed. Three sites illustrate the general characteristics of 
these features: 1) Wocus Bay east, 2) south of Summers Ranch, and 3) north of the headquarters 
of the Klamath Marsh National Wildlife Refuge. At Wocus Bay east (Fig. 8.6), rock is exposed 
in the Pleistocene strath terrace (el. ~4520). South of Summers Ranch pyroclastic fall is absent 
on the top (el. 4545 ft) and northwest flank of a northeast-trending bedrock ridge, but is present 
(lower pumice unit only) and overlain by volcaniclastic sediment on the southeast flank. North of 
Refuge Headquarters, the site is a gently sloping bedrock surface (el. 4552 ft).   

 
 In the area of impoundment, hydraulic impacts of draining of the lake include 
channelized flow on shallow slopes and stripping of pyroclastic deposits and volcaniclastic 
sediment from topographic surfaces. The scour channels and erosion of pyroclastic deposits from 
the Pleistocene terrace occurred during rapid lowering as the lake drained. The distribution of 
rounded pumice boulders resting on the bedrock surfaces, and in channels and the interfluves 
between channels suggest that erosion occurred in the early phase of water decline. 
 
 Additional evidence consistent with the catastrophic draining of the lake include: 1) 
Pyroclastic-fall and pyroclastic-flow deposits have been stripped from the canyon walls 170 to 
194 feet above the modern river level in the area of the debris dam and pyroclastic-fall deposits 
have been stripped 50 feet above the current channel near the mouth of the canyon, 
approximately 1.2 miles downstream from the inferred location of the debris dam. 2) Near the 
mouth of the canyon, well-rounded river cobbles up to 8 inches in diameter rest on the bedrock 
surface (hydrovolcanic deposits) up to the level of scour. 3) Reworked and mixed, coarse- to 
medium-grained sediment deposits downstream from the boulder deposit. 
 

8.6: Catastrophic breaching of the pyroclastic flow  dam 
 The paleohydrologic reconstruction of the outburst flood relies on the estimated debris 
dam characteristics, geomorphology of the Williamson River canyon and areas downstream from 
the canyon, and size of the boulders deposited at the mouth of the canyon. Conaway (2000) 
estimates the peak-discharge of the outburst flood by using the flow competence method (Baker 
and Ritter, 1975; Costa, 1983; Komar, 1989; O’Connor, 1993), empirically based dam-break 
model (Costa and Schuster, 1988), and physically based dam-break model (Walder and 
O’Connor, 1997). Results of these calculations are included in Table 8.3. The following section 
is modified from Conaway (2000). 

The elevation (4,592 ± 10 ft; 1,400 ± 3 m) of the plateau west of the canyon is the 
limiting elevation to which the impounded lake could rise without finding an outlet. Although 
rafted pumice is present near this elevation and on the plateau south of the constriction, a lack of 
prominent scour channels suggests that overtopping of this plateau did not occur or occurred 
only briefly. The dam failure initiated on the western edge of the canyon and quickly cut to 
bedrock before shifting eastward into the unconsolidated pyroclastic-flow deposits filling the 
canyon. Overtopping led to rapid dam failure by head ward erosion of channels in the 
downstream side of the dam.  

 
The velocity of the flood and size of the material transported rapidly decreased as the 

flood left the canyon. The 28 inches of rounded pumice, sand, and ash that overlie rounded 
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flood-bourn cobbles indicates that the flood velocities were decreasing and deposition of finer 
grained material was taking place. The lenses of sand intermixed with rounded clasts of pumice 
in auger SB5 (Fig. 8.12) suggest either pulses in the waning flood discharge or primitive channel 
migration.  

 
8.7: Magnitude of the outburst flood 

 
8.7.1 Flow-Competence 

Flow competence equations are based upon empirical correlations and theoretical 
formulas relating the largest clasts transported by a flood to velocity, shear stress, and stream 
power (Baker and Ritter, 1975; Costa, 1983; Komar, 1989; O'Connor, 1993). Conaway (2000) 
used the regression relation for velocity developed by O’Connor (1993) in a study of the 
Bonneville flood. O’Connor (1993) used geologic evidence coupled with the step-backwater 
method to develop regressions for velocity, stream power, and shear stress. This regression is 
particularly useful for this study where the boulder deposit has been quarried because it is based 
upon the largest rocks transported rather than a median grain size. Velocity is estimated using 
Equation 1 (O’Connor, 1993)  

 

Equation 1: v = 0.29Di
0.60 

 
where Di is the intermediate axis diameter (cm), and v is the flow velocity (m s-1). The results of 
the flow-competence calculations for boulders and their averages at each site are given in Table 
8.4. The discharge (Q) was then estimated by the relation Q=wdv, where w is the flow width and 
d is the flow depth. The flow width was estimated from the width of the boulder deposit and the 
depth was estimated from the elevation of the scour surface at the mouth of the canyon and the 
depth of the boulder deposit elsewhere (Table 8.4). The maximum discharge estimate with this 
method is 5.3 x 105 cfs (1.5 × 104 m3s-1). An average discharge of 4.6 x 105 cfs (1.3 × 104 m3s-1) 
was calculated for two sites (Table 8.4). 
 
8.7.2 Empirically based dam-break analogy 

Costa and Schuster (1988) used a regression analysis with potential energy as the 
independent variable to derive equations for landslide, glacier, moraine, and earth- and rock-fill 
dam-break discharges. The data used to construct the equations are gathered from historic dam-
failures where well-constrained estimates of potential energy of the back-flooded area and 
resultant discharges were available. For this study, the equation for a landslide dam-break is 
used. This equation was chosen because landslide dams are typically wide at their base, 
comprised of large volumes of material, and are usually easily eroded (Costa and Schuster, 
1988). These characteristics make them most analogous to an unconsolidated pyroclastic-flow 
dam in the Williamson River canyon. The empirical relation for peak discharge (Qp) from the 
failure of a landslide dam (Costa and Schuster, 1988) is given in Equation 2 

 
Equation 2:    Qp=0.0158Ep

0.41 
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where the potential energy of the lake, (Ep) =ρwgdV0. For the lake formed by the pyroclastic flow 
constriction, d = 17 m (drop in water from the elevation of the high stand (1,400 m) to the 
elevation of the late Holocene terrace (1,380 m), and V0 = 5.7 × 109 m3 (volume drained from the 
lake). Using ρw = 103 kg m-3 and g = 9.8 m s-2, this equation yields a peak discharge of 7.8 x 105 
cfs (2.2 × 104 m3s-1). 
 
8.7.3 Physically based dam-break model 

Walder and O’Connor (1997) evaluated regression relations that are used for predicting 
peak discharge and determined that factors not used in these relations actually provided the 
greatest influence on the discharge. These factors are the erosion rate of the dam (k), and the 
morphology of the dam and basin.  

 
Walder and O’Connor (1997) outline “benchmark” predictive relations that are based on 

mean values from typical natural dams and can be used for hazard-assessment purposes. 
Fundamental to these relations is the dimensionless parameter η   
 
defined as     η = k V0  g -0.5 d -3.5 

 
where k is the erosion rate of the dam, V0 is the volume of water drained by the breach, g is the 
acceleration due to gravity, and d is the drop in water level during down stream flooding. If this 
parameter is significantly greater than 1, Equation 4 is justified for determining peak discharge 

 
Equation 4:                                  Qp = 1.94 g 0.5 d 2.5 (Dc  d -1) 0.75 

 
where Qp is peak discharge, and Dc is height of dam crest relative to dam base (Table 8.3). The 
value 1.94 is a multiplier derived from the morphology of the breach. For the pyroclastic flow dam 
on the Williamson River the erosion rate (k) is unknown. Data compiled by Froehlich (1987) show 
that the k value for constructed earthen dams are between 1 and 103 m hr-1. The compaction of a 
pyroclastic-flow dam is likely less than that of a constructed earthen dam, but values from 1 to 104 
m hr-1 were used to determine η and the results are all significantly greater than 1 (Table 8.3). The 
erosion rate is actually not significant for lakes that have large volumes for a given depth because 
erosion of the dam will be complete before any significant decrease in volume has occurred. If the 
dimensionless parameter V*0 (V* 0=V0 / d

3) is greater than 104, erosion rate has little affect on peak 
discharge (Walder and O'Connor, 1997). For the flooded area behind this blockage V*0 equals 1.2 
× 106.  

 
The peak discharge that was determined with the physically based dam-break model of 

Walder and O’Connor (1997) is 4.6 x 105 cfs  (1.3 × 104 m3s-1). A summary of estimated 
discharges and their associated variables is found in Table 8.3. 
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Table 8.3: Summary of discharge estimates and variables. 
Variable Parameter Value 

Flow Competence 
(O’Connor, 1994) 

1.3 x 104 m3s-1 
4.6 x 105 cfs 

Empirically based dam-
break model (Costa and 
Schuster,1988) 

2.2 x 104 m3s-1 

7.8 x 105 cfs 
 

Qp 
Peak 
discharge 

Physically based dam-
break model (Walder and 
O’Connor, 1997) 

1.3 x 104 m3s-1 

4.6 x 105 cfs 

D 
Drop in water level (1397 m – 1380 m 
(level of Late Holocene lake)) 17 m  

Dc 
Height of dam crest relative to base 
(determined from topographic map) 

38 m 

K 
Erosion rate (unknown, but determined to 
be insignificant to Qp) 

1-104 m s-1 

Ep Potential energy of lake =ρwgdV0 9.5 × 1014 joules 

ρw Density of water 103 kg m-3 

V0 Volume of water drained from lake 5.7 × 109 m3 
4.6 x 106 acre feet 

V* 0 
Dimensionless measure of total volume 
drained from the lake = V0

3/d3 1.2 × 106 

G Acceleration due to gravity 9.81 m s-2 

 
8.7.4 Evaluation of the discharge estimate techniqu es 
 The highest discharges determined using the flow-competence equation and the channel 
dimensions (Table 8.4) were for boulders in the gravel pit located in the middle of the deposit. 
The intermediate axis of these boulders was smaller than the measured intermediate axis of the 
boulders at the mouth of the canyon that were not excavated. This discrepancy in discharge is the 
result of over estimation of the channel width and/or depth at the gravel pit. The channel width 
was determined from the width of the boulder deposit and assumes that the deposit was 
emplaced in one event (inferred from large blocks of friable palagonitized tephra in the deposit). 
The deposit is likely more of a fan that had channels migrating across its width as the flood stage 
decreased. The estimation of channel width and depth at the mouth of the canyon is thought to be 
more accurate because it is constrained by the river to the east and the plateau to the west. The 
maximum estimated discharge for this location is 3.78 x 105 cfs (1.07 x 104 m3s-1).  However, the 
velocity estimates for these boulders is likely conservative because they were not excavated and 
their actual dimensions could be concealed by overburden.  
 

The flow-competence equation is also likely a conservative estimate of the peak 
discharge because it is based on boulders found ~3.7 miles (~6 km) from the suspected dam 
location. The discharge likely decreased over this distance, but the decrease would have been 
small because the flow was confined to the canyon across this distance. Material that is currently 



 21 

found in the canyon was not used in the flow competence equation because it is difficult to 
distinguish the material associated with the dam-break from talus. Another factor that leads to 
the under estimation of discharge with this method is the size of the material that was available 
for transport. Columnar jointed basalt produces boulders with a size limitation dependent on the 
jointing pattern. The distinctly vesiculated basalt is a massive unit and the material derived from 
its outcrops would not have these limitations. 

 
The empirically based dam-break model is limited in its estimate of the discharge 

because it only uses the volume of water impounded by the breach and the drop in the level of 
this water. This method would provide the same discharge estimation for a dam that was several 
kilometers in width as it would for a dam that was only a few meters in width, provided that the 
volume and drop in water level of the flooded areas was equal. This equation must also be used 
with caution because it is derived from data supplied by a variety of sources at different 
locations. This method is based on discharges gathered downstream of the breach with no 
consideration of energy losses or translation of the flood wave and is therefore an under 
estimation of discharge in most situations (Walder and O'Connor, 1997; Waythomas et al., 
1996). The most significant limit to this method is that most discharges are controlled by factors 
other than the volume and drop in lake level (Walder and O’Connor, 1997). The factors that are 
usually the primary influences on peak discharge are erosion rate of the impoundment and to a 
lesser extent the geometry of the breach and basin (Walder and O’Connor, 1997).  

 
The physically based model is considered to be the most accurate estimate of discharge at 

the breach. Uncertainties in this method lie with the calculation of the shape multiplier. This 
factor is based on average shape parameters from historic dam-breaks and these parameters are 
not exactly known for the constriction on the Williamson River. Variances in these parameters 
would not, however, greatly affect the estimated peak discharge. 

 
8.7.5 Duration 

Estimates for the duration of the flooding due to failure of the pyroclastic flow dam can 
be made indirectly from hydrologic characteristics of the basin, geologic evidence, and 
comparison to landslide dams. The filling of the impoundment to the point of overflow takes 
place in the context of basin evolution similar to the Taupo Volcanic Zone, North Island, New 
Zealand. In the Taupo Volcanic Zone, pre-eruption Lake Taupo drained into the collapse feature 
produced by the eruption, refilled, and catastrophically drained approximately 20 years after the 
eruption. However, prior to the great outbreak flood that drained Lake Taupo, smaller supra-
ignimbrite lakes formed and drained. Among these is Lake Reporoa located 18 to 30 miles 
downstream from Lake Taupo and which appears to have drained 2 to 3 years after the eruption 
(Manville, 2002). Although similarities to the Williamson River basin exist, the Taupo Volcanic 
Zone is distinctly different with respect to one key factor: climate. At the time of eruption the 
climate in the Taupo Volcanic Zone was similar to that of today: humid temperate with 
prevailing southwesterly winds and rainfall distributed throughout the year.  

 
 In addition to the climate differences, the Williamson River basin evolved from a surface-
water dominated after the eruption to its current configuration as a ground-water dominated 
basin (Cummings 2007; Chap. 4). However, the rate of change suggests the basin was surface-
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water dominated during the time the impoundment filled. The surface water system operated 
under climate patterns similar to the current pattern: winter precipitation primarily as snow 
particularly in higher elevation areas, and minimal summer precipitation. However, the eruption 
of Mount Mazama occurred under climate conditions characterized by increased temperature and 
decreased effective precipitation. Warmer drier summers and colder wetter winters than at 
present dominated the local climate between 11 ka and 4.5 ka when cooler wetter conditions 
began (Mohr et al, 2000; Bradbury et al., 2004; Briles et al., 2005).   
 

The length of time required to fill the impoundment is estimated for the high stand 
(~4600 ft) surface area of approximately 216 mi2 (560 km2) and volume calculated at 4.6 x 106 
acre feet (5.7 x 109 m3). As a first approximation, the average discharge for the gage station on 
the Williamson River near Klamath Agency (#11493500) for the period 1954 to 1995 yields the 
calculated volume in approximately 40 years. However, the average modern discharge at the 
gage underestimates the basin yield because the volume passing out of the system as ground 
water is not represented. Spring Creek discharges ground water that likely enters the system 
along the east flank of the Cascade Range along the western edge of the Williamson River basin 
(Chap. 4). Gannett et al. (2007) estimate the low flow gains to the Williamson River through 
ground water contribution to Spring Creek at 300 cfs. At the time the impoundment filled, 
ground water discharge through Spring Creek was routed into the lake through the surface water 
system. The discharge from Spring Creek alone would fill the impoundment in approximately 21 
years. If the discharge near Kirk averaged approximately 400 cfs the impoundment would fill in 
approximately 16 years. To fill the basin assuming continued inflow at the rate of the highest 
recorded discharge for the gage on the Williamson River near Klamath Agency (#11493500) 
requires 4.75 years.  

 
In addition to precipitation, a lake located in the area of the Klamath Marsh at the time of 

eruption and/or ice blocks from glaciers on the flanks of Mount Mazama would impact the 
length of time needed to fill the impounded lake. Whether a lake was present at the time of 
eruption was examined using drillers’ logs from water wells in the vicinity of the Klamath 
Marsh. In this area the pyroclastic deposits overlie sediment described by drillers as sand, 
partially cemented gravel and clayey sand. The quality of the well logs is not adequate to 
determine the environment that existed in the basin prior to eruption, however, the grain size and 
size distribution suggest that at least a small lake may have been present. A second approach 
based on the thickness of pyroclastic deposits indicated in water-well logs (~15-25 feet) and the 
elevation near the U.S.G.S. gage on the Williamson River near Klamath Agency (#11493500) 
(~4500 ft) and the general elevation of Klamath Marsh (4515 ft), suggests a shallow lake may 
have been present in part of the basin at the time of eruption.  

 
Glaciers perhaps as thick as 200 feet were inferred to be present on the flanks of Mount 

Mazama at the time of eruption (Williams, 1942). However, at the time of the eruption, glaciers 
did not extend below the current caldera rim on the south side of the mountain (Bacon and 
Lanphere, 2006). Melting of ice blocks may have also contributed water to the basin reducing the 
amount of water needed from precipitation alone.  
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The seasonal nature of the hydrologic system in the Williamson River basin suggests lake 
levels increased during early summer snow melt. Evaporation from the surface of the lake was 
the main loss during the warm months. On an annual basis the lake level probably rose during 
the spring, but was relatively stable or declined through the rest of the year. As a result, wave 
action eroded pyroclastic material and in places eroded to bedrock. Bedrock exposed at different 
elevations, particularly in the northeastern basin, is consistent with episodic rise in lake levels 
and erosion of pyroclastic deposits where wave action was concentrated. Eventually, the lake 
level rose to the spill point, the dam failed, and the lake drained.  

 
The three factors that control the stability of natural dams are the rate of inflow to the 

impoundment, the size and shape of the dam, and the geotechnical characteristics of the dam 
(Costa and Schuster, 1988). Rate of inflow to the impoundment is difficult to estimate, but the 
existence of landslide dams is short where a small slide blocks a stream with a large drainage 
area (Swanson et al., 1986). Since the dam in the Williamson River canyon and the plateau were 
overtopped by floodwaters, it can be concluded that the rate of inflow was greater than the rates 
of seepage through the impoundment and evaporation. The relatively uniform grain size of this 
impoundment would have prevented extensive piping through the dam. The dam was likely 
thicker than typical constructed earthen dams, because the pyroclastic flows were utilizing the 
channel as well as flowing into it from the west creating a long constriction in the canyon. This 
thickness would have contributed to the stability of the impoundment. Landslide dams that are 
composed of large or cohesive materials are more stable than those composed of soils or loose 
rock (Costa and Schuster, 1988). Ash, although fine grained, is quite cohesive when moist. The 
factors controlling the failure of the dam after its overtopping would have been the erosion rate 
of the ash on the downstream side and the length of the impoundment within the canyon. Failure 
likely occurred shortly after the overtopping of the dam, so the longevity of the pyroclastic flow 
impoundment was primarily controlled by the rate of inflow to the impoundment. 

 
An estimate of the time to drain the lake can be made by assuming that a hydrograph of 

the discharge is triangular and dividing twice the volume by the peak discharge. Using this 
method, it would have taken 2.5 days to drain the flooded area impounded by the dam.  

 
8.8: Summary 

 The evolution of the lake that occupied the Williamson River basin after the eruption of 
Mount Mazama, overtopping and catastrophic draining of the lake, and subtle to dramatic 
features produce by the lake and its draining is a fascinating study of processes operating during 
landscape recovery after a large volcanic eruption. Items that summarize findings in the chapter 
are as follows: 
• Pyroclastic flows produced during the middle Holocene cataclysmic eruption of Mount 

Mazama dammed the bedrock-walled canyon of the Williamson River downstream from 
Klamath Marsh. A lake developed behind the constriction and filled to its maximum 
elevation (~4600 ft) within approximately 5 to 40 years of the blockage.  

• The dimension of the dam ranged from at least 170 feet thick near its upper end to 194 feet 
near its mid section and lower end, had a length estimated at approximately 1.6 miles, and 
volume of 5.8 x 107 cubic yards (4.4 x 107 m3).  
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• Variation in sorting in reworked pyroclastic deposits, the subtle morphology of the strand 
line, lack of a shore facies at the elevation of the strand line, lack of clastic debris mixed 
with the reworked pyroclastic-fall and flow deposits suggest water levels were maintained 
at the high stand of the lake for only a short time, too short a time for sorting of the 
pyroclastic-fall deposits to occur and a distinct topographic bench to be cut into the loose 
pumice.  

• The physically based dam-break model of Walder and O’Connor (1997) is considered to be 
the most accurate estimate of discharge at the breach. The peak discharge was 4.6 x 105 cfs 
(1.3 × 104 m3s-1) draining the 4.6 x 106 acre-feet (5.7 x 109 m3) lake in approximately 2.5 
days. 
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Table 8.4: Location (UTM Zone 10), size, lithology, and velocity required for transport (From O’Connor 1984) of measured boulders 
at the mouth of the Williamson River canyon.  

Location (UTM) Long  (m) Intermediate (m) Estimated Estimated Velocity (m/s) Average Distance From
Easting Northing Axis Diamter Axis Diameter Lithology Ch annel Width (m) Depth (m)  from O'Connner Discharge m 3/s Discharge m 3/s Dam (km)

594734 4724530 1 0.8 wavy 329 5 4.02 6.61E+03 5.0
594734 4724530 1 0.8 hydrovolcanic 329 5 4.02 6.61E+03 5.0
594734 4724530 1.24 0.8 hydrovolcanic 329 5 4.02 6.61E+03 6.93E+03 5.0
594734 4724530 1.1 0.6 hydrovolcanic 329 5 3.38 5.56E+03 5.0
594734 4724530 2 1.4 hydrovolcanic 329 5 5.62 9.25E+03 4.9
594704 4724483 4.4 3.3 wavy 329 5 9.41 1.55E+04 1.31E+04 4.8
594704 4724483 3.45 1.8 wavy 329 5 6.54 1.08E+04 4.8
594787 4724632 3.1 1.85 wavy 329 5 6.65 1.09E+04 4.8
594787 4724632 1.4 0.75 hydrovolcanic 329 5 3.87 6.36E+03 9.59E+03 4.8
594787 4724632 2.35 2 wavy 329 5 6.97 1.15E+04 4.8
594856 4724708 3.3 2.4 wavy 329 5 7.77 1.28E+04 1.33E+04 4.7
594856 4724708 3.4 2.75 hydrovolcanic 329 5 8.43 1.39E+04 4.7
594865 4724728 0.9 0.3 wavy 329 5 2.23 3.67E+03 4.7
594865 4724728 0.46 0.26 wavy 329 5 2.05 3.37E+03 4.01E+03 4.7
594865 4724728 0.66 0.5 wavy 329 5 3.03 4.99E+03 4.7
594802 4724749 1.5 1.1 wavy 329 5 4.87 8.01E+03 8.01E+03 4.7
594714 4724685 0.69 0.49 hydrovolcanic 329 5 3.00 4.93E+03 7.10E+03 4.7
594640 4723930 1.2 1.05 wavy 670 2.7 4.73 8.56E+03 5.1
594640 4723930 0.84 0.77 wavy 670 2.7 3.93 7.11E+03 5.1
594640 4723930 0.95 0.9 wavy 670 2.7 4.31 7.81E+03 5.1
594640 4723930 0.93 0.7 wavy 670 2.7 3.71 6.71E+03 5.1
594690 4723910 1.32 0.93 wavy 670 2.7 4.40 7.96E+03 5.1
594690 4723910 2 1.2 wavy 670 2.7 5.13 9.28E+03 5.1
594690 4723910 1 0.8 wavy 670 2.7 4.02 7.27E+03 8.41E+03 5.1
594690 4723910 1.55 0.9 wavy 670 2.7 4.31 7.81E+03 5.1
595292 4724748 2.83 1.75 wavy 140 10 6.43 9.00E+03 4.1
595292 4724748 4.1 2.9 wavy 140 10 8.71 1.22E+04 4.1
595292 4724748 2.3 1.5 wavy 140 10 5.86 8.21E+03 4.1
595292 4724748 4.5 2.3 wavy 140 10 7.58 1.06E+04 8.85E+03 4.1
595292 4724748 5.4 3.4 wavy 140 10 9.58 1.34E+04 4.1
595292 4724748 6.7 3.2 wavy 140 10 9.24 1.29E+04 4.1  
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Chapter 9: Klamath Marsh and lower elevation areas 

Quadrangles: Military Crossing, Wildhorse Ridge, Wocus Bay, Soloman Butte, Fuego, Lenz, Mazama, 
Round Butte, Sugarpine Mountain,. 
 

9.1: Introduction 
 Klamath Marsh and Spring Creek are two ground water discharge areas for the Williamson 
River basin. In both cases, ground water from the Cascade Range drives the system. The Williamson 
River downstream from Klamath Marsh flows seasonally, primarily when snow melts from the marsh 
and surrounding lower elevation areas. Discharge from the marsh decreases even as discharge into the 
marsh at Military Crossing increases and before the main pulse of water from the Cascade Range enters 
the system from the west. Evapotranspiration exceeds ground water and surface water input to Klamath 
Marsh during the growing season causing water level to decline and the Williamson River to cease 
flow. This chapter examines the discharge areas of the Williamson River basin. 
 

9.2: Geologic synthesis 
Geologic mapping in the Soloman Butte (Cummings and Lee, unpublished mapping), Wocus 

Bay (Cummings and Conaway, unpublished mapping), Wildhorse Ridge (Cummings et al., unpublished 
mapping), Sugarpine Mountain (Cummings et al., unpublished mapping), Fuego (Cummings and 
James, unpublished mapping), Military Crossing (Cummings and Melady, unpublished mapping) and 
reconnaissance in the Round Butte, Lenz, and Mazama quadrangles provide the geologic framework for 
Klamath Marsh and surrounding uplands. In this chapter, the bedrock geology of lower elevation areas 
surrounding and beneath Klamath Marsh and hydrogeology of the Klamath Marsh ground water 
discharge system are described. The Mount Mazama pyroclastic deposits (Chap. 2), east flank Cascade 
Range fans (Chap. 4), late Pleistocene dunes (Chap. 7), and post-eruption lake and its draining (Chap. 
8) are also described in separate chapters.  
 
9.2.1 Bedrock geology 

The oldest and most prominent volcanic landforms are located in the vicinity of the common 
corners of the Wocus Bay, Military Crossing, Wildhorse Ridge, and Buckhorn Springs quadrangles. 
Wocus Butte and Wildhorse Ridge are two prominent topographic features associated with this 
volcanic system. Geologic mapping and age dates in the Wocus Bay (Cummings and Conaway, 
unpublished mapping), Wildhorse Ridge (Cummings et al, unpublished mapping), Military Crossing 
(Cummings and Melady, unpublished mapping) quadrangles and topographic map analysis of the 
Buckhorn Springs quadrangle indicate volcanic activity in this area persisted from approximately 4.1 to 
3.6 Ma (Table 9.1). Geochemical data indicate trachytic and calc-alkalic compositional suites are 
present. The lava and pyroclastic flows that comprise this eruptive center are disrupted by 
north/northwest striking faults, the most prominent being the Wildhorse Ridge-Military Crossing fault 
zone. 
  

Basaltic trachyandesite to trachydacite lava and pyroclastic flows underlie Little Wocus and 
Wocus buttes and an unnamed butte near the common corners of Wocus Bay, Military Crossing, 
Wildhorse Ridge, and Buckhorn Springs quadrangles. Long, narrow, ridge-capping lava flows near the 
northwest end of Wildhorse Ridge in the Military Crossing quadrangle are part of this suite. Trachytic 
rocks are enriched in the alkali elements; in this case, Na2O. Age dates suggest eruptions occurred at 
about 4.0 Ma. 
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Lee (2000) examined the geochemistry and mineralogy of this trachytic suite. The suite displays 

systematic decrease in mafic and compatible elements (TiO2, FeO, CaO, MgO, Sc, Cu) and increase in 
incompatible elements (K2O, Na2O, Ba, Rb, Zr, Nb, Pb, La) with increasing silica content. Lee (2000) 
used the composition of a basaltic trachyandesite lava from the suite as the relatively dry parent 
composition to model the magmatic history of these rocks. She concluded that the relatively dry (H2O < 
0.4 wt %) parental magma experienced crustal assimilation as it rose through the crust to a shallow 
level (P – 1.5 to 3 kbar (<9 km)) before experiencing magmatic differentiation. 

  
The alkali-rich trachytic suite includes a pyroclastic flow, the tuff of Skellock Draw (Cummings 

and Conaway, unpublished mapping Wocus Bay; Cummings et al., unpublished mapping Wildhorse 
Ridge), a moderately welded lithic-rich tuff. It is best exposed in cliffs on the east-facing slopes of 
Wildhorse Ridge in the Military Crossing quadrangle. In this area, it is overlain by two relatively long 
and narrow, ridge-capping trachydacite lava flows. The width to length ratio of these flows is 
inconsistent with their geochemical composition. It is tempting to argue that these flows advanced from 
their source along relatively narrow, deeply incised stream valleys similar in geometry to those cut into 
the Holocene age Wineglass Welded Tuff by Sand Creek on the flanks of Mount Mazama.  

 
The trachydacite domes at Little Wocus Butte and Wocus Butte, the long-narrow trachydacite 

lava flows on the flank of Wildhorse Ridge, and the slightly older moderately welded tuff of Skellock 
Draw suggest a caldera-forming eruption phase during the evolution of the trachytic suite. Lithologic 
associations, geometry of flow and dome units, and stratigraphic relations suggest that a large early 
Pliocene volcanic edifice was present in the vicinity of the common corner of the Military Crossing, 
Wocus Bay, Wildhorse Ridge, and Buckhorn Springs quadrangles and that it has been partially buried 
by younger calc-alkalic volcanic rocks and disrupted by faulting along the Wildhorse Ridge-Military 
Crossing fault zone and associated fault zones. If a caldera is present it probably lies beneath Klamath 
Marsh in the Military Crossing and Wocus Bay quadrangles. The age of these deposits is greater than 
4.0 Ma.  

 
After the alkali-rich trachytic center developed, sedimentary rocks, pyroclastic flows and falls, 

and debris flows accumulated in the area bounded to the east by Yamsay Mountain, north by Sugarpine 
Mountain, and locally, to the west by the trachytic volcanic center. These deposits are referred to as the 
sedimentary rocks and tuffs of Abraham Flat (Cummings et al., unpublished mapping Wildhorse Ridge 
and Sugarpine Mountain quadrangles). In the Wildhorse Ridge quadrangle the sedimentary rocks and 
tuffs of Abraham Flat are subdivided into three facies (conglomerate, debris flow, and interbedded 
sedimentary rocks and tuffs). Based on the rock types of pebbles to boulders, the conglomerate facies is 
interpreted to be river reworked debris fans from the Yamsay Mountain volcanic center. In the 
Sugarpine Mountain quadrangle similar moderately rounded rock types embedded in sand- to silt-rich 
matrix are also believed to originate from Yamsay Mountain, but have not been as extensively 
reworked in streams. The debris flow facies is composed of angular to subangular boulders to cobbles 
in a silty matrix and locally contain black obsidian. The interbedded sedimentary rocks and tuffs facies 
is composed of thin pyroclastic flows, pyroclastic fall, and poorly sorted sandstone and silty sandstone. 
The pyroclastic deposits of this facies may be related to the lithologies found in the debris flow facies.  
The lithologies of the debris flow facies and the interbedded sedimentary rocks and tuffs facies are 
distinct from lithologies believed to originate from Yamsay Mountain and may be produced from 
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sources within the Wildhorse Ridge quadrangle. The sedimentary rocks and tephras of Abraham Flat 
were deposited between about 3.9 and 3.7 Ma. 
 

A member of the sedimentary rocks and tuffs of Abraham Flat is separated as a distinct 
stratigraphic unit. The tuff of Meadow Creek (Chap. 6) contains blocks (up to 3 feet in diameter) of 
black trachyandesite pumice and lapilli of white pumice in a medium brown formerly glass-rich matrix. 
The tuff thickens to the south and appears to have a source beyond the areas mapped for this study.  

 
Deposition of the sedimentary rocks and tuffs of Abraham Flat may have continued as a basaltic 

andesite shield volcano began to form within the area where the trachyitic suite was previously erupted. 
Rocks from this younger volcano are exposed in the topographic high at the common corners of the 
Military Crossing, Wocus Bay, Wildhorse Ridge, and Buckhorn Springs quadrangle. An 40Ar/39Ar age 
date for a porphyritic lava flow from this suite is 3.66 ± 0.05 Ma (Table 9.1; sample MXR 31SR9ES9). 
Cinder, scoriacous rubble, and irregularly shaped flow masses suggest the source vent is located in the 
southeast corner of the Military Crossing quadrangle. Flows from this source extend eastward into the 
Wildhorse Ridge quadrangle, but are cut by the Wildhorse Ridge-Military Crossing fault zone 
(Cummings and Melady, 2002). Other relatively small volcanoes were also active at about the same  
 
Table 9.1: Summary of whole rock 40Ar/39Ar age dates for selected samples in the Wocus Bay and 
Wildhorse Ridge quadrangles, Klamath County, Oregon1.  
Sequence and 
Sample # 

UTM 
Coordinates 

Latitude 
Longitude 

Age Method Reference 

Sample #3 610500 E 
4741010 N 

42º48’56.16” N 
121º38’58.84” W 

4.09 ± 0.05 Ma 40Ar/39Ar Cummings and Conaway 

Sample #4 609703 E 
4741200 N 

42º49’2.73” N 
121º39’28.79” W 

3.89 ± 0.08 Ma 40Ar/39Ar Cummings and Conaway  

Sample #113 611100 E 
4743800 N 

42º50’26.27” N 
121º38’25.45” W 

4.08 ± 0.12 Ma 40Ar/39Ar Cummings and Conaway 

MXR 
31SR9ES3 

610938 E  
4751910 N 
 

42˚ 54” 42” N 
121˚ 38” 27” W 

3.95 ± 0.10 Ma 40Ar/39Ar This Study 

Sample #8 620806 E 
4721471 N 

42º38’17.30” N 
121º31’35.18” W 

3.68 ± 0.08 Ma K-Ar Sherrod and Pickthorn 
(1992) 

MXR 
31SR9ES9 

610173 E 
4750462 N 

42˚ 53’ 56” N 
121˚ 39’ 02” W 

3.66 ± 0.05 Ma 40Ar/39Ar This Study 

JCF 
29SR10ES34 

620057 E 
4762951 N 
 

43˚ 00’ 35”  N 
121˚ 31’ 37” W  

3.63 ± 0.10 Ma 40Ar/39Ar This Study 

1Analyses for sample #’s 3, 4,  113 and MXR31SR9ES9 performed by P. W. Layer at the Geochronology 
Laboratory, University of Alaska Fairbanks. Age date for sample #8 is age of Wildhorse Ridge flow in 
the mapping of Sherrod and Pickthorn (1992). UTM coordinates are Zone 10, Datum NAD 83. 

 
time. These include a vent in the southwest corner of the Wildhorse Ridge quadrangle that produced the 
basaltic andesite flow that caps Wildhorse Ridge in the Wildhorse Ridge quadrangle. This flow has a 
K-Ar date reported by Sherrod and Pickthorn ((1992) of 3.68 ± 0.08 Ma. Farther north, a vent produced 
thin high-alumina basalt flows near the southern edge of the Sugarpine Mountain quadrangle 
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(Cummings et al., unpublished mapping). These flows are dated at 3.63 ± 0.10 Ma (Table 9.1; sample 
JCF 29SR10ES34).  

 
By approximately 3.5 Ma Basin-and-Range style faulting begins to disrupt earlier formed units 

and the landscape begins to evolve in response to deformation. The Wildhorse Ridge-Military Crossing 
fault zone (Fig. 9.1) marks the boundary between areas to the east that experienced late Pliocene, 
Pleistocene, and Holocene erosion from areas to the west which experienced late Pliocene erosion 
followed by latest Pliocene (~2 Ma) to Pleistocene basin formation and accumulation of sedimentary 
rocks and basalt lava flows. The Wildhorse Ridge-Military Crossing fault zone began to deform at 
about 3.5 Ma.  Basaltic andesite lava flows tentative correlated between Wildhorse Ridge and flows to 
the west are dated at 3.95 ± 0.07 Ma (Table 9.1; sample MXR 31SR9ES3). Throw across the fault zone 
is estimated to be greater than 460 feet by Cummings and Melady (unpublished mapping, Military 
Crossing quadrangle).  

 

 
Figure 9.1: Location map for the Wildhorse Ridge-Military Crossing (WRMC) fault zone. The line 
labeled “Figure 4” in Figure 9.1 is included in this report as Figure 9.5.  
 

This Wildhorse Ridge-Military Crossing fault zone marks the eastern edge of a zone of north 
and north-northwest striking faults that extends into the Cascade Range. Areas of the Williamson River 
basin that lie west of the area where the Wildhorse Ridge-Military Crossing fault zone is well defined 
contain numerous topographic breaks of fault origin. However, within the Klamath Marsh and areas 
between the marsh and the Cascades Range, pyroclastic deposits and sedimentary processes active 
since the eruption of Mount Mazama have obscured evidence of fault-related scarps. Based on analysis 
of topographic maps at 1:24,000 scale, the distribution of inferred faults between the Wildhorse Ridge-
Military Crossing fault zone and the eastern flank of the Cascade Mountains is presented in Figure 
9.2A,B,C. The areas shown in Figure 9.2A and Figure 9.2B contain prominent fault scarps, but in the 
area illustrated in Figure 9.2C which lies between the areas shown in Figure 9.2A and Figure 9.2B, few 
topographic features indicate faults are present. However, given the geologic and structural context, it is 
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reasonable to assume that rocks that lie beneath the low relief landscape between the Wildhorse Ridge-
Military Crossing fault zone and the Cascade Range are likely broken by numerous high-angle normal 
faults. The captions for Figure 9.2 provide brief descriptions of deposits related to the eruption of 
Mount Mazama that obscure the character of the geology and structure in this area. 

 
Figure 9.2A: Distribution of inferred faults in the northwestern part of the Williamson River basin. 
Fault locations are inferred from topographic features at 1:24,000 scale and, in a few places, outcrops 
where fault planes are exposed. Solid line perpendicular to the fault trace indicates sense of 
displacement across the fault. Pyroclastic-flow deposits over pyroclastic-fall deposits. 
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Figure 9.2B: Southwest part of the Williamson River basin including the area that lies directly east of 
the Crater Lake caldera. Eastern lobe of the lower pumice unit, upper pumice unit, and pyroclastic-flow 
deposits are prominent. Glassy silt, pumice sand, and pumice pebbles are present in the area once 
occupied by the post-eruption lake (Chap. 8). Solid line perpendicular to the fault trace indicates sense 
of displacement across the fault. 
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Figure 9.3C: Area northeast of the Crater Lake caldera where the north lobe of the lower pumice unit, 
upper pumice unit and pyroclastic flow deposits from the ring vent phase overwhelm the landscape. 
Solid line perpendicular to the fault trace indicates sense of displacement across the fault. 

 
The eroded late Miocene and Pliocene strata east of the Wildhorse Ridge-Military Crossing 

fault zone in the Wildhorse Ridge, Gordon Lake, Sugarpine Mountain, and Buckhorn Ridge 
quadrangles form a pre-Mazama landscape characterized by inverted topography (e.g. Wildhorse 
Ridge), canyons (e.g. Jack Creek, God Creek) and the prominent, south-facing scarp in the Round Butte 
and Sugarpine Mountain quadrangles that bounds the northern edge of Klamath Marsh.  

 
As the late Miocene and Pliocene volcanic and sedimentary rocks east of the fault zone were 

experiencing erosion, the area between the fault zone and the Cascade Range to the west was 
experiencing faulting. The history of this area prior to about 2 Ma is poorly constrained. It is likely that 
little accommodation space in which sediment could accumulate existed between approximately 3.5 Ma 
and 2 Ma. This in suggested by a water-gap where Yoss Creek cuts through a fault-bounded ridge along 
the boundary between the Wocus Bay and Buckhorn Springs quadrangles (Cummings and Conaway, 
unpublished mapping), an erosion surface cutting hydroclastic tuff cones in the Soloman Butte 
quadrangle (Cummings and Lee, unpublished mapping), and a wind-gap and an angular unconformity 
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between younger sedimentary rocks and older tilted fault blocks in the Fort Klamath quadrangle 
(Wiley, 2004). 

  
At about 2.0 Ma lava flows located east of Soloman Butte (Cummings and Conaway, 

unpublished mapping), basaltic andesite eruptions in the Cascade Range (Bacon and Lanphere, 2006), 
and deposition of sedimentary rocks now exposed in road cuts along Highway 97 near Collier 
Memorial State Park (Cummings and Lee, unpublished mapping; Wiley, 2002) suggest system 
dynamics changed.  

 
Basaltic andesite lava flows dated at 2.05 ± 0.12 Ma (Table 9.2; sample #57) in the Wocus Bay 

quadrangle may be the oldest flows erupted during this early phase of basin evolution (Cummings and 
Conaway, unpublished mapping). These flows are followed by eruption of porphyritic lava flows from 
Soloman Butte, an andesite stratovolcano in the northeast corner of the Soloman Butte quadrangle 
(Cummings and Lee, unpublished mapping) dated at 1.71 ± 0.06 Ma (Table 9.2; sample FUE 
32SR8ES34). This small stratovolcano is 1220 feet high and has a cone volume estimated at 0.93 mi3 
(3.9 km3; Lee, 2000). A basalt flow sampled near Wocus Butte (Cummings and Conaway, unpublished 
mapping, Wocus Bay quadrangle) is dated at 1.62 ± 0.47 Ma (Table 9.2; sample #10). The high error 
reflects the low potassium concentration in this rock (0.44 wt % K2O, Lee, 2000; Conaway, 2000). Thin 
distinctively banded basalt lava flows erupted from a shield volcano located south of Soloman Butte 
and overlying eroded hydroclastic deposits exposed in the Williamson River canyon are believed to be 
similar in age. Likewise, basalt lava flows exposed north of Klamath Marsh in The Peninsula and areas 
that lie within 4 miles to the west are also believed to be of similar age.  

 
Table 9.2: Summary of whole rock 40Ar/39Ar age dates for selected samples in the Wocus Bay and 
Soloman Butte quadrangles, Klamath County, Oregon1.  

Sample # UTM 
Coordinates 

Latitude 
Longitude 

Age Method Reference 

Sample #57 605790 E 
4736900 N 

42º36’45.34” N 
121º42’23.97” W 

2.05 ± 0.12 Ma 40Ar/39Ar Lee, 2000; Conaway, 2000; 
Cummings and  Conaway, 
unpublished mapping. 

FUE 
32SR8ES34 

601408 E 
4734793 N 
 

42˚ 45’ 33” N 
121˚ 45’ 39” W 

1.71 ± 0.06 Ma 40Ar/39Ar  This study. 

Sample #10 605772 E 
4738234 N 

42º47’28.59” N 
121º42’23.86” W 

1.62 ± 0.47 Ma 40Ar/39Ar Lee, 2000; Conaway, 2000; 
Cummings and Conaway , 
unpublished mapping.  

Sample #52 593621 E 
4724774 N 

42º40’17.99” N 
121º51’26.61” W 

1.14 ± 0.10 Ma  40Ar/39Ar  G. Preist, November 23, 1999, 
pers. comm.; Wiley, 2002; 
Cummings and Lee, 
unpublished mapping. 

1Analyses for sample #’s 10, 57, 113 and FUE32SR8ES34 performed by P. W. Layer at the 
Geochronology Laboratory, University of Alaska Fairbanks. Age date for sample #52 obtained from 
unpublished data of George Priest, Oregon Department of Geology and Mineral Industries and cited in 
Wiley (2002). UTM coordinates are Zone 10, Datum NAD 83. 

 
North-northeast trending ridges underlain by basalt flows and exposed at Windmill Point and 

Rocky Point of The Peninsula and at Military Crossing may mark the location of the Williamson River 
channel at the time the lava flows were erupted in the Pleistocene. The flows were erupted from shield 
volcanoes that lie to the north and northwest of these ridges. The lava flows, at different times, may 
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have flowed into the contemporary Williamson River channel, blocking its course and forcing 
relocation of the channel. This model of landscape evolution suggests prior channel systems of the 
Williamson River eroded the area currently occupied by the northern part of Klamath Marsh in the 
Round Butte and Sugarpine Mountain quadrangle before assuming its modern course after the eruption 
of Mount Mazama.  

 
The western edge of this tectonically active basin, the east flank of the Cascade Range (Chap. 2 

and 3), experienced periodic eruption of basaltic andesite and dacite lava flows and domes, and, starting 
approximately 420 ka (Bacon and Lanphere, 2006), construction of the edifice of Mount Mazama. The 
oldest rocks reported by Bacon and Lanphere (2006) are dated at 1789 ± 0.22 ka (K-Ar) for basaltic 
andesite located northwest of Crater Lake (basaltic andesite north of Crater Creek, Bacon and 
Lanphere, 2006, Table 1). Dacite domes in the foothills are dated at 410-460 ka.   

 
Although poorly exposed, the bedrock stratigraphy beneath Klamath Marsh includes 

interbedded coarse (sands and gravel)-grained sedimentary rocks, relatively minor fine-grained (clay in 
drillers’ logs), and lava flows and scoria (burnt basalt of drillers’ logs). It is believed that the 
sedimentary rocks beneath Klamath Marsh correlate to sedimentary rocks exposed in road cuts in the 
Highway 97 grade near Collier Memorial State Park. There, the sedimentary rocks are directly overlain 
by basaltic andesite dated at 1.14 ± 0.10 Ma (Table 9.2: sample #52). From this location northward 
through the Soloman Butte and into the Fuego quadrangles, basaltic andesite lava flows from the west 
appear to overlie and, in some driller’s logs for water wells (see s 24 T32S, R7E and s 19 T32S, R8E – 
Chap. 3), may be interbedded with the sedimentary rocks. Total thickness (basalt flows plus 
sedimentary rocks) is greater than 460 feet (driller’s log for well KLAM 666). Thickness may vary 
considerably because it is inferred that the sedimentary basin was actively deforming as north- and 
north-northwest-striking faults were persistently active.  
 

The geochemistry of thin basalt lava flows of Pliocene and Pleistocene age were investigated by 
Hackett (2006). These flows are characterized by olivine phenocrysts, abundant small gas cavities 
between groundmass plagioclase crystals (diktytaxitic cavities), and generally uniform grain size and 
texture. The older flows are exposed in the vicinity of Sugarpine Mountain and are believed to be early 
Pliocene in age (> 3.5 Ma; Chap. 6). The younger flows are exposed at The Peninsula, Military 
Crossing (Cummings and Melady, unpublished mapping Military Crossing), south of Soloman Butte 
(Lee, 2000), south of Wocus Butte (Cummings and Conaway, unpublished mapping Wocus Bay), and 
north of Hog Creek. These flows are believed to be younger than 2 Ma. The two populations of 
similarly textured basalt flows were found to have different geochemical signatures. The older 
population (early Pliocene) has geochemical characteristics consistent with subduction-related basalt 
volcanism while the younger population has geochemical characteristics consistent with extension-
related or mantle plume related volcanism. Basalt volcanism related to the expansion of the plume head 
of the Yellowstone hotspot into this region during the late Pliocene is proposed by Camp and Ross 
(2004). The Pleistocene basalt flows are porous, thin, and form lenses within the sedimentary rocks 
beneath Klamath Marsh and areas that lie west and northwest of the marsh.  
 
9.2.2 Pre-Mazama unconsolidated units 

 Unconsolidated deposits formed prior to the eruption of Mount Mazama are known primarily 
from hand-drilled auger holes and boulders found at the base of cliffs along the edge of the northern 
part of Klamath Marsh. Two types of finer-grained deposits are present: poorly sorted silty sand to 
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sandy silt and well-sorted lithic-rich sand. The poorly sorted deposits include the soil that formed prior 
to the eruption. The well-sorted deposits are sand dunes (Chap. 7).  

 
Angular to sub-angular boulders at the base of cliffs, particularly common at the base of south-

facing basalt capped cliffs rimming the northern part of Klamath Marsh are talus. Where present below 
4600 feet the boulders were worked in the shore zone of the lake that occupied the basin after the 
eruption of Mount Mazama (Conaway, 2000; Chap. 8). In such settings, pyroclastic fall deposits are 
eroded and the boulders overlie bedrock or are embedded in lithic-rich sand. Above 4600 feet, the 
boulders are surrounded or partially buried by pumice.   

 
The pre-eruption paleosol is brown to reddish brown and lacks well developed soil horizons. 

Angular to subangular pieces of bedrock are locally present. Sandy silt is predominant, but silty sand is 
also present. Hand lens examination indicates sand grains are predominantly angular to subangular 
grains of volcanic rocks. Where the material is sand-rich, lithic grains are subangular to subrounded and 
crystals, primarily plagioclase, are present.  

 
Well-sorted, lithic-rich sand is present where sand dunes developed, particularly in eastern 

Military Crossing, northern Wildhorse Ridge, and southwest Sugarpine Mountain quadrangles (Chap.  
7). Hand lens observations indicate excellent sorting of crystal and lithic-rich sand. Crystals are 
commonly spindle shaped grains of plagioclase and spherical grains of pyroxene and olivine. Olivine is 
particularly noted in areas inferred to be downwind from outcrops of basalt flows containing olivine 
phenocrysts. Red lithic grains are common, suggesting source from oxidized flow tops of lava flows 
and cinder deposits. Black lithic grains are also present. In places where dune forms are not prominent, 
auger samples of sand indicate sand is moderately sorted and grains are subrounded.  
 
 Driller’s logs for water well KLAM 639 located near the headquarters of the Klamath Marsh 
National Wildlife Refuge (s. 18, T. 30 S., R 10 E) reported 11 feet of “peat” beneath approximately 14 
feet of pumice. The “peat” deposit overlies black sand. This location lies within the floodplain of the 
Williamson River that existed prior to the eruption of Mount Mazama. 
 
9.2.3 Pyroclastic-flow and –fall deposits 
 Pyroclastic deposits vary in grain size, thickness, and composition with distance from source 
(Mount Mazama) and depositional process. Pyroclastic-fall deposits from the Plinian phase of the 
eruption blanket the landscape, but characteristics vary as a function of location relative to the axis of 
the eruption plume and distance. Figure 9.3 (Cummings and Conaway, unpublished mapping Wocus 
Bay) contains indications of the thickness (in cm) of the pyroclastic fall deposits in the Wocus Bay 
quadrangle. The quadrangle lies astride the maximum thickness of the eastern lobe of the lower pumice 
unit which Young (1990) indicates is 4.9 feet thick near the east edge of the quadrangle. The upper 
pumice unit is expected to be between 2.8 and 3.1 feet thick in this area. The grain size distribution and 
hydrogeologic properties of the pyroclastic fall deposits are described in Chapter 2.  

 
The eastern edge of the pyroclastic-flow deposits lies near the eastern edge of Klamath Marsh. 

To the north, flow deposits extend into the Chemult area. To the south, flow deposits followed fault-
bounded valleys and drainage systems into the Fort Klamath (Wiley, 2002), Soloman Butte (>80 ft west 
of Williamson River near Kirk; Cummings and Lee, unpublished mapping), and Wocus Bay (> 25 ft in 
valley west of Little Wocus Butte; Cummings and Conaway, unpublished mapping) quadrangles. 
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Figure 9.4 (Cummings and Conaway, unpublished mapping Wocus Bay) illustrates this pattern in the 
Wocus Bay quadrangle. Below 4600 feet elevation the pyroclastic flow deposits have been reworked 
(Conaway, 2000; Chap. 8) and are overlain by 1 to 2 feet of glassy silt with pumice sand to gravel. 
Above 4600 feet, the pyroclastic flow deposits are exposed in the north-northwest trending fault-
bounded valleys that dominate this area.  
 
9.3.4 Post Mazama units 
 Unconsolidated sedimentary units deposited after the eruption of Mount Mazama include 1) 
lake sediment –lithic sand-rich and a glassy silt-rich facies, 2) organic-rich sediment, 3) lithic-rich 
alluvial sands and gravel, and 4) soil. The glassy silt-rich facies of deposit type one and three are 
described in Chapter 4 and Chapter 8 and discussion will not be repeated here.  
 
 Organic-rich sediment is present at Klamath Marsh, the Williamson River floodplain upstream 
from Klamath Marsh, and treeless meadows within forested uplands east of Klamath Marsh. Auger 
holes were used to explore the characteristics of these deposits, but in the Williamson River floodplain 
upstream from Klamath Marsh the river has locally cut over 4.5 feet into these deposits. Figure 9.5 
illustrates unconsolidated, organic-rich, laminated to thin bedded to massive glassy silt interbedded 
with pumice-rich beds with small rounded grains of pumice up to 0.2 inches in diameter. Where the 
section is complete, these organic-rich sediments overlie glassy silt with rounded grains of pumice 
deposited in the post-Mazama lake that occupied the basin (Conaway, 2000).  
 
 Organic-rich sediment near the eastern edge of Klamath Marsh is described in Table 9.3 (site 2)  
where lithologic logs for hand augered holes along the eastern margin of Klamath Marsh are reported. 
Site 2 is located at the level of Klamath Marsh and west of a fault scarp where the Wildhorse Ridge-
Military Crossing fault zone cuts deposits younger than the eruption of Mount Mazama. The water 
table was encountered 18 inches beneath the local ground surface the day the hole was drilled (28-
April-2001) and was within the gray, black, and brown organic-rich, glassy silt with rounded grains of 
pumice in the upper 23 inches of the hole. The organic-rich layer overlies glassy-rich silt with rounded 
pumice sand and pebbles that was deposited in the post-Mazama lake that occupied the basin 
(Conaway, 2000; Chap. 8). Similar organic-rich silt/pumice sand deposits are present throughout the 
Klamath Marsh where thickness ranges from 0.3 to 4.2 feet. Excavations along Silver Lake Highway 
display these organic-rich sedimentary deposits when water levels are low. As the organic-rich 
sediment dries it becomes light gray and powdery.  
 
 Similar organic-rich sediment is present in meadows and wetlands associated with stream 
valleys that drain to Klamath Marsh and the Williamson River. The best developed meadows and 
wetlands are located along Skellock Draw in the Wildhorse Ridge quadrangle. The deposits and 
hydrology of the Meadow Creek meadow (el. 4640 ft) is described below. Here, 1.7 feet of interbedded 
organic-rich and organic-poor glassy silt and pumice sand directly overlie pumice lapilli and blocks of 
the eastern lobe of the lower pumice unit (Young, 1990). Where meadows are present below 4600 feet 
the organic rich sediment overlies glassy silt with pumice sand. 
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Figure 9.4: Distribution of unconsolidated surficial deposits in the Wocus Bay quadrangle (from 
Cummings and Conaway, unpublished mapping).  
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Figure 9.5: Interbedded reworked pumice, glass-rich silt, and organic-rich sediment in the cut bank of 
the Williamson River north of Wildhorse Ridge (NE, NE, NE, s. 15, T. 30 S. R. 10 E.).  
 

The sand-rich facies of the lake deposits is an important unit that is present where sand dunes 
overlain by pyroclastic deposits were beveled by wave action in the post-Mazama lake (Conaway, 
2000) as the lake filled (Chap. 8). These deposits are present west of The Peninsula, east of the North 
Marsh in the Sugarpine Mountain quadrangle (Cummings et al., unpublished mapping), and along the 
base of Wildhorse Ridge in the Military Crossing quadrangle (Cummings and Melady, unpublished 
mapping). The latter is of particular interest because of implications for earthquake hazards in the 
Williamson River basin.  

 
The Wildhorse Ridge-Military Crossing fault zone bounds the eastern edge of Klamath Marsh 

in the Military Crossing quadrangle (Cummings and Melady, unpublished mapping). Two fault scarps 
of the Wildhorse Ridge-Military Crossing fault zone separate the marsh from the bedrock exposures of 
Wildhorse Ridge. The prominent bench between the two scarps and the relation between the bench and 
marsh were explored by hand-drilled auger holes (Table 9.3).  Prior to faulting lithic-rich sand and 
pumice from the pyroclastic fall deposits were eroded and mixed together to form the sand-rich facies 
of unconsolidated sediment deposited in the post-Mazama lake (Conaway, 2000; Chap.7 and 8). The 
lithologic logs in Table 9.3 portray the stratigraphic relations beneath the bench and both sides of the 
fault zone. Figure 9.6 is a cross section based on the hand-drilled auger holes at the section labeled 
“Figure 4” in Figure 9.1. Cummings and Melady (2002) inferred that the fault zone is the eastern edge 
of the Cascade regional neotectonic zone (Pezzopane and Weldon, 1993) and estimated nearly 40 feet 
of post-Mazama displacement. The fault zone has been clearly active during the middle to late 
Holocene and reflects ongoing tectonic activity throughout the Upper Klamath Basin (Lienau and 
Lund, 1993; Bacon et al., 1999). Cummings and Melady (2002) suggested that the location of Klamath 
Marsh is controlled by post-Mazama movement on this fault zone.   
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Water table on April 28, 2001

Sand mixed with small lithic
fragments and rounded pumice
up to 1 cm in diameter.

Abundant rounded pumice up
to 2 cm in diameter in sand.

Abundant sand with some rounded
pumice to 1 cm in diameter.

Coarse pumice to 2 cm in diameter
decreases to 2-4 mm diameter. No
sand.

Gray/brown/black organic-rich
sediment.

Lithic-rich sand mixed with rounded
pumice up to 0.8 cm in diameter.

Blocks of pumice broken by auger and 
lithic-rich sand. Most pumice is rounded
grains up to 1.5 cm.

Coarse pumice up to 2 cm in diameter. No sand.

Very fine grained, ashy. Thinly bedded. No sand.

Surface

Surface

Estimated
elevation
1377 m

Estimated
elevation
1383 mApproximate surface profile

West East

0 m

1 m

2 m

0 m

1 m

2 m

3 m

610671 E
475158 N
+/- 6 m

610796 E
4751572N
+/- 7 m

 

Figure 9.6:  Cross section located at “Figure 4” in Figure 9.1. The cross section crosses the fault scarp 
along the eastern edge of Klamath Marsh and the east flank of Wildhorse Ridge. From Cummings and 
Melady (2002). 
 
 
 
Table 9.3: Lithologic logs for hand-augered holes in sediment cut by the Wildhorse Ridge-Military 
Crossing fault zone where it defines the eastern margin of Klamath Marsh (Military Crossing 
quadrangle). 
Site Location Elevation Description Unit 
1 SW, NE, SE, s. 4, T. 21 

S. R. 9 E., near UTM 
610796E, 4751572N, 
EPE 7 m. 

~1381 m. 
~4530 ft. 

0-86 in: light to medium brown lithic-rich 
sand with rounded pumice grains up to 0.4 
inch in diameter. Most pumice grains are 
about 0.2 inch. 
86-97 in: well sorted, bedded, pumice to 0.8 
inches with size decreasing to <0.1 inches 
near bottom of hole. E.O.H. 97 inches. 

Qts 
 
 
 
Qpf 
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2 NE, SE, SE, s. 4, T. 21 
S., R. 9 E., near UTM 
610671E, 4751508N, 
EPE 6 m. 

~1376 m. 
~4515 ft. 

0-23 in: gray, black, and brown organic-rich 
sediment. Water table at 18 inches on 4/28/01. 
23-64 in: uniform sand mixed with rounded 
pumice up to 0.3 inches diameter. Lithic-rich 
sand. 
64-100 in: interlayered sand (low pumice) 
and rounded pumice-rich beds. Coarse blocks 
of pumice broken in auger. Most pumice is 
0.6 inches in diameter. 
100-108 in: very fine grained, thin bedded to 
laminated ash and/or diatomite, no remolded 
strength. 
108-115 in: well sorted, pumice up to 0.8 inch 
in diameter. E.O.H. 115 inches. 

Qms 
 
 
Qts 
 
 
Qts 
 
 
 
Qts 
 
 
Qpf 

3 NE, NE, SW, s. 28, T. 
20 S., R. 9 E, near 
UTM 609495E, 
4755076N, EPE 6 m. 

~1384 m 
~4540 ft 

0-84 in: medium-grained, lithic-rich sand, 
well rounded and well sorted, with rounded 
pumice clasts up to 0.6 inches in diameter. 
One rounded rock up to 2 inches long. Pumice 
content increases downward. 
84-85 in: rounded puffed-rice-like pumice up 
to 0.2 inches cm diameter. 

Qts 
 
 
 
 
Qpf 

4 NE, SE, NW, s 33, T. 
20 S., R. 9 E., near 
UTM 609650E, 
4753809N, EPE 12 m. 

~1390 m 
~4560 ft 

0-31 in: uniform, lithic-rich, well-rounded, 
well-sorted sand. No pumice clasts. E.O.H. 31 
inches. 

Qsd 

5 SW, NW, NE, s. 33, T. 
20 S., R. 9 E., near 
UTM 609785E, 
4753886N, EPE 9 m. 

~1396 m. 
~4580 ft. 

0-24 in: fine to medium lithic-rich sand 
mixed with rounded pumice clasts up to 0.6 
inches in diameter. 
24-30 in: weathered, coarse pumice to 0.8 
inches in diameter. Moderately well sorted, 
somewhat rounded. E.O.H. 30 inches. 

Qts 
 
 
Qpf 
 
 

6 SW, NW, NE, s. 33, R. 
9 E., T. 20 S. near 
UTM 609785E, 
4753872N, EPE 10 m. 

~1396 m. 
-4580 ft. 

Hole located in gully bottom that is 54 inches 
deep. 
0-36 in: fine to medium-grained lithic-rich 
sand mixed with pumice grains up to 0.8 
inches in diameter. Approximately 80 inches 
of reworked material over the top of dune 
sand. 
36-48 in: well sorted, well-rounded, lithic-
rich sand. No pumice. 
48 in: hard rock. Chips recovered from auger 
are shaped like small plates. Some pieces of 
very black charcoal. E.O.H. 48 inches. 

 
 
Qts 
 
 
 
Qsd 
 
Ttd
wr 
 

7 SE, SW, SE, s. 33, T. 
20 S., R. 9 E., near 
UTM 610119E, 

~1390 m 
~4560 ft 

0-6 in: forest duff mixed with small amount 
of sand and rounded pumice. 
6-31 in: rounded, yellow tint pumice that 

 
 
Qpf 
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4752825N, EPE 8 m. could have some mixed sand grains. E.O.H. 
31 inches. 

8 SE, SW, SE, s. 33, T. 
20 S., R. 9 E., near 
UTM 610100E, 
4752800N, EPE 20 m. 
location estimated 

~1390 m. 
~4560 ft. 

Moved 100 feet north from last site and down 
into a gully cut into Holocene deposits. Gully 
is about 3.2 ft deep. Depths are from gully 
floor. 
0-17 in: coarse-grained pumice to 0.4 inches 
diameter. Yellow tint. 
17-25 in: increased fine pumice. Pumice is 
0.2 inches and smaller. 
25-30 in: mixed lithic-rich sand and rounded 
pumice. Pumice may be admixed during 
augering.  
30-48 in: lithic-rich sand, well rounded, 
pieces of rounded bedrock up to 0.4 inches 
“float” in sand. E.O.H. 48 inches. 

 
 
 
 
Qpf 
 
Qpf 
 
Qsd 
 
 
Qsd 

9 NW, NW, NE, s. 4, T. 
21 S., R. 9 E., near 
UTM 610038E, 
4752780N, EPE 5 m. 

~1382 m 
~4535 ft 

0-50 in: well-rounded, lithic-rich sand with 
rounded rock fragments less than 0.4 inches in 
diameter. One piece of bedrock is 2 inches 
long. Some weak cementation of sand. E.O.H. 
50 inches. 

Qsd 

Unit key: Qsd – lithic-rich, well-rounded, olivine-bearing, medium to coarse dune sand; Qpf – well-
sorted, bedded, pumice blocks to lapilli of the lower and upper pumice units (Young, 1990) from 
Mount Mazama;  Qts – glassy silt and pumice sand ± lithic sand deposited in the lake that occupied the 
Williamson River basin after the eruption of Mount Mazama; Qms – interbedded organic-rich and 
organic-poor glassy silt and pumice sand deposits of Klamath Marsh.  
 
9.2.5 Reconstructions based on drillers’ logs 
 Drillers’ logs for water wells located between Klamath Marsh and the east flank of the Cascade 
Range are available from the Oregon Department of Water Resources website. A selection of wells 
illustrates characteristics of the subsurface deposits between the Wildhorse Ridge-Military Crossing 
fault zone and the Cascade Range. The first well is located near the fault zone and each successive well 
lies farther west and south. 
 

Water well KLAM 619 (SE, NW, s. 9, T. 30 S. R. 9 E.) is located on The Peninsula, about 3 
miles north of Military Crossing. The well log describes brown sandy soil from 0 to 7 feet suggesting 
that pyroclastic deposits were removed by wave action in the post-Mazama lake (Chap. 8; Conaway, 
2000) to expose the sandy paleosol common in this area. The log describes alternating layers of basalt 
and fine to medium-grained sedimentary rocks between 7 to 355 feet and variously textured basalt from 
355 to 455 feet (E.O.H.). An air test with the drill stem at 455 feet produced 1500 g.p.m. Logs for other 
wells in the vicinity of The Peninsula describe fine- to coarse-grained sand to gravel (KLAM 618, SW, 
SE, s. 8, T. 30 S., R. 9 E.; 127 ft E.O.H.; bailer test 24 g.p.m.), rarely basalt. The pattern suggests thin 
basalt flows flowed into a landscape where fine-to coarse-grained sand and gravel were being deposited 
by streams and rivers. Our first interpretations of The Peninsula suggested a fault-bounded basalt ridge 
with a west-northwest striking fault on the north side and a north-northeast striking fault on the south. 
Additional geological mapping (Cummings and Melady, unpublished mapping), analysis of topography 
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represented on 1:24,000 scale maps, and analysis of water well logs suggest a source for flows in the 
Round Butte quadrangle and flows advancing away from the vent to interact with a river system. The 
southeast end of The Peninsula may have blocked the ancestral Williamson River channel forcing 
relocation of the river. As a result, faults have been removed from draft geologic maps in this area.  
 
 Water well KLAM 666 (NE, E1/2, s. 1, T. 31 S. R. 8 E.) is located near the western edge of 
Klamath Marsh north of Silver Lake Highway. The well is 462 feet deep and the driller’s log indicates 
sedimentary deposits ranging from gravel to “gray clay”. Bailer test of 275 g.p.m. and artesian flow of 
120 g.p.m. characterize this irrigation well. Directly to the west in section 4 (SE, NW, s. 4, T. 31 S., R. 
8 E.) water well KLAM 667 produced 12.5 g.p.m. artesian flow. The well log for this well indicates 
131 feet of sedimentary deposits including cemented sand and gravel between 59 and 131 feet. Glassy 
silt, pumice sand, and pumice gravel, peat, and pyroclastic-flow and –fall deposits are 42 feet thick. 
Coarse sand and gravel are reported between 42 and 59 feet. These deposits may be glacial outwash 
deposits from the Cascade Range. Wells in section 20 (KLAM 675, NW, SW, S. 20, T. 31 S., R. 8 E; 
KLAM 674, NW, NW, s. 20, T. 31 S., R. 8 E) near Silver Lake Highway were also drilled in 
sedimentary deposits. The log for well KLAM 675 reports gravel and coarse-grained sand from below 
the pyroclastic deposits (1 to 26 ft) to 322 feet (E.O.H.). A pump test produced 4000 g.p.m. 
 

Farther south in sections 18 and 7 (T. 32 S., R. 8 E.) interbedded sedimentary rocks and lava 
flows are indicated in drillers’ logs. However, sedimentary rocks are more abundant than lava flows. At 
the time of completion, well KLAM 702 (SW, SE, s. 7, T. 32 S., R. 8 E.) produced 1400 g.p.m. with 
perforated zone between 38 and 188 feet. The upper 60 feet of the perforated zone is in “broken lava” 
and the lower 90 feet mostly in fine-grained sedimentary rocks. In section 17 (T. 32 S., R. 8 E.), the 
perforated zone in well KLAM 10345 between 40 and 140 feet produced 3800 g.p.m. during a pump 
test. The production zone is within interbedded sand, gravel, and minor silt. From 140 to 340 feet the 
well penetrated lava flows with some relatively thin interbedded sandstone. The driller’s log suggests 
the flows are relatively thin.   
 
 Beneath Klamath Marsh and extending from the Wildhorse Ridge-Military Crossing fault zone 
to the Cascade Range, sand to coarse gravel, with relatively minor silty interbeds interfinger with thin 
lava flows, some with scoriacous flow tops, and vent complexes. Several high yield water wells are 
completed in this lithologic association. Yields are high in coarse-grained sedimentary deposits and in 
thin lava flow sections. Yields decrease as the grain size of sedimentary deposits decreases. In some 
wells, cemented sedimentary deposits are reported.  
 

The sedimentary and volcanic rocks west of the Wildhorse Ridge-Military Crossing fault zone 
formed in a dynamic environment where medium- to coarse-grained sediment was deposited in river 
systems draining the Cascade Range and the concurrently uplifting fault block east of the fault zone. 
The age of the sedimentary and volcanic rocks in this area are inferred to be less than 2 million years.  
Lava flows, sedimentary rocks (gravels and sands), and pyroclastic-fall deposits from Mount Mazama 
form aquifers in this part of the Williamson River basin. East and south of the fault zone small 
stratovolcanoes, domes, and lava flows interlayered with pyroclastic-flow deposits, poorly sorted 
sedimentary rocks, hydroclastic rocks, and debris flows of Pliocene age appear to be of relatively low 
permeability.  
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9.3: Instantaneous discharge and piezometer data 
 Instantaneous discharge measurements at Military Crossing, Silver Lake Highway, and bridge 
9730 on F.S. Collector Road 9730 were consistently measured during this study and continuous 
discharge measurements are available for the U.S. Geological Survey gage on the Williamson River 
near Klamath Agency (#11493500). Occasionally, discharge was observed and measured at Skellock 
Draw, Yoss, and Hog creeks. The following section examines discharge and water level data for minor 
streams that seasonally discharge to Klamath Marsh, discharge for the Williamson River and Big 
Springs Creek, and water level in Klamath Marsh. A separate section is presented for the 2006 water 
year which provided insight into the response of the system after several years of below normal 
precipitation.  
 
 Discharge from tributary streams to Klamath Marsh occurs seasonally on Hog Creek and 
infrequently on Yoss Creek and Skellock Draw and some unnamed stream courses. Stream flow takes 
place only during spring snow melt and ceases in early summer. Since these streams occupy valleys 
that existed prior to partial filling by pumice from the eruption of Mount Mazama, flow likely continues 
through the pumice fill after surface flow has ceased. To monitor this behavior, piezometers were 
locally installed to monitor water level in the pumice deposits. In addition, the courses of Skellock 
Draw, Yoss Creek, and Hog Creek cross bedrock units of differing hydrologic characteristics. Skellock 
Draw is underlain by pyroclastic flows of Pliocene age (4.5 to 3.5 Ma) which are inferred to have 
relatively low permeability. Yoss Creek flows across lava flows and domes that are variably fractured, 
but are also inferred to have relatively low permeability. Hog Creek flows across late Pliocene (< 2 
Ma), interlayered thin basaltic lava flows and sedimentary rocks. These materials are believed to have 
higher permeability. 
  
9.3.1 Skellock Draw 
 Skellock Draw was selected for study because geologic mapping (Cummings et al., unpublished 
mapping, Wildhorse Ridge quadrangle) indicates bedrock is probably relatively low permeability late 
Miocene to Pliocene pyroclastic flows. However, no water wells are available to provide subsurface 
information. Open meadows in a heavily forested landscape are associated with most valley bottoms 
and Melady (2002) suggested annual precipitation was similar to loss due to evapotranspiration. The 
stream in Skellock Draw is channelized along the route of an abandoned railroad grade that follows the 
valley bottom. In the lower 1.2 miles of the Skellock Draw the stream cuts through pyroclastic flows 
and into trachyandesite lava flows and the valley becomes steep sided and incised (Cummings et al., 
unpublished mapping). The watershed lies in southern Wildhorse Ridge and northern Buckhorn Springs 
quadrangles and is one of the few drainage basins that discharge direct to Klamath Marsh from the east. 
  

Surface flow takes place during spring and early summer through poorly defined channels in 
parts of the meadow and wetland system in Skellock Draw. Year-round flow was observed in channels 
in the lower approximately 0.6 mile of the draw during 2000. However, the only other year when flow 
was observed in this reach was in spring 2006. In 2006, water was observed flowing through the 8-foot 
culvert under Silver Lake Highway when instantaneous discharge was measured at 44 cfs (22-April-
2006). In the meadows and wetlands, up to 1.5 feet of organic-rich mud overlies 7 to 10 feet of pumice. 
Where auger holes are deep enough to pass through the pumice deposits, they encounter medium-
grained silty sand (Meadow Creek) or water-saturated, low density silty mud that has very low physical 
strength (PVC pipe sinks into this material under its own weight, 7.1 ft pumice, middle Skellock Draw).  
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Piezometers were installed at nine localities along Skellock Draw (Fig. 9.7) and its tributaries to 
monitor ground water levels in the meadows (Table 9.3). The meadows are flanked by stands of 
lodgepole pine and camus lilies are present in several meadows including Meadow Creek, Clover 
Creek, and lower Skellock Draw.   

.  

Figure 9.7: Location of streams and piezometers in the Skellock Draw area. Discharge was measured in 
two culverts draining Meadow Creek at U.S. Forest Service road 49 in 2000 and 2006 and in Skellock 
“arm” in 2006. 

 
Meadow Creek, generally a dry stream channel, is north flowing and the eastern most tributary 

to Skellock Draw. The channel passes through an open meadow that extends for over 1 mile to the 
south from F.S. Arterial Road 49. The Meadow Creek meadow is one of the largest in the Skellock 
Draw watershed. The Pliocene age tuff of Meadow Creek is exposed in a road cut along the eastern 
edge of the meadow. This tuff and the tuff of Skellock Draw (early Pliocene) are believed to underlie 
much of the Skellock Draw system. The tuff of Meadow Creek contains abundant brown, devitrified 
glass matrix surrounding prominent blocks of black pumice and lapilli of white pumice. Melady (2002) 
used water level data from piezometers in Skellock Draw to estimate the infiltration rate for the tuff of 
Meadow Creek and tuff of Skellock Draw as between 8.9 x 10-8 and 3.7 x 10-8 m sec-1.  

 
On 16-September-2002, a ground penetrating radar (GPR) survey (Fig. 9.8) was conducted in 

the Meadow Creek meadow in the SE1/4 section 9 (T. 31 S., R. 10 E.) and south of F.S. Road 49. The 
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Meadow Creek meadow was selected for study because it is the topographically highest wetland in 
Skellock Draw (~4635 ft). The GPR line includes the upper Meadow Creek piezometer (Table 9.3). 
The log constructed during installation of the piezometer indicates that the upper 1.7 feet is organic-rich 
glassy silt. This overlies more than 10.5 feet (E.O.H. = 12.2 ft) of well-bedded pumice from Mount 
Mazama. When the piezometer was installed in the open meadow on 1-April-2000 the meadow was 
flooded (upper Meadow Creek piezometer in Table 9.3) and the piezometer was installed on a small 
raised area in the meadow. The hole was stopped at 5 feet because the water saturated pumice flowed 
out of the auger bucket which prevented deepening of the hole. When the GPR survey was conducted 
on 16-September-2002, the water table was 4.4 feet below the ground surface.  

 

 
Figure 9.8: Conducting a ground penetrating radar survey across the Meadow Creek meadow in section 
9, T. 31 S., R. 10 E. on 16-September-2002. The open meadow is flanked by stands of lodgepole pine. 
Photo by D. Percy, 2002. 

 
GPR survey results are presented in Figure 9.9. The east to west survey was initiated on bedrock 

(tuff of Meadow Creek) exposed in the bed of F.S. Arterial Road 49 at this location (0 to 40 ft; 0 to 12 
m). The near-surface faint reflectors from 0 to 40 feet (horizontal distance) and at deeper level along 
the rest of the survey arise from within the tuff of Meadow Creek. In the area of the upper Meadow 
Creek piezometer (193.8 ft; 59.1 m) and apparently the area of thickest valley fill, the tuff of Meadow 
Creek is overlain by approximately 23 feet of younger deposits. The strong reflectors above this contact 
may be bedded clastic sediment (10-11 ft) deposited prior to the eruption of Mount Mazama. The 
pyroclastic-fall deposits from Mount Mazama are estimated to be 10.5 feet thick.  
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Figure 9.9: Ground penetrating radar survey across Meadow Creek wetland conducted on 16-
September-2002. The upper Meadow Creek piezometer is located at 193.8 feet (59.1 m) on the survey 
line. The survey was conducted using 0.5 m paddles with 0.5 m separations using 100 MHz input 
signal. 

 
Instantaneous discharge was measured at two 18-inch culverts under F.S. Arterial Road 49 for 

Meadow Creek on 1-April-2000 when the Meadow Creek piezometer was installed. On 1-April-2000 
instantaneous discharge was 0.4 cfs and increased to 0.7 cfs when measured on 30-April-2000. On both 
dates, water was standing in the meadow, there was flow in the Meadow Creek channel, and, on 1-
April-2000, the near surface soil was frozen. Although in some years since 2000, water has been 
observed in a small excavation in the meadow, discharge through the culverts was not observed again 
until 22-April-2006 when instantaneous discharge was measured at 1.4 cfs.  

 
Figure 9.10 displays ground water levels observed in the south Meadow Creek piezometer from 

1-April-2000 to 26-November-2006. The ground water level rises each spring and falls during the 
summer and into the fall. Between installation and late summer 2005, the overall pattern was a decline 
of nearly 5 feet below the meadow surface before dramatically recovering during spring 2006. After 
reaching the surface in spring of 2006 the water level fell nearly 3 feet during the growing season but 
rose again during fall rains.  

A second site, lower Skellock Draw piezometer (Table 9.3 and Fig. 9.11), is characterized by 
persistently high ground water levels. The lower Skellock Draw piezometer is located downstream and 
approximately 3.2 miles west of Meadow Creek. In this area perennial ponds are present in borrow pits 
near F.S. Arterial Road 49 and discharge through four 24-inch culverts takes place during the spring. 
The lower Skellock Draw piezometer is located down valley from where F.S. Arterial Road 49 crosses 
Skellock Draw in section 13 (T. 31 S., R. 9 E) and near the channel of the creek that occupies Skellock 
Draw. The site is at a topographic constriction where the valley bottom narrows to about 800 feet wide. 
The relatively low permeability tuff of Skellock Draw is inferred to be the bedrock unit.  
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Meadow Creek meadow: elevation ~4638 feet
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Figure 9.10: Ground water level measured in inches below the local ground surface at the south 
Meadow Creek piezometer (surface elevation ~4638 ft). The piezometer is located in open meadow and 
was included in the line for the ground penetrating radar study conducted 16-September-2002 when 
water levels were 4.4 feet below the meadow surface (Fig. 9.8). 
 

Figure 9.11 contains water level data from lower Skellock Draw piezometer. Discharge was 
measured at the culverts passing beneath F.S. Arterial Road 49 approximately 200 feet up valley from 
the piezometer each time the water level in the piezometer was near the ground surface. Four 24-inch 
culverts were installed in 2004 to improve water passage beneath the road. On 22-April-2006 the 
combined instantaneous discharge was 32 cfs. This declined to 1.7 cfs measured on 21-June-2006. By 
August, flow had ceased but was present again on 26-November-2006, but was too low to measure in 
the culverts. The stream channel which carries this discharge passes near the lower Skellock 
piezometer, and on 26-November-2006 turbulent flow was prominent in the channel. Water levels in 
the piezometer have been within 2.3 feet of the local ground surface throughout the study.  
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Meadow Creek (el. ~4638 ft) versus lower Skellock Draw (el. ~4568 ft)
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Figure 9.11: Ground water level in lower Skellock Draw piezometer compared to water level in the 
south Meadow Creek piezometer (Fig. 9.10). 
 

Discharge was observed only once during this study where the stream in Skellock Draw passes 
through an 8-foot diameter culvert beneath Silver Lake Highway. On 22-April-2006 instantaneous 
discharge was measured at 44 cfs. By 22-June-2006 the channel at the culvert was dry. Stagnant water 
was present in a pond in a borrow pit upstream from the highway, but the pond was dry by mid 
summer. The lower reach of Skellock Draw is a losing reach and in the spring the stream commonly 
disappears into the pumice before reaching the borrow pits. The stream has cut through the tuff of 
Skellock Draw in this reach and is more deeply incised than in upstream reaches. Flow throughout the 
lower reach was observed only in spring 2000 and 2006. 

 
Discharge data for Skellock Draw suggest surface flow is relatively infrequent and is most 

likely to occur in the reach between lower Skellock piezometer and the incised reach. The area of most 
persistent high ground water levels lies upstream from the incised reach and where the valley is 
constricted. Piezometer data suggest ground water migrates along the boundary between the bedrock 
tuff units within the pumice-rich pyroclatic-fall deposits and pre-Mazama sediment that overlie the 
bedrock. Ground water is perched above the low permeability tuffs of Skellock Draw and Meadow 
Creek. The periodic rise of ground water level in the meadows of Skellock Draw apparently 
discourages colonization of the meadows by fringing lodgepole pine forest. We speculate that episodic 
high ground water levels during the early growing season may be adequate to suppress forest growth.  
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9.3.2 Yoss Creek  
 Yoss Creek has headwaters in northern Calimus Butte quadrangle and flows northward along a 
fault-controlled valley through the Buckhorn Springs quadrangle before passing through a water-gap in 
a fault bounded ridge, entering the Wocus Bay quadrangle, and discharging into the southern end of 
Wocus Bay. The creek was observed where it passes through the Wocus Bay quadrangle. In the water 
gap, the channel flows on bedrock, but west of the gap, flow sinks into pumice that fills the paleo 
valley. Bedrock units are inferred to be lava flows and domes of the alkali-rich suite (see section on 
bedrock geology). These flows tend to be dense and flow layered, and may grade into flow breccias. 
However, flow pathways in the breccias are probably characterized by high tortuosity. As a result, Yoss 
Creek is believed to illustrate interactions between surface and ground water systems where lava flows 
characterized by relatively low permeability are present. The Yoss Creek valley examined in this study 
was inundated by the lake that formed in the Williamson River basin after the eruption of Mount 
Mazama (Chap. 8; Conaway, 2000). Well-rounded boulders of pumice (Fig. 9.12) are present 
throughout the valley at elevations below approximately 4600 feet. 

 
Figure 9.12: Rounded pumice cobbles and boulders in the root ball of a lodgepole pine windfall near 
middle Yoss Creek piezometer at elevation ~4535 feet (pen for scale, photo by J. Hackett, 2005).  
 
 Discharge is infrequent in the Yoss Creek valley downstream from the water gap. In years when 
flow is observed it sinks into the pumice deposits that underlie the upper meadow in the Yoss Creek 
valley, approximately 0.3 mi from where the stream exits the water gap. On 30-April-2000 discharge 
was measured at 0.88 cfs where the stream enters this meadow and again on 14-August-2000 at 0.04 
cfs. By 9-September-2000 the bed was dry and remained so until spring 2006. The site was visited on 
22-April-2006 when the stream was in flood, the meadow was flooded and water was flowing through 
the forest that neighbors the meadow. On 21-June-2006 discharge in the channel was measured at 0.25 
cfs. Where Yoss Creek passes beneath F.S. Arterial Road 43, the bottom of a 4-foot diameter culvert 
lies above the valley bottom and allows water to pond upstream of the road before it can pass through 
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the culvert. In spring 2000 a pond developed in this area, but flow through the culvert was not 
observed. On 22-April-2006 instantaneous discharge of 7.8 cfs was measured through this culvert. A 
pond remained upstream of the road through the early summer (present on 22-June-2006, absent on 2-
August-2006). 
 
 

 
Figure 9.13: Location map of gaging locations and piezometers in the Yoss Creek and Hog Creek 
valleys. Both stream valleys flow between fault-bounded ridges, but locally cross these ridges in 
narrow canyons cut into bedrock. This suggests Hog and Yoss creeks are antecedent streams whose 
courses where established prior to the evolution of the fault blocks. The onset of faulting appears to be 
3.5 Ma as deformation on the Wildhorse Ridge-Military Crossing fault zone became prominent.   
 
 
 Ground water observations were conducted at four piezometers (Fig. 9.13). In addition, 
observations were made in a rock quarry (Fig. 9.14) located north of F.S. Arterial Road 43 in section 9, 
T. 32 S., R. 9 E. The water table relative to the local land surface for each site is shown in Figure 9.15. 
The ground surface elevation drops approximately 20 feet between upper Yoss and lower Yoss (north). 
The greatest fluctuation in the water table takes place at upper Yoss piezometer. This site lies about 150 
feet south of the channel of Yoss Creek and near the area where the stream was disappearing into the 
pumice when the piezometer was installed on 1-April-2000. The patterns are similar to those observed 
in Skellock Draw. Water levels were at or above the surface in spring 2000, but continued to decline 
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over the next six years followed by dramatic rise in spring 2006. However, following the spring snow 
melt water levels declined several feet over the summer months with a rise in the fall. Highest water 
levels at the quarry site (Fig. 9.14) were observed on 21-June-2006, a dramatic change from late 
summer in 2005 when the quarry was nearly dry.  

 

 

 

Figure 9.14: Quarry developed in flow banded trachyandesite in the Wocus Bay quadrangle. Quarry is 
shown at its highest level on 21-June-2006. The quarry was nearly dry in fall 2005. The geology around 
this quarry generated questions which led to the recognition of the damming of the Williamson River 
canyon by pyroclastic flows from the multiple-vent phase of the Mount Mazama eruption (Conaway, 
2000; Chap. 8).  
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Yoss Creek sites
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Figure 9.15: Water levels measured in shallow piezometers in Yoss Creek valley and a quarry 
developed in flow layered trachyandesite. Same values plotted for the lower Yoss site indicate that 
water level dropped below the piezometer (-78 inches). Values above the local ground surface for the 
lower and upper Yoss sites are estimates since access to the piezometer was restricted by high water. 
The upper Yoss observation site was lost during the spring flood of 2006. Water levels at the quarry site 
were measured from an arbitrary point which was at water level on 22-April-2006. 

 

Hog Creek: 
 Hog Creek has its headwaters at Whitehouse Spring in southern Wocus Bay quadrangle. It 
flows southwest, crossing fault-bounded ridges before swinging northward in the northern Applegate 
Butte quadrangle. In its northward pathway, it follows and cross cuts fault bounded ridges before 
sinking into pumice deposits in Soloman Flat (Fuego quadrangle). Instantaneous discharge is measured 
at two 48-inch culverts on F.S. Arterial Road 43 (~UTM 4736150N, 601620 E). The highest discharge 
was observed 22-April-2006 when the two culverts were flowing at near capacity under F.S. Arterial 
Road 43 and 8, 18-inch culverts located to the west of the two large culverts were flowing at capacity. 
Velocity could not be measured for all eight culverts because they were under water and extended too 
far from the edge of the road to safely reach. An estimate of total discharge passing through Hog Creek 
on 22-April-2006 is ~160 cfs.  In June, falling water level was accompanied by an extensive bloom of 
camus lilies. Discharge on 22-June-2006 was 35 cfs when water in ditches on both sides of the road 
was stagnant, and flow was not detected in the four 18-inch culverts that still contained water. Two 
piezometers are also located within the channel at this site. The first installed hit bedrock at about 2 feet 
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below the channel bottom. The second was installed about 100 feet downstream and penetrated to 6.3 
feet without hitting bedrock. The bedrock in this area is believed to be relatively thin basalt lava flows 
and sedimentary deposits. The rocks over which Hog Creek flows are believed to be < 2 Ma.  

 
 

9.4: Klamath Marsh 
 Water levels and instantaneous discharge have been measured at Military Crossing, Silver Lake 
Highway, and F.S. Collector Road 9730 and the bridge since 2000. Continuous discharge data are 
available for U.S. Geological Survey gage on the Williamson River near Klamath Agency (#11493500) 
since 1954. Discharge records are also available for Big Springs Creek which flows into Klamath 
Marsh from the northwest (La Marche, 2002). 
 
9.4.1 Military Crossing 
 The Williamson River enters Klamath Marsh at Military Crossing after flowing through 
approximately 4 miles of levee-constrained channel. At Military Crossing road, the river flows beneath 
a wooden bridge and through two culverts. A third degraded concrete culvert is also present and has 
been measured, but it is often plugged with debris and not easily gaged. As a result, this locality is no 
longer measured. The highest instantaneous discharges were measured in late April, 2000 and late 
April, 2006 at around 90 cfs (Fig. 9.16). Most years, instantaneous discharge of around 55 cfs was 
measured in late April. The lowest discharges were measured in late summer in 2002 (2 cfs; 28-August-
2002) and 2003 (5 cfs; 14-July-2003).   
 

A second bridge (western bridge) at Military Crossing, displays seasonally variable flow 
direction. When flow direction can be determined, instantaneous discharge and direction of flow have 
been recorded. During several observations, flow direction could not be determined and the velocity 
was too low for detection with the flow meter. A large pumice channel bar accumulates near the center 
of the channel and changes location as discharge waxes and wanes and changes direction. Flow to the 
south occurs during the spring snow melt and high water levels in Klamath Marsh. Reversal of flow 
direction is noted in July and August and persists into the autumn months. In 2006, a spring 
characterized by high discharge throughout the Williamson River basin, discharge of 129 cfs to the 
south was measured on 22-April-2006. The water surface was near the base of the large wooden beams 
that support the bridge deck. Discharge dropped to 55 cfs on 20-June-2006, but remained to the south. 
On 2-August-2006 flow direction had reversed and discharge to the north was measured at ~1.3 cfs.  
The cause of this reversal in flow direction is not known.  
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Williamson River at Military Crossing
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Figure 9.16: Instantaneous discharge for the Williamson River measured at east bridge and culvert(s) 
(included in 2006 measurements) located to the east of the east bridge at Military Crossing.  
 
9.4.2 Silver Lake Highway 

Silver Lake Highway crosses Klamath Marsh on a causeway flanked by continuous borrow pits. 
During times of high water the pits form a long narrow water body on both sides of the highway that 
extends for 6 to 7 miles. During the lowest levels observed in this study (fall, 2004), the water body 
was less than 3 miles long and may have been discontinuous over this distance. At low stands, plant 
roots are exposed in the banks, the exposed near-surface marsh soil turns light gray, and muddy 
bottoms of the borrow pits are locally exposed. Instantaneous discharge at Silver Lake Highway (Lamm 
Crossing) was measured at four sites; two bridges, a double culvert, and a single culvert. Stagnant 
conditions (movement not detected by flow meter) occur from mid July to early spring (~March) in 
most years. The period of stagnation coincides with dry channel conditions at the U.S.Geological 
Survey gage at Williamson River near Klamath Agency (#11493500).  

 
Bottom profiles at the bridges were constructed from depth measurements referenced to the 

concrete deck of the bridges. The profiles were found to be stable. The culverts have diameters 
estimated at 6 feet. However, sediment in the culverts reduces the effective diameter substantially. For 
the single culvert sediment fills approximately 1/3 of the culvert diameter. For the twin culverts the 
sediment fills nearly 50 percent of the culvert diameter. During periods of high discharge the diameter 
filled with sediment decreases due to sediment entrainment in the higher velocity flow. Measurements 
of sediment fill have been made when water levels dropped below the top of the culverts. As a result, 
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discharge estimates during periods of high discharge are probably low because the effective diameter is 
greater than the diameter used for calculation purposes. Figure 9.17 presents the discharge passing 
through water control structures at Silver Lake Highway. The highest combined instantaneous 
discharge was measured on 22-April-2006 at 420 cfs.  

 

Instantaneous Discharge at Silver Lake Highway
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Figure 9.17: Instantaneous discharge at water control structures within Klamath Marsh beneath Silver 
Lake Highway. Data were added to the record for the periods where no field measurements were 
conducted. These include the period from 27-April-2001 and 29-March-2002 and the period from 6-
September-2003 and 25-March-2004. Discharge on these dates was assigned a zero value based on 
discharge data from gage #11493500.     

 
 The distance from the top of the third I-beam from the west end of the east bridge to the water 
surface was measured to track the rise and fall of water levels in the marsh and to estimate the water 
level when flow from the marsh was no longer detected at the U.S. Geological Survey gage. Figure 
9.18 presents these data for the period from April 2000 to November 2006. James (2006) and Melady 
(2002) estimated that flow was not observed at the U.S. Geological Survey gage when the distance to 
the water surface at the east bridge is greater than between 9.32 to 9.41 feet (284 to 287 cm) and 8.00 to 
8.04 feet (244 to 245 cm) at the west bridge. Field observations in summer 2004 and 2005 noted 
significant exposure of soil in the borrow areas along the highway and on 30-August-2004 the water 
surface between the culvert measuring sites was not continuous. On 30-August-2004 water temperature 
at increasing depth in the water column was measured at the east bridge. At that time the distance to the 
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water surface was measured at 11.17 feet. These values are reported in Table 9.4. The maximum water 
depth at the east bridge on the day of temperature measurement was approximately 4 feet. 

Distance to Water Surface from Arbitrary Points on Silver Lake 
Highway Bridges
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Figure 9.18: Distance between arbitrary points on the bridges on Silver Lake Highway and the water 
surface beneath the bridge. Horizontal line with yellow triangle end points (lower line) is the distance 
below an arbitrary point on the east bridge where discharge on the Williamson River near U.S. 
Geological Survey gage #11493500 ceases. Likewise, the horizontal line with blue x end points (upper 
line) is the distance for the west bridge. 
 
Table 9.4: Temperature versus water depth measured at the east bridge on Silver Lake Highway on 30-
August-2004.  
Depth below surface t in ˚C T in ˚ F 

0.13 ft (4 cm) 19.4 66.9 
0.66 ft (20 cm) 16.6 61.9 
1.14 ft (35 cm) 15.3 59.4 
2.30 ft (70 cm) 14.9 58.8 
 
 For the interest of comparison of water temperatures measured on 29-August and 30-August, 
2004, data are presented in Table 9.5 for all sites where discharge was measured. At all other 
measurement sites, the temperature was measured in turbulently flowing water. 
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Table 9.5: Temperature and discharge measured on 29-30-August-2004 at various sites in the 
Williamson River basin. 
Measurement site Temp in ˚C Temp in ˚F Discharge 
Spring Creek at Highway 97 5.8 42.4  
Williamson River F.S. bridge 9730 14.3 57.7 19.0 cfs 
Sand Creek at Sun Mountain Highway 7.6 45.7 25.9 cfs 
Scott Creek at Sun Mountain Highway 7.9 46.2 5.8 cfs 
Williamson River at F.S. bridge 4560  16.8 62.2 53 cfs 
Irving Creek at F.S. Road 49 9.0 48.2 2.3 cfs 
 

 
The filling of Klamath Marsh to the level where flow returns to the Williamson River and 

discharge is measured at U.S. Geological Survey gage on the Williamson River near Klamath Agency 
(#11493500) downstream from the marsh took place between late November and late February during 
the years of this study. The exception was water year 2000 when marsh levels were high enough to 
support discharge throughout the year. The highest marsh levels measured in this study were observed 
on 24-April-2006 when water levels measured at the east bridge on Silver Lake Highway were at least 
1.48 feet above the level necessary to induce flow at the gage. 
 
 Once water levels are high enough to support flow on the Williamson River the hydrograph at 
the gage can vary considerably from year to year. Water levels in the marsh and discharge response on 
the Williamson River during two years of this study illustrate the variations that may be observed. The 
2006 water year was characterized by abundant snow pack and later snow melt than observed in prior 
years. On 21-March-2006 Klamath Marsh was uniformly covered with white snow. Snow drifts were 
present along the shoulders of Silver Lake Highway that were high enough to restrict view of the marsh 
from a car window. The only place where the snow was absent was in a small (~ 10 ft) area located 
north of Silver Lake Highway on the east side of the marsh. It is tentatively interpreted that this spot 
may be a low-temperature thermal spring discharging to the marsh along faults that bound hills in this 
area. Flow at the U.S. Geological Survey gage commenced on 24-December-2005 after 165 days 
without flow (Fig. 9.19). On 21-March-2006, the day the marsh was covered by white snow, daily 
mean discharge of 176 cfs was recorded at U.S. Geological Survey Williamson River near Klamath 
Agency gage #11493500. About 10 days later discharge started to rise and peaked at daily mean 
discharge of 747 cfs on 19-April-2006. From this peak discharge steadily declined until flow ceased on 
1-August-2006. Flow did not resume until 13-December-2006. 
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Figure 9.19: Hydrograph of the Williamson River at gage #11493500, Williamson River near Klamath 
Agency for water year 2006.  http://waterdata.usgs.gov/or/nwis/ accessed 3/10/07. 

 
A low discharge year is illustrated by the hydrograph for water year 2005 (Fig. 9.20). In 

February 2005 a survey of the Williamson River basin coincided with a precipitation event 
characterized by rain. At 10 a.m., Saturday, 19-February-2005, the marsh was covered with white 
snow, but rain began to fall during the day. The white snow progressively changed to gray as melting 
progressed by the addition of rain and warm air temperatures. By 8 a.m. on Sunday, 20-February-2005 
the snow had turned gray and a trickle of water was flowing over the rocks near the U.S. Geological 
Survey gage after 250 days (17-June-2004 to 20-February-2005) of no flow. Daily mean discharge is 
reported at the Williamson River near Klamath Agency gage (# 11493500) for 22-February-2005. The 
rain and snow melt allowed marsh levels to rise from more than 1.6 feet below the level needed to 
supply discharge at the U.S. Geological Survey gage. Once started, discharge on the Williamson River 
rose slowly and reached the highest daily mean discharge of only 166 cfs at the end of March (Fig. 
9.20). Discharge declined rapidly in early May and we anticipated the no-flow period starting in 2005 
to be even longer than that 250 day no-flow period recorded in the previous year. However, this was 
averted by rainfall in May. When the rainy spell was over, water levels fell and flow ceased by 13-July-
2005.  
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Figure 9.20: Hydrograph of the Williamson River at gage #11493500, Williamson River near Klamath 
Agency for water year 2005.  http://waterdata.usgs.gov/or/nwis/ accessed 3/10/07. 
 
9.4.3 Big Springs 
 Big Springs is located northwest of Klamath Marsh at the head of Big Springs Creek. Big 
Springs is at an elevation of approximately 4535 feet and occupies a large bowl-shaped depression (Fig. 
9.21) cut into pyroclastic flow deposits. The springs discharge from an elevation approximately 15 feet 
below the surface of the surrounding area. Big Springs Creek flows southeast from the springs and 
discharges into Klamath Marsh south of Military Crossing. Big Springs and Big Springs Creek are 
located within a broad, low relief, delta-shaped feature at the southeast end of a prominent paleochannel 
that can be easily traced for over three miles to the northwest (see Fig. 4.12 and 4.13). This 
paleochannel and other similar features are discussed in Chapter 4. The paleochannel, Big Springs, and 
Big Springs Creek are cut into pyroclastic flow deposits which, at elevations below approximately 4600 
feet, are overlain by glass-rich sandy silt with rounded pumice grains deposited in the post-eruption 
lake that occupied the basin (Conaway, 2000; Chap. 8). The glass-rich sandy silt is commonly 1.5 to 2 
feet thick in this general area and is composed of abraded pieces of glass and sand to pebble size grains 
of well-rounded pumice. Near the edge of Klamath Marsh, organic-rich silt overlies the glass-rich 
sandy silt deposits (Cummings and Melady, unpublished mapping, Military Crossing quadrangle).   
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Figure 9.21: Large Depression developed in pyroclastic flow deposits and forming “Big Springs” at the 
head of Big Springs Creek. From La Marche, 2002.  
  

 
La Marche (2002) reports results of a synoptic study conducted on 13 and 21-August-2002. At 

that time discharge of 3.95 cfs was measured for the combined flow from Big Springs and a second 
large spring (site 22). The creek was found to gain along its entire course with total gains on the 
measurement date of 23.1 cfs. Most of the gain occurred within the first 0.6 miles from its source. La 
March (2002) estimated the elevation of the water table to be 4535 feet (msl). 
 
 La Marche (2002) also presented data from U.S. Geological Survey/Oregon Water Resources 
Department gage #11492400 which operated during 1992 to 1995 near the mouth of the creek. The 
gage was reactivated on March 8, 2002 in support of the study by La Marche (2002). La Marche (2002) 
compared gage data to precipitation and snow water equivalent data from the Chemult Alternative 
Snotel Site for the period 1992 to 1995, a figure reproduced here as Figure 9.22. Peak discharge in 
March 1993 followed a year of robust snow pack at the Chemult Alternate Snotel Site and presumably 
Klamath Marsh. The highest recorded discharge on Big Spring Creek while the gage was operating 
took place during the spring snow melt in 1993 when discharge reached 100 cfs. 
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Big Springs Gage Flows and 
Precipitation and Snow Accumulation @ Chemult Alternative Site
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Figure 9.22: Discharge from U.S. Geological Survey Gage #11492400 for Period of Record along with precipitation and snow 
accumulation at Chemult Alternative (from La Marche, 2002).



 37 

The sensitivity of discharge to snow melt and high intensity rainfall events led La 
Marche (2002) to proffer local overland and/or sub-surface flow into the drainage 
network as the most likely mechanism to explain the observed discharge patterns. The 
runoff signal depends on rainfall intensity, soil conditions, and snowmelt rate; conditions 
that could vary greatly on a yearly basis. The discharge record for the period when U.S. 
Geological Survey/Oregon Department of Water Resources gage #11492400 was 
reactivated in 2002 is presented in Figure 9.23. Peak discharge of over 120 cfs was 
recorded in late March 2002 and was followed by steady decline through the summer 
months (La March, 2002). On 24-March-2004 the springs at the head of Big Springs 
Creek were observed to be dry and the water table was more than 2 feet below the ground 
surface. 
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Figure 9.23:  Daily Discharge from U.S. Geological Survey/Oregon Water Resources 
Department gage #11492400 for water year 2002 (from La Marche, 2002). 
 

A piezometer was installed in an unnamed dry stream bed 0.35 mi east of Big 
Spring on 16-June-2000. The water table was 14 inches beneath the creek bed. On 17-
September-2002 the piezometer was found to be dry with the water table having declined 
to more than 3.55 feet beneath the stream bed. The ground surface of the stream bed was 
estimated at 5.5 feet beneath the surrounding upland surface (4545 ft) suggesting the 
water table was at approximately 4536 feet. Water levels continued to decline and by 24-
March-2004 when the springs at the head of Big Springs Creek were dry, the water table 
had fallen to less than 4532 feet.  

 
A GPR survey line was measured in October 2004 across a tributary valley to Big 

Springs Creek near UTM 600750E, 4757850 N (s. 16 T.30 S., R 8 E.). The east and west 
ends of the line are over pyroclastic flow deposits. The surface elevation at the east end 



 38 

of the line is 4540 feet (Lenz quadrangle) and the valley bottom is estimated at 4538 feet. 
A piezometer located within the channel approximately 100 feet north of the line is 
approximately 43 inches deep and was dry on 26-March-2004. At the time the line was 
measured, the piezometer was also dry suggesting the elevation of the water table was 
lower than approximately 4534 feet. On 26-March-2004 the head springs for Big Springs 
Creek were observed to be dry and the water table was at least 20 inches below the valley 
floor (<~4530). Historical data summarized by La Marche (2002) indicate loss of flow in 
Spring Creek during drought cycles in the basin. 

 
The decline in the water table noted in the vicinity of Big Springs was also 

observed in a pond located in a cinder pit north of Military Crossing Road in section 9 T. 
30 S, R. 8 E. and approximately 1.65 miles north of Big Springs. Water levels in the pond 
were measured from an arbitrary point on the quarry wall. When measurements were 
started on 19-July-2000 the distance to the water surface was easily measured by 
dropping a tape line from the arbitrary point. As the years passed, the process of 
measurement became more complex as water levels declined and the pond edge moved 
farther away form the measurement point. On 19-July-2000 the water surface was 4.2 
feet beneath the point. By 26-August-2005 the pond was dry and water levels had 
dropped more than 12.1 feet (16.3 ft beneath measuring point). On 23-April-2006 the 
pond was dry. On 21-June-2006 a small pond had appeared and water levels rose 
throughout the summer to 0.7 feet deep (15.6 ft beneath the measuring point) by 25-
November-2006 (Fig. 9.24).  
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Figure 9.24: Water level measured in quarry located north of Military Crossing Road 
(Klamath County Road 677), Three Creeks Road (Klamath County Road 3031), and near 
Big Springs. 
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Another measurement site is located along the Three Creeks Road in section 31, 
T. 29 S, R. 9 E (Fig. 9.24). Access is difficult and the piezometer has not been measured 
regularly. The piezometer was installed in a small southward opening valley near the 
northwest edge of Klamath Marsh. Basalt flows believed to be Pleistocene in age are 
exposed within 1 mile of the site and basalt flows of late Miocene to Pliocene age are 
exposed in a fault block approximately 0.5 mi to the east. The site is located 0.6 mi west 
of well KLAM 11774 where water levels were measured continuously during the 2002 to 
2005 water years (Fig. 9.25).  

 
At the time the Three Creeks Road piezometer was installed on 16-June-2000 the 

water table was 1.25 feet beneath the surface. The water table fell throughout the next 
year and was 3.25 feet beneath the surface by 24-April-2001. Although measurements 
were irregular at this site, those that are available suggest water levels remained greater 
than 3.9 feet below the surface for extended periods. On 20-June-2006 the water table 
was within 1.6 feet of the surface and declined to 2.6 feet by 25-November-2006.  
 

 
Figure 9.25: Hydrograph for well KLAM 11774 located in section 32, T 29 S., R. 9 E.  

 
The sites west and northwest of Klamath Marsh present a consistent pattern of 

declining water levels from the first observations in spring and early summer 2000. 
Steady decline with only minor recovery during spring was document until 2006. In 2006 
water began to be detected in June (quarry site) and appears to have risen through the 
summer and fall. Locally the highest levels were observed in late November, 2006.  
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Artesian flowing wells and springs are common in the areas where these 

observations have been made, particularly in areas between Highway 97 and Klamath 
Marsh in the Military Crossing and Lenz quadrangles (flowing wells and springs are 
relatively uncommon in Fuego and Wocus Bay quadrangles). In his study of Big Springs 
Creek, La Marche (2002) concluded:  

 “Artesian flowing wells and springs east of the creek signify the presence 
of a capping sedimentary layer between the aquifer and the surface, east 
and south of the creek.  This is also shown in well logs for the area.  These 
wells and springs also signify the topography slopes to a greater degree 
than the water table.  This confining layer is absent in the pumice plain 
and seeps and springs appear where the water table intersects the 
topography.” 
 
Geologic mapping in the Military Crossing quadrangle (Cummings and Melady, 

unpublished mapping) suggests the thickness of pyroclastic flow deposits thins to the east 
and that the area where springs are common is near the eastern limit of the pyroclastic 
flow deposits. In addition, the pyroclastic flow deposits in this area have been modified 
by wave action in the lake that occupied the basin for a short time after the eruption of 
Mount Mazama (Chap. 8). As the lake filled, the advancing shore zone eroded pyroclastic 
flow deposits, locally stripping through them and into the underlying pyroclastic fall 
deposits. As a result, the deposits exposed at the surface are lake sediments, glass-rich 
sandy silt, up to 1.5 feet thick. Locally, where marsh conditions persist at least 
seasonally, the lake sediment is overlain by organic-rich sediment deposited in Klamath 
Marsh. 

 
Auger holes were drilled at several localities in sections 19, 18, 7, and 6 (T. 30 S., 

R. 9 E) to examine the effect of the lake on grain size distribution in reworked deposits, 
and the impact of wave action on the thickness of primary pyroclastic deposits. Figure 
9.26 and Table 9.6 provide data for an auger hole in section 7 (T. 230 s., R. 9 E). The 
sample site is near the inferred edge of the pyroclastic-flow deposits and, during 
augering, was recognized to have similar characteristics to another auger hole located in 
section 6 approximately 1 mile north: no large pumice blocks. The sample site was 
covered by about 25 feet of water at the maximum stand of the post-Mount Mazama lake. 
As a result, the upper 0.6 feet is comprised of glass-rich silty sand; reworked pyroclastic 
material. The pyroclastic flow deposit is 3.4 feet thick and overlies more than 2.4 feet of 
pumice (base not penetrated). The pyroclastic flow samples are distinctly finer grained 
and much more poorly sorted than the fall samples. This grain size difference suggests 
the pyroclastic flow deposits are less permeable than the underlying fall deposits.  
 

Grain size in pyroclastic-fall deposits is expected to vary with stratigraphic 
position in the deposit and location relative to the axis of the plume from which it was 
deposited (Young, 1990). On the other hand, pyroclastic-flow deposits are expected to be 
unsorted, but may have finer-grained facies related to run out near the edge of the flow.  
The lack of pumice blocks in auger hole MC(4) suggests the pyroclastic flow deposits 
may thin and grain size may fine near their margin. The area of springs and artesian wells 
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lies near the axis of the eastern lobe of the lower pumice unit and near the eastern edge of 
the pyroclastic flow deposits. It is believed that these stratigraphic relations provide an 
explanation for the distribution of springs in this area. Artesian flowing wells may also 
reflect hydrologic properties of sedimentary rocks and basalt lava flows that underlie the 
pyroclastic deposits. 
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Figure 9.26: Grain size distribution and lithologic description (Table 9.6) for pyroclastic 
fall and flow deposits in auger hole MC-4 located north of Klamath Marsh in s. 7, R. 9 
E., T. 30 S. 
 
Table 9.6:  Lithologic log for auger hole MC-4. 
SW, NE, SW, s. 7. R. 
9 E., T. 30 S., near 
UTM 606193E, 
4759605N EPE 6 m. 

~4575 ft 
~1394 m 
 

0-7 in: sandy, low pumice and ash. 
7-48 in: pumice in ash-rich matrix. Pumice 
content variable. Sample MC-4(1) from 12 to 
17 inches (30 to 43 cm). Sample MC-4(2) from 
25 to 31 inches (64 to 79 cm). 
48-77 in: well-sorted, bedded, pumice less than 
0.4 inch diameter. Fine-grained lithic clasts 
present. Sample MC-4(3) from 48 to 53 inches 
(122 to 135 cm). Sample MC-4(4) from 61 to 
64 inches (155 to 162 cm). Sample MC-4(5) 
from 73 to 77 inches (186 to 195 cm). E. O. H. 
at 77 inches. 
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9.4.4 Downstream from Klamath Marsh 
 South from Klamath Marsh, the Williamson River occupies a well-defined 
channel in the Fuego quadrangle and northern Soloman Butte quadrangle before entering 
a bedrock-walled canyon. The U.S. Geological Survey Williamson River near Klamath 
Agency gage (#11493500) is located near the northern edge of the Soloman Butte 
quadrangle in a reach where the river cascades over lava flows. These lava flows control 
the elevation to which water in Klamath Marsh must rise to produce the discharge 
measured by the gage (Cummings and Lee, unpublished mapping, Soloman Butte 
quadrangle). Upstream, the channel is cut into pyroclastic flow deposits covered by a 
veneer of glass- and organic-rich sandy silt. In this reach stagnant water occupies the 
channel when flow across the bedrock high is absent. Downstream, the bedrock high near 
the gage quickly ends and the river flows across bedrock units that may include 
sedimentary rocks before entering the bedrock-walled canyon of the Williamson River. 
At the canyon’s mouth, the river flows through boulder-rich sediment deposited during 
the outburst flood that cleared the canyon of the pyroclastic dam formed by the eruption 
of Mount Mazama (Conaway, 2000; Chap. 8). In this reach the river is crossed by a 
wooden bridge on F.S. Collector Road 9730. Discharge was measured from this bridge. 
The channel does not go dry in this reach and measurements on several occasions 
indicate late summer base flow is 19 to 20 cfs. The flow arises from ground water 
entering the channel within the canyon. Figure 9.27 was taken on 18-November-2005 
when the stream bed at the Williamson River near Klamath Agency gage (#11493500) 
 
 

 
Figure 9.27: Williamson River canyon on 18-November-2005 when no flow was 
occurring at Williamson River near Klamath Agency gage (#11493500). Photo point 
looking northwest from near UTM 4728000N, 596800 E. Photo by S. Mattenberger. 
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registered no flow. This reach lies downstream approximately 2.5 miles from the gage. It 
is inferred that ground water enters the canyon along the contact between the basaltic 
andesite lava flows exposed in the distant cliff walls and sedimentary rocks (?) they 
overlie. There are no water wells in this area that allow confirmation of the subsurface 
geology. The interpretation is based on the geometry of the river valley to the north 
where it is wider and partially filled with remnants of the pyroclastic-flow deposits 
(locally at least 70 feet thick) that dammed the river canyon. 
 
 Descriptive information for the Williamson River near Klamath Agency gage 
(#11493500) indicates no flow at times most years. During this study, this was the case in 
all years except the 2000 water year. Flow usually is absent from mid summer and 
continues in this state into the next water year. Table 9.7 provides the first date of no 
recorded flow and the first date when flow commenced for each year of this study. The 
length of time with no flow in the Williamson River increased from 125 days in 2001 to 
250 days in 2004/2005. This pattern was accompanied by longer periods of stagnation in 
Klamath Marsh and lower water levels in the marsh with each successive year (Fig. 
9.18). Conditions improved in the 2005 and 2006 water years when the number of flow-
free days decreased.  
 
Table 9.7: Periods of no flow on Williamson River near Klamath Agency U.S.G.S. gage 
number 11493500. (http://waterdata.usgs.gov/nwis accessed 8/21/07). 
Water year 
when flow 
ceased 

First day no 
flow 

First day of 
flow 

Number of 
days with no 
flow 

Comments 

2000    Flow all year 
round 

2001 21-Jul-2001 23-Nov-2001 125  
2002 12-Jul-2002 27-Dec-2002 168  
2003 10-Jul-2003 13-Jan-2004 187  
2004 17-Jun-2004 22-Feb-2005 250  
2005 13-Jul-2005 25-Dec-2005 165  
2006 2-Aug-2006 13-Dec-2006 133  
2007 14-July-2007   No flow as of 

23-August-2007 
 

 The periods of no flow in the Williamson River are illustrated in context of the 
hydrograph for this gage (#11493500) from January 1, 2000 to February 23, 2007 in 
relation to the median daily statistic for the past 48 years (Fig. 9.28). The period from 
January 1, 2000 to late December 2005 is characterized by increasing periods of no flow 
and significantly lower volumes of water leaving Klamath Marsh through surface flow. 
This period was associated with progressively lower water levels in Klamath Marsh as 
recorded at the east bridge on Silver Lake Highway (Fig. 9.18).  
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Figure 9.28: Hydrograph for the Williamson River near Klamath Agency gage 
(#11493500) for the period from 1-January-200 to 23-February-2007 
((http://waterdata.usgs.gov/nwis accessed 2/23/07). 
 

As indicated above, base flow on the Williamson River downstream from the 
canyon is 19 to 20 cfs and is produced by ground water entering the canyon along 
contacts between bedrock units. Figure 9.29 displays the hydrograph at the bridge based 
on instantaneous measurements from the F.S. Collector Road 9730 bridge. Discharge is 
measured at 1 foot intervals, but the highly irregular channel is littered with boulders. 
This pattern produces complex turbulence as discharge increases. Chutes between 
boulders guide flow where velocities may exceed 10 feet/second. In other places, flow 
reverses behind boulders as eddies develop downstream from the obstructions. The 
intensity of these characteristics varies with stage. In addition, when discharge is high, 
the fully extended aluminum rod of the Swoffer flow meter is severely bent and the 
propeller is tilted at an angle to the flow path. To assess the impact of velocity on 
discharge estimates, the daily mean discharge at U.S. Geological Survey gage #11493500 
is compared to discharge at the F.S. Collector Road 9730 bridge (Fig. 9.30). There are no 
surface water courses entering the river between these points. Differences between the 
two gage points when no flow is detected at U.S. Geological Survey gage #11493500 is a 
measure of the ground water discharge to the Williamson River in the canyon. In 2004 a 
detailed bottom profile was constructed for the boulder-rich bed at the F.S. Collector 
Road 9730 bridge. This profile was used for discharge calculation for 2004 and following 
years. The error introduced by a less well defined profile prior to 2004 is particularly 
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acute during periods of high discharge because the cross-sectional area of the stream is 
over estimated. 
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Figure 9.29: Hydrograph based on instantaneous discharge measurements at F.S. 
Collector Road 9730 bridge over the Williamson River. 

Discharge comparison between USGS gage #11493500 and F.S. 
Collector Road 9730
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Figure 9.30: Comparison of discharge based on continuous monitoring at U.S. Geological 
Survey gage #11493500 and instantaneous measurements at F.S. Collector Road 9730 
bridge over the Williamson River. The river distance between points is approximately 5 
miles. 
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9.5: Spring 2006 

 The spring of the 2006 water year is instructive in several respects. Water levels 
in Klamath Marsh had fallen over many years and the lowest levels were being observed 
later in the year even after killing frosts reduced evapotranspiration rates in the marsh. 
No-flow periods from the marsh had reached 250 days in the 2004 water year, springs at 
the head of Big Springs Creek were dry, and the ground-water fed pond in the quarry 
north of Military Crossing Road was dry suggesting the water table in this area had fallen 
by over 12 feet from 19-July-2000 to 28-August-2005. James (2006) argued that the 
slope on the potentiometric surface between the marsh and the Cascade Range had 
decreased reducing the head driving the ground water system.  
 

The 2006 water year began favorably with fall precipitation filling Klamath 
Marsh to the point of overflow by 25-December 2005 (Table 9.7). Snow cover on 
Klamath Marsh remained late; field observations on 21 March 2006 record a uniform 
cover of white snow. On that day the daily mean discharge at gage #11493500 was 176 
cfs (provisional data), the water level of Klamath Marsh was measured at 7.96 feet (242.6 
cm) below an arbitrary point on the east bridge on Silver Lake Highway, and, at the 
Chemult Alternate (21f22s) Snowtel site, average temperature for the day was -4.2˚ C.  In 
the following days the average temperature for the day increased to above freezing (a few 
short cold spells). Daily mean discharge at gage #11493500 rose above 200 cfs on 28- 
March and to 717 cfs by 14-April and a high of 747 cfs on 19-April (provisional data). 
On 22-April water levels and discharge were measured and field observations were made 
throughout the Williamson River basin. Table 9.8 contains data gathered on that day from 
several locations in the basin. The spring event is of interest because water was observed 
flowing in stream beds that have been dry since at least spring 2000. 
 
Table 9.8: Instantaneous discharge measured at sites throughout the Williamson River 
basin on 22-April-2007. 
Sample site Instantaneous 

discharge 
Comments 

U.S.G.S. gage #11493500 
(daily mean discharge) 

741 cfs (daily 
mean discharge) 

Provisional data 
Discharge from Klamath Marsh 

F.S. Collector Bridge 9730 
over Williamson River 
below gage #11493500 

615 cfs Discharge from Klamath Marsh 
downstream from canyon 

Hog Creek at F.S. Arterial 
Road 43 

~160 cfs Discharge to Soloman Flat. 
Widespread flooding. Eight 18-inch 
culverts flowing at full capacity in 
addition to the 48-inch culverts at 
F.S. Arterial Road 43. 

Yoss Creek at F.S. Arterial 
Road 43 

7.7 cfs Only time during this study when 
discharge was observed at this 
location. Upper Yoss Creek at Yoss 
Creek Meadow (end of F.S. Local 
Road 680) was too flooded to 
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measure.  
Skellock Draw at Silver 
Lake Highway 

44 cfs Only time during this study when 
discharge was observed at this 
location.  

Skellock Draw at F.S. 
Arterial Road 49 

32 cfs Four-12-inch culverts flowing at 
capacity. Meadow flooded upstream 
from F.S. Arterial Road 49.  

Un-named meadow, s. 18, 
T. 31 S., R. 10 E. at F.S. 
Arterial Road 49 

1.4 cfs Only time during this study when 
discharge was observed at this 
location. Tributary to stream in 
Skellock Draw. 

Meadow Creek at F.S. 
Arterial Road 49 

Flow indicated 
prior to date of 
observation. 

Meadow is wet and flow through 
culverts under F.S. Arterial Road 49 
is indicated, but no flow on date of 
observation. Tributary to stream in 
Skellock Draw. 

F.S. Arterial Road 49, 
bridge 4560 over 
Williamson River below 
U.S.G.S. gage # 11491400 

207 cfs Floodplain partially inundated. 

Irving Creek at F.S. Arterial 
Road 49 

2.8 cfs Spring-fed tributary to Williamson 
River. Water normally sinks into 
pumice before reaching the river. 

Jackson Creek at F.S. 
Arterial Road 49 

7.3 cfs Snow pack on Yamsay Mountain in 
early stage of melting. Discharge 
increases to over 30 cfs by 21-June-
2006. 

Un-named creek at 
intersection F.S. Arterial 
Road 49 and F.S. Local 
Road 800 

1.1 cfs Only time during this study when 
discharge was observed at this 
location. Tributary to Williamson 
River.  

Un-named creek at F.S. 
Arterial Road 49 near 
intersection with F.S. Local 
Road 786 

2.9 cfs Only time during this study when 
discharge was observed at this 
location. Tributary to Williamson 
River.  

Jack Creek in s. 27, T. 29 S, 
R. 10 E (aka floodplain) 

No data Flowing but no discharge 
measurement possible. Water is at 
least 2.4 feet deep over top of 
piezometer. 

Jack Creek at bridge on 
Silver Lake Highway 

No data Standing water but no flow. Snow 
pack prominent on Sugarpine 
Mountain. Tributary to the 
Williamson River.  

Mosquito, God, Lane, Cole, 
Aspen springs, Three Creek 

No data Road snowed in. Discharge enters 
northern Klamath Marsh. Estimate 
of spring flow on Mosquito Creek 



 48 

based on debris and marks on bridge 
is 300 cfs. 

Williamson River at 
Military Crossing Road, 
Klamath County Road 677 

90 cfs Includes culvert east of bridge. 
Widespread flooding. Discharge 
entering Klamath Marsh. 

West bridge at Military 
Crossing Road, Klamath 
County Road 677. 

129 cfs Discharge entering Klamath Marsh 
from north at the west bridge. Water 
surface against wood beams of the 
bridge. 

Miller Creek at F.S. 
Collector Road 9770 

No data Road snowed in. Creek dry in town 
of Beaver Marsh 

Cottonwood Creek at F.S. 
Local Road 010 

No data Road snowed in. Creek dry at 
Highway 138 

Scott Creek at Sun 
Mountain Road 

3.8 cfs Snow banks prominent.  

Sand Creek at Sun 
Mountain Road 

No data Road snowed in. 

Sand Creek at Klamath 
County Road 3104, F.S. 
Arterial Road 66 near 
powerline 

3.8 cfs Approximately 2.5 miles 
downstream from normal measuring 
site at Sun Mountain Road. Loosing 
reach. 

Silver Lake Highway 
culverts and bridges 

419 cfs 
(combined) 

Discharge within Klamath Marsh 
Western culvert  55 cfs 
Two culverts  78 cfs 
West bridge  199 cfs 
East bridge   87 cfs 

Spring Creek at Highway 
97 

308 cfs Discharge to Williamson River 
downstream from Klamath Marsh. 

 
 In spring 2006, the highest daily mean discharge at the Williamson River near 
Klamath Agency gage #11493500 was reached on 19-April at 747 cfs. This daily mean 
discharge value is shown in context of the 49 year median daily discharge for this station 
in Figure 9.31. Field observations suggest that snow pack was still extensive on Yamsay 
Mountain and Sugarpine Mountain and the east flank of the Cascade Range. The lack of 
road access to Sand Creek on Sun Mountain Road indicates snow cover was substantial at 
slightly over 4600 feet. Snow drifts across F.S. Arterial Road 86 at similar elevation 
prevented access to Mosquito, God, Cole, Lane, and Three Creeks, all discharge into the 
northern part of Klamath Marsh, indicates relatively low elevation snow was present 
during the 22-April-2006 survey.  
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Figure 9.31: Daily mean discharge for the Williamson River near Klamath Agency gage 
(#11493500) for water year 2006 compared to median daily statistics for the previous 49 
years (http://waterdata.usgs.gov/nwis accessed 3/11/07). 
 
 Table 9.9 contains field observations for many of the same sites as in Table 9.8, 
but made on 21-22-June-2006. Daily mean discharge measured by the Williamson River 
near Klamath Agency gage (#11493500) was 163 cfs (21-June = 167 cfs, 23-June = 158 
cfs). The most prominent differences in discharge for the two dates is the substantial 
increase in discharge from streams draining the Cascade Range (Sand, Scott, Miller, and 
Cottonwood) and Yamsay Mountain (Jackson and Hoyt). However, discharge is 
distinctly lower on the Williamson River throughout its course and all streams at lower 
elevations east of Klamath Marsh are dry or have low discharge. The shift in discharge in 
the basin with season and source was documented by Cummings and Melady (2002) and 
is further substantiated in the data for the 2006 water year. 
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Table 9.9: Observations from synoptic survey of the Williamson River basin on 22-June-
2006 compared to observations at the same sites on 22-April-2006. 
Sample site Instantaneous 

discharge (22-
April) 

Instantaneous 
discharge 21-22-
June) 

Comments 

U.S.G.S. gage 
#11493500 (daily 
mean discharge) 

741 cfs  163 cfs  Discharge from Klamath 
Marsh 

F.S. Collector Road 
9730, bridge 9730 
over Williamson 
River below gage 
#11493500 

615 cfs 164 cfs Discharge from Klamath 
Marsh downstream from 
canyon 

Hog Creek at F.S. 
Arterial Road 43 

~160 cfs 35 cfs Discharge to Soloman 
Flat. Flow through main 
culverts, stagnant water in 
4, 18-inch culverts to the 
south. Camus blooming 

Yoss Creek at F.S. 
Arterial Road 43 

7.7 cfs Flooded, but no 
flow through 
culvert. Culvert 
dry. 

Yoss Creek at Yoss Creek 
Meadow (end of F.S. 
Local Road 680) 0.2 cfs.  

Skellock Draw at 
Silver Lake 
Highway 

44 cfs Dry Stagnant water in borrow 
pits. 

Skellock Draw at 
F.S. Arterial Road 
49 

31.6 cfs 1.7 cfs Meadow flooded 
upstream from F.S. 
Arterial Road 49.  

Un-named meadow, 
s. 18, T. 31 S., R. 10 
E. at F.S.Arterial 
Road 49 

1.4 cfs Dry Tributary to stream in 
Skellock Draw. 

Meadow Creek at 
F.S. Arterial Road 
49 

Early flow 
indicated. No 
flow on date of 
observation. 

Dry Meadow is soggy, water 
pond north of road. 
Indications of flow 
through culverts. Earlier 
flow indicated also at 
Upper Skellock, Clover 
Creek, and middle 
Skellock.  

F.S. Arterial Road 
49, bridge 4560 
over Williamson 
River below gage # 
11491400 

207 cfs 65 cfs Rocks in bed are barely 
covered and locally 
produce significant 
diversions of flow. 

Irving Creek at F.S. 2.8 cfs 1.7 cfs Spring-fed tributary to 
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Arterial Road 49 Williamson River. Water 
normally sinks into 
pumice before reaching 
the river. 

Jackson Creek at 
F.S. Arterial Road 
49 

7.3 cfs 30 cfs Small patches of snow 
high on Yamsay 
Mountain.  
Flow in Hoyt Creek = 1.1 
cfs (first time flow 
observed at this site). 

Un-named creek at 
intersection F.S. 
Arterial Road 49 
and F.S. Local Road 
800 

1.1 cfs Dry Tributary to Williamson 
River.  

Un-named creek at 
F.S. Arterial Road 
49 near intersection 
with F.S. Local 
Road 786 

2.9 cfs Dry Tributary to Williamson 
River.  

Jack Creek in s. 27, 
T. 29 S, R. 10 E 
(aka floodplain) 

No data (at least 
2.4 feet over top 
of piezometer.) 

No flow Stagnant water in channel 
and 1.5 ft over cap of 
piezometer.  

Jack Creek at bridge 
on Silver Lake 
Highway 

No data No flow Stagnant water at least 1 
ft over cap of piezometer. 
Water ~2 feet deep under 
bridge.  

Mosquito, God, 
Lane, Cole, Aspen 
springs, Three 
Creek 

No data 
(snowed in). 
Estimate early 
spring flow on 
Mosquito Creek 
at 300 cfs. 

0.7 cfs Mosquito 
Creek 
1.2 cfs Three 
Creek 

God Creek: dry, but 
earlier pond indicated. 
Mosquito Creek: evidence 
of high discharge 
estimated 150 to 300 cfs. 

Williamson River at 
Military Crossing 
Road, Klamath 
County Road 677 

90 cfs 61 cfs Includes culvert east of 
bridge. Discharge 
entering Klamath Marsh 

West bridge at 
Military Crossing 
Road, Klamath 
County Road 677 

129 cfs 55 cfs Discharge entering 
Klamath Marsh from 
north.  

Miller Creek at F.S. 
Collector Road 
9770 

No data 
(snowed in) 

50 cfs Water level above top of 
culverts. 

Cottonwood Creek 
at F.S. Local Road 

No data 
(snowed in) 

21.3 cfs 10.8 cfs at Highway 138 
1.5 miles downstream. 



 52 

010 
Scott Creek at Sun 
Mountain Road 

3.8 cfs 20 cfs Two old concrete culverts 
are difficult to measure 
when near capacity. 

Sand Creek at Sun 
Mountain Road 

No data 80 cfs Abundant coarse pumice 
moving in bed load. 

Sand Creek at 
Klamath County 
Road 3104, F.S. 
Arterial Road 66 
near powerline 

3.8 cfs 43 cfs Sand Creek diversion 
operating and carrying 29 
cfs from Sand to Scott 
Creek. 

Silver Lake 
Highway culverts 
and bridges 

419 cfs 
(combined) 

86 cfs  
(combined) 
Stagnant by 2-
August-2006. 

Discharge within Klamath 
Marsh 
Western culvert  2 cfs 
Two culverts  12 cfs 
West bridge  54 cfs 
East bridge   18 cfs  

Spring Creek at 
Highway 97 

308 cfs 328 cfs Discharge to Williamson 
River downstream from 
Klamath Marsh. 

 
 Piezometer data also shows a sharp rise in ground water levels in 2006, but of 
most importance is the patterns observed northwest of Klamath Marsh. As indicated 
earlier, the pond in the quarry north of Military Crossing Road (Fig. 9.24) went dry 
before 26-August-2005. On 22-April-06 the quarry was dry. On 22-June-2006 water was 
present in the quarry, but the fine mud that had accumulated on the pond bottom 
suggested it may be perched water. By 2-August-2006 the water surface had risen 0.8 feet 
followed by another 0.9 feet by 31-August-2006. By 25-November-2006 the level had 
fallen about 0.7 feet. The steady rise in the water level through the dry part of the summer 
suggests that the water table rose by about 1.9 feet in this important part of the system 
before dropping in the fall. A steady decline in ground water levels was observed from 
June to November, 2006 at sites throughout the basin with the exception of the rise in the 
quarry north of Military Crossing Road. Water was present in the quarry on 1-August-
2007. 

9.6: Hydrochemistry 
 Hydrogeochemical studies were undertaken to explore flow paths in surface and 
ground water systems and to identify processes acting in these systems. Oxygen and 
hydrogen isotopic ratios (Table 9.10 and Table 9.11) and cation/anion concentrations 
(Table 9.12) were determined for samples collected from Klamath Marsh and the lower 
elevation settings of the Williamson River basin.   
 
 The variation in oxygen and hydrogen isotopic ratios for the Williamson River 
from the farthest sampling point upstream (Williamson River below Sheep Creek, bridge 
4560 on F.S. Arterial Road 49) to the farthest downstream sample site at bridge 9730 on 
F.S. Collector Road 9730 below the Williamson River canyon is demonstrated in Table 
9.10. This includes Klamath Marsh where ground water discharge from the Cascade 
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Range mixes with surface water from the eastern basin and is subjected to evaporation 
within Klamath Marsh.  
 
Table 9.10: Oxygen and hydrogen isotopic ratios for the Williamson River at 4560 bridge 
on F.S. Arterial Road 49 (near Williamson River below Sheep Creek gage # 11491400), 
Klamath Marsh collected within six inches of the water surface at the east bridge on 
Silver Lake Highway, and Williamson River bridge on F.S. Collector Road 9730 down 
stream from the Williamson River canyon. δD and δ18O values are reported in per mil. 
 Below 

Sheep 
Creek 

Below 
Sheep 
Creek 

Klamath 
Marsh 

Klamath 
Marsh 

9730 
bridge 

9730 
bridge 

Sampling 
date 

δD δ
18O  δD δ

18O δD ∆
18O 

29-Apr-00 -115  
-116 

-15.3 
-15.3 

    

4-Jun-00   -105 
-106 

-13.4 
-13.4 

  

21-Oct-00 -113 -15.4 -92 -11.8   
19-Jan-01   -115  

-115 
-15.4  
-15.4 

  

25-Sep-02 -116 -15.7 -101 -12.5 -110 -15.3 
13-Oct-02 -117 -15.7 -100 -13.9 -112 -15.2 
9-Nov-02 -110  

-110 
-15.2  
-15.3 

-105 
 

-14.4 -109 -15.2 

13-Jan-03* -124 -15.0 -126 -15.2 -120 -15.1 
17-May-03 -113 

-113 
-15.2  
-14.9 

-97  
-97 

-12.8  
-12.8 

-103  
-103  
-103 

-12.0  
-12.6 
-13.3 

Analyzed by Geochron Laboratories a division of Krueger Enterprises, Inc., Cambridge, Massachusetts.  
* δD values for the 13-January-2003 samples are lower than expected and are not considered to accurately 
represent the actual values. 
 

The isotopic ratio for samples collected from the Williamson River at bridge 4560 
on F.S. Arterial Road 49 are isotopically lighter than samples collected from the western 
side of the basin where streams discharge from the Cascade Range (Table 9.11). Within 
Klamath Marsh, oxygen and hydrogen isotopic ratios for samples collected at the east 
bridge on the Silver Lake Highway within 6 inches of the surface indicate strong isotopic 
shifts due to evaporation. The isotopic pattern for this part of the marsh is consistent with 
strong evaporative loss of the lighter isotopes leading to less negative isotopic ratios. As a 
result, isotopic ratios in Klamath Marsh vary considerably with season. Cummings and 
Melady (2002) pointed out this seasonal variation for the 2001 water year (Table 9.10). 
Cummings and Melady (2002) point out that during the June sampling (4-June-2000), 
discharge was 70 cfs. Discharge decreased significantly and the October sampling (21-
October-2000) took place after 4 months during which discharge was less than 3.2 cfs. 
On 18-November-2000 current was not detected at this site. Both the June and October 
2000 samples indicate isotopic shifts consistent with evaporation. A thin layer of ice 
covered part of the sample site on 21-January-2001. Isotopic ratios for this sample are 
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similar to those for the Williamson River above Military Crossing. The 2001 water year 
is distinct among the water years of this study because it is the only year when water 
levels in the marsh did not fall below the elevation of the bedrock high near gage 
#11493500 (Williamson River near Klamath Agency). As a result, the marsh did not 
stagnate and the data suggest that near surface water at the eastern margin of the marsh 
became dominated by Williamson River water as the fall progressed.  

 
In water year 2003 (Table 9.10) data from the three sites were collected 

systematically to examine changes in the system. However, δD values for the 13-January-
2003 samples are not believed accurate. Each site shows a different pattern of isotopic 
change that is believed to reflect mixing among local reservoirs. At the Williamson River 
at bridge 4560 on F.S. Arterial Road 49 the reservoirs are believed to include ground 
water discharge from the Yamsay Mountain recharge area and fall/winter precipitation. 
At the east bridge on Silver Lake Highway in Klamath Marsh these reservoirs are 
believed to include ground water from the Cascade Range, inflow from the Williamson 
River at Military Crossing, fall/winter precipitation, and modification of these mixed 
waters by evaporation. The bridge 9730 site reservoirs include discharge of water from 
Klamath Marsh, ground water entering the canyon, and fall/winter precipitation. The 
interactions among waters with isotopic values characteristics of these various reservoirs 
is believed to vary by season and water year. Data for water year 2001 and 2003 provide 
some insight to potential interactions and variations that may be expected (Fig. 9.32).    

Oxygen and Hydrogen Isotopic Composition of the Williamson River 
Basin

-120

-115

-110

-105

-100

-95

-90

-85

-80

-17 -16 -15 -14 -13 -12 -11 -10 -9 -8

Delta O-18, in per mil

D
el

ta
 D

, i
n

 p
er

 m
il

Williamson River near Sheep
Creek
Klamath Marsh east bridge

Williamson River F.S. Collector
Road 9730 Bridge
Spring Creek Highway 97

Sand Creek Sun Mountain Road

Scott Creek Sun Mountain Road

Meteoric Water Line

 
Figure 9.30: Oxygen and hydrogen isotopic data (in per mil) for the Williamson River 
and sources of surface and ground water contributing to the system. Analyzed by 
Geochron Laboratories a division of Krueger Enterprises, Inc., Cambridge, 
Massachusetts. Data for the 13-January-2003 samples are excluded from this graph.  
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To further define the characteristics of the reservoirs influencing the isotopic 

composition of water in the Williamson River basin, samples of springs and streams 
draining the Cascade Range were also sampled. These data are presented in Table 9.11A 
and B. The separation of these tables by geographic source area illustrates one of the 
characteristics of the reservoirs that contribute to the Williamson River and Klamath 
Marsh. The western sources (Table 9.11A) are isotopically heavier than the eastern 
sources (Table 9.11B). This difference reflects the isotopic signature of precipitation in 
these two geographic areas.  

 
Table 9.11: Oxygen and hydrogen isotopic data for springs and streams tributary to the 
Williamson River. Table 9.11A contains streams and springs discharging surface and 
ground water from the Cascade Range. Table 9.11B contains springs and streams 
discharging surface and ground water from the eastern Williamson River basin. δD and 
δ

18O values are reported in per mil. 
Table 
9.11A 

Sand 
Creek 

Sand 
Creek 

Scott 
Creek 

Scott 
Creek 

Spring 
Creek 

Spring 
Creek 

Big 
Spring 

Big 
Spring 

Sample 
date 

δD δ
18O δD δ

18O δD δ
18O δD δ

18O 

29-Apr-
00 

    -110 -14.5   

4-Jun-00 -109 
-109 

-14.8 
-14.9 

-108 -14.8 -    

16-Jun-
00 

      -108 -14.4 

21-Oct-
00 

-103 -14.5 -102 -14.4 -106 -14.3   

13-Jan-
03 

    -112* -13.8   

17-May-
03 

    -105 -14.1   

 
 
Table 
9.11B 

Jack 
Creek 

Jack 
Creek 

Bedpan 
Spring 

Bedpan 
Spring 

Three 
Creek 

Three 
Creek 

Corral/  
Dice 
springs 

Corral/ 
Dice 
springs 

Sample 
date 

δD δ
18O δD δ

18O δD δ
18O δD δ

18O 

29-Apr-
00 

-111 -14.8       

4-Jun-
00 

  -118 -15.8     

21-Oct-
00 

  -115 -15.6 -115 -15.3 -112 
-113 

-15.3 
-15.1 

19-Jan-
01 

    -113 
-113 

-15.3 
-15.5 
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On 20-January 2001, a snow sample was collected at an elevation of 4900 feet 
near the intersections of F.S. Arterial Road 43 and F.S. Local Road 770. F.S. Arterial 
Road 43 is rarely open at the time of year when sampling took place attesting to the low 
snow pack in January 2001. Where snow patches were present, the highly crystalline 
snow rested on a thick layer of ice that formed early in the winter season. Given the 
elevation, geographic location, and time of year, the isotopic values were expected to be 
light. However, δD was -104 and δ18O was -15.1. The hydrogen isotopic ratio was similar 
to Cascade Range sources while the oxygen isotopic ratio was similar to eastern sources. 
Evaporation and sublimation of a thin snow pack is believed to produce this mixed 
signal.  
 
 Hydrogeochemistry of lower elevation springs, streams, and Klamath Marsh has 
been determined periodically since 2002. Anion and selected cation concentrations are 
presented in Table 9.12.  Sulfate concentrations in ground water and surface water from 
the Cascade Range is high relative to surface water in Klamath Marsh and from sources 
in the eastern basin. In Klamath Marsh the low sulfate concentrations reflect reactions 
with organic-rich sediment.  
 

The site of greatest interest is Spring Creek where sampled at the Highway 97 
bridge. In fall 2004 the anion composition of the creek changed significantly. Chloride, 
fluoride, and sulfate increased significantly and remained elevated on the remaining 
sampling dates. A second pattern of interest is the relation of chloride and sulfate to 
discharge at the Williamson River on F.S. Collector Road 9730 near the mouth of the 
Williamson River canyon (downstream from U.S.G.S. gage #11493500). In times of low 
discharge (~20-30 cfs), the concentrations of chloride and sulfate are higher than during 
times of elevated discharge. Cummings and Lee (unpublished mapping) demonstrated 
ground water discharge to the river within the canyon. Similarities in anion 
concentrations for western sources (Chap. 3), Spring Creek, low-flow periods below the 
Williamson River canyon, and Big Spring northwest of Klamath Marsh, suggest common 
source from the Cascade Range for the largest discharge systems in the Williamson River 
basin.  
 
Table 9.12: Anion concentrations for samples collected from the Military Crossing Road 
cinder quarry, Hog Creek at F.S. Arterial Road 43, Corral spring near F.S. Local Road 
582, Big Springs at head of Big Springs Creek (s. 16, T. 30 S., R. 8 E.). Concentration in 
ppm. 
Sample date F- Cl- NO3

- HPO4
- SO4

2- Total alk 
9/6/02 Military 
Crossing quarry 
(filtered) 

0.09 0.02 0.02 ND 0.70  

9/6/02 Military 
Crossing quarry 
(unfiltered) 

0.09 0.21 0.03 0.12 0.73  

4/12/03 Military 
Crossing quarry 

0.08 0.04 ND ND 0.57  

5/4/03 Hog Creek 0.10 0.64  0.86  ND 2.02  
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0.10 0.66 0.88 ND 2.04 
5/4/03 Corral Spring 0.05 0.42 ND 0.22 0.29  
5/3/03 Big Springs 0.10  

0.10 
1.11  
1.02 

0.01 
ND 

ND  
ND 

1.22 
1.22 

 

SNOW 1/8/05 F.S. 
Collector 9730, s. 3, 
T. 34 S., R. 7 E. el. 
4200 ft 

ND  
ND 

0.09  
0.11 

0.14  
0.05 

ND  
ND 

0.05 
0.03 

 

Klamath Marsh at east bridge or westernmost culvert (*) on Silver Lake Highway. 
Concentration in ppm. 
Sampling 
date 

F- Cl- NO3
- HPO4

- SO4
2- Total Alk 

8/31/02 0.14 
0.14 

0.48 
0.48 

0.02 
0.03 

ND 
ND 

0.21 
0.21 

 

4/13/03 0.10 1.02 1.14 ND 0.20  
8/30/04 0.16 

0.15 
1.16 
1.16 

0.17 
0.17 

ND 
ND 

0.08 
0.08 

 

2/19/05 
0.34˚C, 204 
µS/cm,  5.57 
pH 

0.08 
0.08 

1.66 
1.65 

0.02 
0.35 

0.18 
0.19 

0.05 
0.05 

60 

3/25/05 0.07 0.82 0.35 ND 0.04  
3/25/05(*) 0.10 0.87 ND ND 2.00 20 
4/24/05 0.08 0.90 0.35 ND 0.04  
10/2/05 
(10.29˚C, 186 
µS/cm, pH 
6.77) 

0.17 1.41 ND 0.40 0.01 88 

Williamson River at Military Crossing on Klamath County Road 677 (east bridge). 
Concentration in ppm. 
Sampling 
date 

F- Cl- NO3
- HPO4

- SO4
2- Total Alk 

8/29/02 0.09 0.49 ND ND 0.27  
4/13/03 0.07 0.78 0.48 ND 0.36  
2/19/05 0.11 0.70 0.38 ND 0.43  
3/25/05 0.06 

0.06 
0.80 
0.77 

2.50 
1.53 

0.02 
0.02 

0.38 
0.37 

50 

4/24/05 0.05 0.56 0.39 0.03 0.35  
Williamson River at F. S. Collector Road 9730 (Bridge 9730) or near Kirk above F.S. 
Arterial Road 43 (bridge). Concentration in ppm.  
Sampling 
date 

F- Cl- NO3
- HPO4

- SO4
2- Total Alk 

8/31/02(*) 0.15 0.49 0.03 ND 0.39  
8/29/02 0.15 2.21 0.01 0.14 2.78  
4/13/03 0.13 1.08 0.06 ND 1.35  
8/30/04 0.11 

0.09 
2.41  
2.35  

0.42 
0.38 

ND 
ND 

2.90 
2.81 
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0.10 2.37 0.42 ND 2.90 
1/8/05 0.10 

0.10 
2.44  
1.52 

0.33 
0.32 

0.19 
0.24 

2.87 
2.54 

 

2/19/05 
7.52˚C, 86 
µS/cm, 7.52 
pH 

0.10 2.47 0.37 ND 2.90  

2/20/05(*) 0.14 2.46 ND ND 8.71 108 
3/26/05 
(5.34˚C, 83 
µS/cm, 8.42 
pH) 

0.11 1.44 0.21 ND 1.64  

4/24/05 0.11 1.65 0.62 0.11 1.88  
10/2/05 0.13  

0.11 
2.27  
2.26 

ND  
0.18 

ND 
ND 

2.83 
2.80 

48 

Spring Creek at Highway 97. Concentration in ppm. 
Sampling 
date 

F- Cl- NO3
- HPO4

- SO4
2- Total Alk 

8/28/02 0.07 0.26 0.02 ND 0.20  
4/13/03 0.01 0.12 ND ND 0.19  
8/30/04 0.09 1.78 0.45 ND 2.49  
1/8/05 
(4.98˚ C, 
73µS/cm 6.94 
pH.) 

0.11  
0.14 

2.09 
1.54 

0.17 
0.21 

0.24 
0.23 

2.65   
2.75 

 

2/19/05 
(5.63˚ C, 72 
µS/cm, 7.10 
pH) 

0.13 1.96 0.07 0.23 2.64  

3/25/05 
(5.38˚C, 73 
µS/cm, 8.38 
pH) 

0.11 2.11 0.16 0.24 2.66  

4/24/05 0.11 1.94 0.16 0.28 2.66  
10/2/05 
(5.62˚ C, 75 
µS/cm, pH 
7.70) 

0.18 1.92 ND 0.55 2.62 44 

 
Klamath Marsh at Silver Lake Highway east bridge. Concentration in ppm. 
Sampling 
date 

Ca+2 Mg+2 Na+1 K+1 

4/24/05 3.62 ± 
0.025 

3.21 ± 
0.023 

  

10/2/05 8.18 ± 
0.15 

6.63 ± 
0.061 

6.63 ± 
0.064 

6.43 ± 
0.094, 
5.61 ± 
0.208 

Williamson River at F.S. Collector Road 9730 (bridge). Concentration in ppm. 
Sampling Ca Mg Na K 
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date 
4/24/05 3.00 ± 

0.077 
2.41 ± 
0.012 

  

10/2/05 2.67 ± 
0.027 

2.22 ± 
0.032 

7.01 ± 
0.772 

1.76 ± 
0.023 

Spring Creek at Highway 97. Concentration in ppm. 
Sampling 
date 

Ca Mg Na K 

4/24/05 2.22 ± 
0.025 

1.83 ± 
0.020 

  

10/2/05 2.06 ± 
0.034 

1.77 ± 
0.026 

 1.67 ± 
0.086 

Williamson River at Military Crossing Road, Klamath County Road 677 (east bridge). 
Concentration in ppm. 
Sampling 
date 

Ca Mg Na K 

4/24/05 3.94 ± 
0.038 

3.19 ± 
0.029 

  

Analyzed in the Trace Element Analytic Laboratory (TEAL), Department of Geology, 
Portland State University. 
 
 During water year 1978 and water year 1979, Perdue et al. (1981) conducted 
systematic hydrochemical sampling of the Williamson River, Klamath Marsh, and the 
Big Springs Creek and Spring Creek tributary streams. The concentration of sodium, 
potassium, calcium, and magnesium were determined for each sample. Figure 9.33 
illustrates relations between the concentration of sodium and calcium through the system. 
The plot for sodium and magnesium is very similar. In Figure 9.33, the composition of 
the Williamson River near Sheep Creek (F.S. Arterial Road 49, bridge 4560) plots as a 
distinctly separate cluster from down river sample sites. Two other sites, Big Springs 
northwest of Klamath Marsh and Spring Creek near Highway 97 plot in relatively tight 
clusters distinct from the Williamson River near Sheep Creek. The remaining sites, 
Klamath Marsh at Silver Lake Highway, Williamson River near Kirk, and Williamson 
River at the 9730 bridge (F.S. Collector Road 9730 bridge over the Williamson River) 
form a scatter that overprints the cluster for Big Springs Creek and Spring Creek. 
Klamath Marsh is the mixing zone where water from the Cascade Range, represented 
here by Big Springs Creek and Spring Creek, mix with water from the upper Williamson 
River (Williamson River near Sheep Creek) and experience to varying degree of 
intensity, evaporative concentration, interaction with the biological systems in Klamath 
Marsh, and experience varying lengths of time under stagnant conditions within Klamath 
Marsh. The hydrochemical signature imposed on water within Klamath Marsh is similar 
to water leaving the marsh through the Williamson River near Kirk. In the Williamson 
River canyon, this water mixes with ground water entering the canyon. This ground water 
has a hydrogeochemical signature similar to Spring Creek.  
 
 The hydrochemical data plotted in Figure 9.33 provide an overview of the 
Williamson River and its tributaries over the two year period from 10-September-1977 to 



 60 

8-September-1979. However, the hydrologic system in the Williamson River basin is 
time sensitive and requires analysis through time. The following discussion uses 
differences in source water composition and secular variation in concentration to explore 
mixing relations in the Williamson River basin.  

[Na] versus [Ca] for Williamson River and tributary springs/creeks
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Figure 9.33: Hydrochemical data for the Williamson River and its tributaries from Perdue 
et al. (1981). The graph for [Ca] versus [Na] is similar to the graph for [Mg] versus [Na]. 
Concentration in µM. 
 

The hydrograph for the Williamson River near Klamath Agency (gage 
#11493500) is presented in Figure 9.34 for the period of the Perdue et al. (1981) 
sampling campaign. The hydrograph is typical for this site in that a period of no flow 
takes place during the summer months. Flow commenced on 26-October-1977 and 
ceased on 7-August-1978 (1978 water year) and commenced on 5-December-1978 and 
ceased on 1-July-1979 (1979 water year). The hydrograph for the 1978 water year 
indicates a wet and warm fall and winter with discharge over 400 cfs starting in 
December 1977 and continuing through late Marsh 1978. The hydrograph for the 1979 
water year is more consistent with the pattern of the 49 year median daily statistic for this 
site. Increases and decreases in discharge during the late fall and winter probably relate to 
cold weather periods alternating with thawing periods. The peak spring discharge was 
during mid March, earlier than the 49 year median daily statistic.  
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Figure 9.34: Hydrograph of the Williamson River near Klamath Agency gage # 
11493500 for water year 1978 and 1979. 
 

Figure 9.35 and Figure 9.36 contain the concentration of sodium and calcium as a 
function of time for Klamath Marsh at Silver Lake Highway (Fig. 9.35) and the 
Williamson River near Kirk (near gage #11493500, Fig. 9.36). Table 9.13 contains the 
average concentration for sodium and calcium for the 1978 and 1979 water years for two 
important and distinctly different water sources to the Klamath Marsh system: Big 
Springs Creek representing ground water from the Cascade Range and the Williamson 
River near Sheep Creek representing surface and ground water sources from the east side 
of the Williamson River basin (Perdue et al., 1981). The average concentrations for these 
two elements vary from year to year, but are consistently different between these two 
sources: Big Spring Creek is higher in sodium and lower in calcium than the Williamson 
River near Sheep Creek. There are no data for the third important source of water, 
precipitation. However, it is assumed that the concentration of sodium and calcium is low 
and that snow melt or rainfall dilutes the concentration of surface and ground water.  
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Table 9.13: Average concentration of sodium and calcium for Big Springs Creek and the 
Williamson River near Sheep Creek for water years 1978 and 1979. Data are from Perdue 
et al. (1981). Concentration is in µM.  

Site Cation WY 1978 WY 1979 
Na+1 295 274 Big Springs Creek 
Ca+2 74 73 
Na+1 215 199 Williamson River 

near Sheep Creek Ca+2 160 143 
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Figure 9.35: Concentration of sodium ([Na]) and calcium [Ca] plotted against time for the 
Klamath Marsh at Silver Lake Highway. Sampling dates are indicated on the [Na] curve. 
Concentrations are in µM. Data are from Perdue et al. (1981). 
 
 The location of the sampling site for Klamath Marsh is near the eastern edge of 
the marsh in an area expected to experience inflow from the Williamson River 
downstream from where it enters the marsh at Military Crossing. The distinct high 
concentrations for sodium and to a lesser extent calcium takes place in the middle of May 
after peak water levels in the marsh have been attained. This peak is followed within a 
month by a dramatic decline in concentration, particularly noted in the sodium 
concentration. The timing of this concentration low is about the same time as flow ceases 
at the Williamson River near Klamath Agency (gage #11493500). After the low 
concentration is attained in the early summer, concentration slowly increases through the 
growing season. The concentrations of sodium and calcium are near those of Big Springs 
Creek during this time.  



 63 

 Water leaves Klamath Marsh through the Williamson River in a distinct channel 
and flows through low lying topography until near Kirk where it flows over the bedrock 
high that controls the upstream water level. As indicated in the earlier discussion on Big 
Springs and Big Springs Creek, flowing wells and springs are not common in this reach. 
Figure 9.36 is a plot of the sodium and calcium concentrations for samples collected near 
Kirk. The gaps in the sample record indicate times of no flow at this site. The highest 
concentrations in sodium are detected immediately after resumption of flow (flow started 
26-October-1977 and sampling took place 12-November-1977; flow started 5-December-
1978 and sampling took place 17-December-1978). The high concentrations likely reflect 
evaporative concentration within Klamath Marsh and particularly below Klamath Marsh 
in the channelized portion of the river where dilution from ground water is likely to be 
small. In the 1979 water year the concentration low for sodium and calcium takes place 
by the 13-January-1979 sampling date both in Klamath Marsh and the Williamson River 
near Kirk. The concentration of both elements steadily rise through the winter and spring 
months but reaches the highest concentration in Klamath Marsh before it is reached in the 
Williamson River near Kirk. The highest concentration in the Williamson River near 
Kirk was detected the same date the abrupt concentration decline in Klamath Marsh 
occurred.   
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Figure 9.36: Concentration of sodium ([Na]) and calcium [Ca] plotted against time for the 
Williamson River near Kirk and the Williamson River near Klamath Agency gage 
(#11493500). Sampling dates are indicated on the [Na] curve. Concentrations are in µM. 
Data are from Perdue et al. (1981). 
 
 The concentration of sodium and calcium in the Klamath Marsh and the 
Williamson River downstream from Klamath Marsh appears to be controlled by the 
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composition of ground water from the Cascade Range as represented by Big Springs 
Creek. However, in Klamath Marsh, periodic dominance by the Williamson River 
entering the marsh at Military Crossing takes place, particularly in winter months. A 
similar pattern was hypothesized from oxygen and hydrogen isotopic data (Table 9.10). 
This may reflect periodic warm and cold spells that increase and decrease discharge on 
the river entering the marsh. The high concentration peaks in Klamath Marsh in May 
after the peak discharge from the marsh has taken place are believed to reflect biological 
processes in the marsh as the growing season begins. The abrupt decline in mid June to 
concentrations similar to ground water entering the marsh from the Cascade Range may 
indicate this water source dominates the composition of the marsh in early summer.  
 
 The hydrochemical data of Perdue et al. (1981) provide important insight into the 
sources of water that dominate Klamath Marsh at different times of year. The sodium and 
calcium concentration data confirm the important role of ground water from the Cascade 
Range and the limited seasonal impact of the Williamson River, particularly in the 
eastern marsh. The source and volume of water entering Klamath Marsh, biological 
processes associated with the growing season, evapotranspiration, and the time of year all 
impact the hydrochemistry of Klamath Marsh and the Williamson River downstream 
from the marsh.  
 

9.7: Estimate of Ground Water Discharge to Klamath Marsh for part of 
water year 2002 

 In 2006, James completed a study based on observations made during the late 
summer to early autumn months of 2002 when there was no discharge from Klamath 
Marsh at the U.S. Geological Survey gage on the Williamson River near Klamath 
Agency (#11493500). The estimate also utilized data compiled by Melady (2002) during 
the period from spring 2000 to fall 2001. The objective of the analysis was to estimate the 
volume of ground water discharging through Klamath Marsh from the Cascade Range.  
 

A water balance for Klamath Marsh based on estimated input and output volumes 
and changes in storage within the system was calculated using the following relation: 

 
Equation 9.1  (P + GWin + Qin) – (ET + GWout + Qout) = ∆S 
 
Where P is precipitation, GWin is ground water flowing into the system, Qin is stream 
flow flowing into the system, ET is evapotranspiration, GWout is ground water leaving the 
system, Qout is stream flow out of the system, and ∆S is the change in storage (Dingman, 
1994; Fetter, 1994).  
 

Several simplifications to the general model for Klamath Marsh are possible. 
These include: 

1) The growing season (June to September) is characterized by minimum 
precipitation (P) and maximum evapotranspiration (ET); 

2) When discharge at the U.S. Geological Survey gage at William River 
near Klamath Agency (#11493500) ceases (Qout), evapotranspiration 
(ET) dominates discharge from Klamath Marsh. 
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3) Surface water entering the marsh is through the Williamson River and 
is estimated from discharge measured at Military Crossing (Qin). Big 
Springs Creek and Cow Creek are viewed as ground water input rather 
than surface water input. 

4) Hydrogeologic properties of bedrock and unconsolidated deposits limit 
ground water input (GWin) to the marsh other than from the main 
source, the Cascade Range.  

5) No significant loss due to ground water leaving the basin (GWout) 
affects the water balance for the marsh. 

By making these assumptions the water balance for the marsh simplified to: 
 
Equation 9.2    GWin + Qin – ET = ∆S 
 
Ground water entering the marsh (GWin) is viewed as solely sourced from the Cascade 
Range. The flow path is believed to lie primarily within pumice beds of the pyroclastic- 
fall deposits, but is also likely within the basalt lava flows and interfingering medium to 
coarse-grained, poorly consolidated sedimentary rocks that underlie Klamath Marsh.  
 
 Even though the water balance can be simplified considerably, some variables are 
not well known and difficult to constrain. These include: 1) The definition and location of 
the western edge of Klamath Marsh as the growing season progresses significantly 
impacts the surface area of the marsh; 2) The rate of flow within pyroclastic deposits 
relative to flow in channels and through the marsh impacts estimates of the volume of 
water entering the marsh as surface and ground water at Military Crossing; and 3) The 
appropriate representation of evapotranspiration in areas of different hydrologic regime 
and availability of reliable evapotranspiration data impacts estimates of the volume of 
water lost by this process.  

 
 Although the annual change in storage in Klamath Marsh is negligible, water 

level changes during summer after discharge from the marsh ceases varies significantly 
and impacts storage during the summer and fall. Figure 9.18 illustrates the fluctuation in 
water levels in Klamath Marsh measured from bridges on Silver Lake Highway. Once 
discharge from the marsh ceases, water levels continue to decline as losses to 
evapotranspiration are greater than the inflows from precipitation, ground water, and 
stream flow. As the growth cycle of plants reaches maturity and vegetation is impacted 
by early frost, evapotranspiration losses become less than combined inflows and water 
level rises without increase in surface inflow or precipitation. From 21-August to 10- 
October-2002, the period used by James (2006) for her estimate of ground water 
discharge to Klamath Marsh, water levels began to rise in mid September without 
precipitation.  

 
The change in storage in the marsh is reflected by fluctuations of water level 

measured periodically at three locations: Silver Lake Highway – east bridge, Silver Lake 
Highway – west bridge, and Williamson River bridge - Military Crossing Road, Klamath 
County Road 677. At each site, the distance from a fixed point on each bridge to the 
water surface was determined. The Williamson River bridge – Military Crossing marks 
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the northern entry point into the Klamath Marsh for surface water from the upper reaches 
of the Williamson River. Instantaneous discharge measured at this site is Qin for the water 
balance calculation (Equation 9.2). The bridges at Silver Lake Highway lie within 
Klamath Marsh and provide information on water levels within the marsh. These data 
reflect changes in storage in the marsh during the year. When water levels drop below    
9.32 to 9.41 feet from the east bridge and 8.00 to 8.04 feet from the west bridge, flow 
ceases at U.S. Geological Survey gage #11493500 on the Williamson River near Klamath 
Agency. Data for these three sites are presented in Figure 9.37 for the period 29 March 
2003 to 25 November 2006. The level of the water surface at the Williamson River 
bridge - Military Crossing Road, Klamath County Road 677, changes less than the water 
surface changes within the marsh as measured at Silver Lake Highway (Fig. 9.37).    
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Figure 9.37: Change in distance between an arbitrary point on bridges to the water 
surface at the east bridge Military Crossing, west and east bridges on Silver Lake 
Highway. 
 

The link between water levels as measured at the bridges on Silver Lake Highway 
and the aerial distribution of water in the marsh is poorly constrained. Although the 
boundary of the marsh is locally controlled by bedrock on the east, south, and north, the 
western boundary is not. The extremely low gradient in the surface slope near the marsh 
(approximately 1.3 ft per mile) suggests that the annual fluctuation in water levels 
measured in the marsh (~ 3 feet) may be associated with migration of the boundary by as 
much as 2.1 to 2.3 miles. As a result, the surface area estimate of the marsh introduces 
substantial uncertainty in the calculation of the water budget. James (2006) used a marsh 
area of 62 km2 in her calculations based on data provided by Winema National Forest 
(Winema, 2005). She also performed the calculation assuming different surface areas for 
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the marsh to assess the sensitivity of the ground water discharge estimate to this 
parameter. 
  

Evapotranspiration is a major contributor to water loss from Klamath Marsh and 
throughout the Klamath Basin (Janssen, 2006). Evapotranspiration calculations using 
different methods are available for Klamath Marsh for different years. Estimates are 
available for Sagebrush Point (Bidlake, 1997), Wocus Bay (Bidlake and Payne, 1998) 
and Skellock Draw (Melady, 2002; James, 2006) (Fig. 9.38).  

 
Figure 9.38: Locations of evapotranspiration calculation sites at Sagebrush Point 
(Bidlake, 1997), Wocus Bay (Bidlake and Payne,1998), and Skellock Draw (Melady, 
2002; James, 2006). 
 

 Bidlake (1997) determined evapotranspiration at Sagebrush Point for May – 
October 1996 and Bidlake and Payne (1998) determined it at Wocus Bay for May – 
October 1997. Bidlake (1997) and Bidlake and Payne (1998) used an empirical model 
based on the Priestley-Taylor equation to simulate daily mean growing-season 
evapotranspiration on the basis of daily minimum and maximum air temperature. 

  
Melady (2002) and James (2006) installed a Davis Instruments Groweather weather 

station in Skellock Draw (Fig. 9.38) (section 7, T. 31 S., R. 10 E.; UTM 616994 E 
4750024 N). From 13-June to 21-October-2000 (Melady, 2002) and from 21-August to 
12-October-2002 (James, 2006) hourly values for air temperature, precipitation, wind 
speed, relative humidity, barometric pressure, and solar radiation were recorded. The 
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Skellock Draw site is in an open meadow surrounded by lodgpole pine forest and 
approximately 4 to 5 miles east of Klamath Marsh and approximately 8.4 miles from the 
Sagebrush Point and 6 miles from the Wocus Bay sites. Melady (2002) applied the 
modified Penman equation to his data and James (2006) applied the Penman-Monteith 
hourly reference evapotranspiration equations to her data (American Society of Civil 
Engineers,Walter et al., 2000; Food and Agricultural Organization of the United States, 
Allen, 2000).  

 
Although significant parts of Klamath Marsh approximate conditions of a well-

water surface, prerequisite for the calculation approaches, these conditions are not met 
everywhere. The marsh includes areas of palustrine aquatic bed where open water 
evaporation dominates (e.g. Wocus Bay), as well as areas of palustrine emergent wetland 
non-persistent and palustrine emergent wetland persistent (Cowardine et al., 1992). 
Janssen (2006) determined the open-water evaporation rate using the energy budget 
method from Upper Klamath Lake between 7-June-2003 and 30-September-2003 at 0.18 
inches/day (4.5 mm d-1, range -0.8 mm d-1 to 10.2 mm d-1, total loss of  20.7 inches (525 
mm) over the time period). In addition, the surface area where well-watered surface 
conditions apply changes as water levels in the marsh decline. The error introduced by 
this change may be substantial. Cuenca et al. (2005) demonstrated an increase in 
evaporative flux rates that reached 40 percent difference at the end of the growing season 
for irrigated (well-watered surface) relative to un-irrigated pasture in the Wood River 
basin.  

 
The results of Bidlake (1997), Bidlake and Payne (1998) and Melady (2002) are 

presented in Table 9.14. Direct comparison of these data should be avoided. They are 
provided here to indicate the range of evapotranspiration rates that may be expected at 
Klamath Marsh. Melady (2002) compared the average temperature from May – October 
at Chemult, Oregon during 1996, 1997, and 2000 and found that air temperature was 
lowest in 2000 (10.8° C) and the highest in 1997 (11.2° C). Average temperature at 
Chemult from 1948 – 2001 was 11.6° C, which is 0.8° C (2000) to 0.4° C (1997) higher 
than average temperature during the three studies. This may indicate that 
evapotranspiration during 1996, 1997, 2000 are below average due to the relationship 
between temperature and evapotranspiration.   

 
Table 9.14: Monthly average of daily evapotranspiration in millimeters per day at 
Sagebrush Point and Wocus Bay from Bidlake (1997), and Bidlake and Payne (1998), 
and Skellock Draw from Melady (2002). (N.C. = not calculated, instrumentation was not 
installed until mid-June, 2000). 

Month 
(1996) 

Sagebrush 
Point 

Wocus 
Bay 

Month 
(1997) 

Wocus 
Bay 

Month 
(2000) 

Skellock 
Draw 

May 3.1 4.0 May 6.6 May N.C. 
June 4.8 5.9 June 6.6 June  5.7 
July 5.7 5.7 July 6.6 July 4.8 

August 5.0 4.0 August 5.9 August 4.7 
September 2.8 1.8 September 3.1 September 3.1 
October 1.2 0.6 October 0.9 October 1.9 
Total 69.3 cm 67.4 cm  91.1 cm  52.1 cm 
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 James (2006) estimated the daily ground water inflow to Klamath Marsh from 22 
August to 12 October 2002 at ~250 acre-feet (3.1 x 105 m3) and suggested annual ground 
water inflow volume of ~92,500 acre-feet (1.1 x 108 m3). Varying parameters for 
evapotranspiration and surface area suggests annual volumes from ~47,800 (5.9 x 107 m3) 
to ~92,500 acre-feet (1.1 x 108 m3).    
 

9.8: Summary 
 Klamath Marsh and the lower elevation landscape of the Williamson River basin 
are important discharge areas for the hydrologic system within the basin. The following 
items summarize important relations in this part of the system. 

• The bedrock geology in lower elevations areas surrounding Klamath Marsh is 
characterized by diverse suites of volcanic and sedimentary rocks deposited 
between about 5.0 and 3.5 Ma.  

• Approximately 3.5 Ma the Wildhorse Ridge-Military Crossing fault zone became 
active and separates strata that are relatively un-faulted to the east from strata to 
the west that are cut by north and north-northwest striking faults. Between about 
3.5 and 2.0 Ma regional drainage systems experienced significant reorganization. 
East of the fault zone capture of the headwaters of the Williamson River took 
place as erosion produced small canyons and inverted topography developed 
where lava flows had been deposited in old stream valleys. West of the fault zone, 
streams cut through evolving fault blocks as the drainage system became 
superimposed on the landscape.  

• Starting approximately 2.0 Ma, sedimentation took place west of the Wildhorse 
Ridge-Military Crossing fault zone as faulting produced accommodation space. 
River systems transporting medium- to coarse-grained sediment dominated the 
landscape. Local, thin, low viscosity olivine basalt lava flows and cinder cones 
erupted within the sedimentary-dominated basin as well as onto erosion surfaces 
cut into older rocks east of the fault zone and south of modern Klamath Marsh. 

• Faulting continued during sedimentation and it is likely that thickness of the 
sedimentary deposits beneath Klamath Marsh is variable and cut by faults. 

• The Wildhorse Ridge-Military Crossing fault zone has experienced movement 
during the Holocene as indicated by displacement of pyroclastic deposits of 
Mount Mazama. The fault zone locally marks the eastern edge of the Cascades 
neotectonic zone. 

• Bedrock units in the 5 to 3.5 million year range are characterized by relatively 
lower permeability while bedrock units deposited between approximately 2.0 and 
1.1 Ma are characterized by relatively higher permeability. Several high-yield 
wells are completed in the sedimentary-dominated section west of the Wildhorse 
Ridge-Military Crossing fault zone. 

• The Plinian phase of the eruption of Mount Mazama to form the Crater Lake 
caldera blanketed the Williamson River basin with pumice that ranges from 4 to 
15 feet thick. The ring-vent phase of the eruption inundated valleys from near the 
Wildhorse Ridge-Military Crossing fault zone to the Cascade Range with 
pyroclastic-flow deposits that range from 0 to ~70 feet thick. 

• Streams that flow into Klamath Marsh from hills surrounding the marsh are 
characterized by infrequent surface flow (e.g. Skellock, Yoss) or seasonal flow 
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(e.g. Hog). However, several feet of pumice within paleo-valleys of the pre-
Mount Mazama landscape may remain saturated, particularly where bedrock units 
are of relatively low permeability. 

• The hydrology of Klamath Marsh is dominated by ground water discharge from 
the Cascade Range recharge area. Big Springs Creek and Cow Creek are 
important areas of ground water discharge. Ground water discharge is sensitive to 
climate. 

• Ground water discharge to Klamath Marsh takes place near the edge of 
pyroclastic-flow deposits from the ring-vent phase of the eruption of Mount 
Mazama, particularly where the eastern lobe of the lower pumice unit is thick. 
This is also an area of flowing wells and abundant springs. The presence of 
Klamath Marsh is due to post-eruption movement on the Wildhorse Ridge-
Military Crossing fault zone. 

• The pumice deposits from the Plinian phase of the eruption of Mount Mazama are 
the dominant aquifer for ground water to move between the Cascade Range and 
Klamath Marsh. Sedimentary deposits beneath the pumice deposits are also 
important aquifers, but are probably more important for discharge of the ground 
water system through Spring Creek. 

• Discharge on the Williamson River downstream from Klamath Marsh is seasonal. 
Highest discharge takes place during melting of snow from the marsh and the 
lower elevation areas surrounding the marsh. Discharge decreases from the marsh 
even as input to the marsh from upstream sources that lie to the east (upstream 
from Military Crossing) increase (May) and discharge from the Cascade Range 
increases (June). The Williamson River dries up near Kirk during most years. 
Periods of no flow can last up to 250 days or more.  

• Ground water enters the Williamson River canyon along contacts between lava 
flows and older sedimentary rocks. The ground water discharge in this reach is 
approximately 18-20 cfs during drought years and may be 30 to 35 cfs during less 
droughty years. The ground water entering the canyon is believed to be part of the 
system that discharges to Spring Creek. 

• Spring Creek is an important point of discharge for the Williamson River ground 
water system. During periods of drought, hydrogeochemistry suggests tapping of 
deeper ground water sources may take place. 

• Oxygen and hydrogen isotopic ratios indicate surface and ground waters from the 
eastern part of the basin are distinct from surface and ground waters from the 
Cascade Range. Isotopic data are potentially a valuable tool for defining flow 
paths and mixing of waters of different sources within the basin. 

• Hydrogeochemistry of surface and ground waters from the eastern basin are 
distinct from surface and ground waters from the Cascade Range. 
Hydrogeochemistry allows several sources of water to be defined and delimits 
processes active within the basin. However, hydrogeochemical studies are likely 
to be most successful when conducted over a period of years due to seasonal and 
inter-annual changes that take place within the system. 
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Summary of the Analysis 
 
 For 40Ar/39Ar analysis, samples were submitted to the Geochronology laboratory at UAF.  
The samples were crushed and sieved to the 0.5 – 1.0 mm size fraction and then washed in 
deionized water.  Whole rock chips were chosen for irradiation.  Care was taken to select chips 
that were phenocryst poor so as to better reflect the “whole rock”.   Samples and standards were 
wrapped in aluminum foil and placed within an aluminum can of 2.5 cm diameter and 6 cm 
height. Standard monitor minerals were used to monitor the neutron flux. The samples were 
irradiated in position 5c of the uranium enriched research reactor of McMaster University in 
Hamilton, Ontario, Canada for 15 minutes.   
 Upon their return from the reactor, the sample and monitors were loaded into 2 mm 
diameter holes in a copper tray which was then loaded in a ultra-high vacuum extraction line.  
The monitor mineral TCR-2 with an age of 27.87 Ma was used.  The monitors were fused, and 
samples heated in 7 steps, using a 6 watt argon-ion laser following the technique described in 
York et al. (1981) and Layer et al. (1987).  Argon purification was achieved using a liquid 
nitrogen cold trap and a SAES Zr-Al getter at 400C.  The argon isotopes were then analyzed in a 
VG-3600 mass spectrometer at the Geophysical Institute, University of Alaska Fairbanks. The 
argon isotopes measured were corrected for system blank and mass discrimination, as well as 
calcium, potassium and chlorine interference reactions following procedures outlined in 
McDougall and Harrision (1999).  

For each sample, multiple (4-5) step-heat runs were done.  This allowed us to assess the 
homogeneity of each sample.  Isochron analysis from each sample did not indicate the presence 
of excess argon, so we feel that plateau ages best reflects the eruption age of these volcanics.  
Plateau ages from each sample were determined from 3 or more consecutive fractions whose 
ages are within 2 sigma of each other (MSWD generally less than ~2) and total more than 50% 
of gas release. Ca/K ratios and the precision of the individual fractions were also considered 
when choosing plateau fractions.  These plateau ages were then averaged together to produce a 
weighted mean age, which we take to be the “best” age for each sample.  The detailed analyses 
are given in Appendix 1 (attached tables and figures) while a summary of all the 40Ar/39Ar results 
is given in Table 1 and Figure 1, with all ages quoted to the +/- 1 sigma level and calculated 
using the constants of Steiger and Jaeger (1977).  
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Table 1 
Run # Integrated Age (Ma) Plateau Age (Ma) Plateau information 
FUE32SR7ES27          Basaltic Andesite 

1 1.02 ± 0.17 0.99 ± 0.16 5 fractions, 97% 39Ar release, MSWD = 1.1 
2 -0.90 ± 1.86 0.77 ± 0.18 3 fractions, 77% 39Ar release, MSWD = 0.6 
3 0.69 ± 0.22 0.67 ± 0.16 4 fractions, 90% 39Ar release, MSWD = 1.1 
4 0.85 ± 0.15 0.82 ± 0.12 5 fractions, 96% 39Ar release, MSWD = 0.7 

Weighted average of plateau ages:    0.82 ± 0.07 Ma              N = 4,   MSWD = 0.7 
 
FUE32SR8ES34          Andesite 

1 1.91 ± 0.05 1.78 ± 0.04 3 fractions, 70% 39Ar release, MSWD = 0.4 
2 1.34 ± 0.08 1.50 ± 0.07 4 fractions, 81% 39Ar release, MSWD = 0.2 
3 1.52 ± 0.10 1.56 ± 0.09 4 fractions, 86% 39Ar release, MSWD = 1.2 
4 1.73 ± 0.05 1.76 ± 0.06 6 fractions, 93% 39Ar release, MSWD = 0.4 
5 1.73 ± 0.16 1.73 ± 0.16 6 fractions, 100% 39Ar release, MSWD = 0.8 

Weighted average of plateau ages:    1.71 ± 0.06 Ma              N = 5,   MSWD = 3.9 
 
JCF29SR10ES34          Basalt 

1 3.71 ± 0.31 3.71 ± 0.31 7 fractions, 100% 39Ar release, MSWD = 0.2 
2 4.01 ± 0.19 3.84 ± 0.19 5 fractions, 80% 39Ar release, MSWD = 1.0 
3 3.46 ± 0.23 3.46 ± 0.23 7 fractions, 100% 39Ar release, MSWD = 0.4 
4 3.34 ± 0.23 3.49 ± 0.26 4 fractions, 74% 39Ar release, MSWD = 0.9 
5 3.51 ± 0.21 3.54 ± 0.22 4 fractions, 75% 39Ar release, MSWD = 0.9 

Weighted average of plateau ages:    3.63 ± 0.10 Ma              N = 5,   MSWD = 0.6 
 
MXR31SR9ES3         Trachydacite or trachybasalt 

1 3.85 ± 0.13 3.85 ± 0.13 7 fractions, 100% 39Ar release, MSWD = 0.1 
2 4.31 ± 0.12 4.20 ± 0.12 6 fractions, 98% 39Ar release, MSWD = 0.4 
3 3.93 ± 0.12 3.88 ± 0.12 5 fractions, 89% 39Ar release, MSWD = 0.9 
4 2.90 ± 1.16 3.89 ± 0.09 6 fractions, 100% 39Ar release, MSWD = 1.5 
5 4.08 ± 0.24 4.08 ± 0.24 6 fractions, 100% 39Ar release, MSWD = 0.2 

Weighted average of plateau ages:    3.95 ± 0.07 Ma              N = 5,   MSWD = 1.5 
 
MXR31SR9ES9          Trachydacite or trachybasalt 

1 3.58 ± 0.08 3.64 ± 0.07 5 fractions, 90% 39Ar release, MSWD = 2.1 
2 3.36 ± 0.15 3.58 ± 0.10 4 fractions, 83% 39Ar release, MSWD = 3.4 
3 3.58 ± 0.08 3.71 ± 0.08 3 fractions, 81% 39Ar release, MSWD = 3.0 
4 3.85 ± 0.18 3.85 ± 0.18 7 fractions, 100% 39Ar release, MSWD = 0.9 

Weighted average of plateau ages:    3.66 ± 0.05 Ma              N = 4,   MSWD = 0.7 
 
RB29SR9ES28             Basalt 

1 -0.56 ± 6.83 4.68 ± 1.50 5 fractions, 80% 39Ar release, MSWD = 1.2 
2 4.38 ± 1.50 4.23 ± 1.38 4 fractions, 79% 39Ar release, MSWD = 0.4 
3 2.36 ± 1.49 4.69 ± 1.37 3 fractions, 63% 39Ar release, MSWD = 0.1 
4 6.46 ± 1.38 5.94 ± 1.26 4 fractions, 77% 39Ar release, MSWD = 0.5 

Weighted average of plateau ages:    4.94 ± 0.68 Ma              N = 4,   MSWD = 0.3 
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Figure 1:  Graphical representation of the replicate ages for the 6 samples.  Samples are 
presented in the same order as on table 1.  The mean age and ±1 sigma error bar are shown. 
 
 
Comments: 
 
Most samples showed remarkable within sample consistency.  The exception may be sample 
FUE32SR8ES34 which shows a bit more scatter in the plateau ages than would be expected from 
random error.  This may be due to sample heterogeneity; perhaps excess argon in sample 1.  The 
basalt samples have low potassium contents and hence are less precise.  This is especially true 
for sample RB29SR9ES28 which has Ca/K ratios greater than 60 and small amounts of 
radiogenic argon.  We do not have as much confidence in the quality of the age for that sample. 
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Appendix 1 Irradiation parameter (J) for all samples = 0.00006398 +/- 0.00000042
FUE32SR7ES27 Whole Rock #1

Laser Power Cumulative 40Ar/39Ar +/- 37Ar/39Ar +/- 36Ar/39Ar +/- % Atm. Ca/K +/- Cl/K +/- 40*/39K +/- Age +/-
(mW) 39Ar measured  measured  measured  40Ar       (Ma) (Ma) 
300 0.2229 319.12 6.64 0.335 0.013 1.066 0.024 98.7 0.62 0.02 0.0284 0.0019 4.15 3.09 0.48 0.36
600 0.6013 230.79 2.49 0.981 0.013 0.753 0.011 96.4 1.80 0.02 0.0299 0.0014 8.22 2.27 0.95 0.26
900 0.8174 235.75 3.74 2.693 0.045 0.758 0.015 94.9 4.95 0.08 0.0271 0.0022 11.94 2.45 1.38 0.28
1400 0.9350 275.15 8.31 5.584 0.171 0.896 0.030 96.0 10.28 0.32 0.0271 0.0037 10.95 4.07 1.26 0.47
2000 0.9716 511.07 50.72 8.042 0.801 1.692 0.173 97.7 14.83 1.48 0.0392 0.0160 11.69 11.95 1.35 1.38
3500 0.9915 1322.87 227.53 9.616 1.658 4.397 0.760 98.2 17.76 3.08 0.0513 0.0208 24.39 22.22 2.81 2.56
9000 1.0000 1283.34 561.64 30.903 13.532 4.301 1.891 98.9 57.87 25.86 0.0164 0.0493 15.02 56.79 1.73 6.55

Integrated  297.97 3.01 2.440 0.026 0.979 0.011 97.0 4.48 0.05 0.0293 0.0012 8.94 1.53 1.03 0.18

FUE32SR7ES27 Whole Rock #2
Laser Power Cumulative 40Ar/39Ar +/- 37Ar/39Ar +/- 36Ar/39Ar +/- % Atm. Ca/K +/- Cl/K +/- 40*/39K +/- Age +/-

(mW) 39Ar measured  measured  measured  40Ar       (Ma) (Ma) 
300 0.1768 312.56 4.24 0.474 0.019 1.042 0.017 98.6 0.87 0.04 0.0317 0.0026 4.51 3.01 0.52 0.35
600 0.5326 226.63 1.56 0.833 0.008 0.747 0.008 97.4 1.53 0.02 0.0305 0.0010 5.86 1.67 0.68 0.19
900 0.7678 245.49 3.47 2.265 0.049 0.799 0.017 96.2 4.16 0.09 0.0261 0.0031 9.41 3.74 1.09 0.43
1400 0.9249 282.52 53.56 4.205 0.829 1.185 0.278 123.8 7.74 1.53 0.0553 0.0425 -67.48 50.17 -7.81 5.82
2000 0.9440 1391.48 1598.76 20.314 23.832 6.738 7.750 143.0 37.77 44.91 -14.8557 22.4271 -606.00 713.69 -71.34 85.71
3500 0.9917 844.78 343.76 1.885 2.218 2.327 1.374 81.4 3.46 4.08 0.1768 0.2647 157.46 301.56 18.09 34.46
9000 1.0000 2788.66 3102.20 32.109 35.730 8.764 9.753 92.8 60.17 68.39 0.1062 0.1434 205.68 249.17 23.59 28.39

Integrated  328.66 14.22 2.328 0.174 1.139 0.074 102.4 4.28 0.32 -0.2436 0.2789 -7.88 16.19 -0.91 1.87

FUE32SR7ES27 Whole Rock #3
Laser Power Cumulative 40Ar/39Ar +/- 37Ar/39Ar +/- 36Ar/39Ar +/- % Atm. Ca/K +/- Cl/K +/- 40*/39K +/- Age +/-

(mW) 39Ar measured  measured  measured  40Ar       (Ma) (Ma) 
300 0.0945 184.18 2.43 0.488 0.021 0.595 0.015 95.5 0.90 0.04 0.0314 0.0030 8.23 3.70 0.95 0.43
600 0.4233 127.43 1.05 0.658 0.010 0.418 0.006 96.8 1.21 0.02 0.0292 0.0013 4.02 1.53 0.46 0.18
900 0.7120 109.17 0.91 1.599 0.024 0.355 0.006 95.9 2.94 0.04 0.0303 0.0016 4.46 1.46 0.51 0.17
1400 0.9013 93.48 1.42 3.822 0.066 0.284 0.018 89.4 7.03 0.12 0.0277 0.0040 9.96 5.25 1.15 0.61
2000 0.9590 92.39 2.33 8.211 0.209 0.296 0.038 94.2 15.15 0.39 0.0563 0.0219 5.41 10.95 0.62 1.26
3500 0.9899 110.18 12.75 8.264 0.958 0.356 0.131 94.9 15.25 1.78 0.0476 0.0336 5.69 37.01 0.66 4.27
9000 1.0000 135.94 24.60 27.717 5.058 0.392 0.209 83.8 51.79 9.62 0.0412 0.1196 22.44 59.19 2.59 6.82

Integrated  118.61 0.76 2.465 0.020 0.382 0.007 95.0 4.53 0.04 0.0317 0.0023 5.99 1.90 0.69 0.22



James03 2

FUE32SR7ES27 Whole Rock #4
Laser Power Cumulative 40Ar/39Ar +/- 37Ar/39Ar +/- 36Ar/39Ar +/- % Atm. Ca/K +/- Cl/K +/- 40*/39K +/- Age +/-

(mW) 39Ar measured  measured  measured  40Ar       (Ma) (Ma) 
300 0.0688 298.52 7.16 1.921 0.059 0.999 0.031 98.9 3.53 0.11 0.0256 0.0055 3.40 5.61 0.39 0.65
600 0.3302 180.61 1.22 0.988 0.011 0.593 0.008 96.9 1.81 0.02 0.0299 0.0014 5.52 2.20 0.64 0.25
900 0.7003 151.64 0.96 1.379 0.015 0.487 0.004 94.9 2.53 0.03 0.0296 0.0008 7.81 0.82 0.90 0.09
1400 0.8981 166.06 1.94 3.541 0.052 0.530 0.010 94.2 6.51 0.10 0.0301 0.0023 9.60 2.50 1.11 0.29
2000 0.9574 359.48 14.00 6.764 0.272 1.197 0.051 98.3 12.47 0.50 0.0320 0.0049 6.23 5.83 0.72 0.67
3000 0.9830 935.93 61.25 7.984 0.536 3.084 0.211 97.3 14.73 0.99 0.0388 0.0106 25.38 18.60 2.93 2.14
9000 1.0000 660.84 74.85 20.262 2.309 2.260 0.292 100.8 37.67 4.35 0.0632 0.0225 -5.68 41.98 -0.66 4.85

Integrated  213.43 1.14 2.557 0.017 0.698 0.006 96.5 4.70 0.03 0.0305 0.0009 7.39 1.29 0.85 0.15

FUE32SR8ES34 Whole Rock #1
Laser Power Cumulative 40Ar/39Ar +/- 37Ar/39Ar +/- 36Ar/39Ar +/- % Atm. Ca/K +/- Cl/K +/- 40*/39K +/- Age +/-

(mW) 39Ar measured  measured  measured  40Ar       (Ma) (Ma) 
300 0.0728 117.08 2.47 0.244 0.010 0.344 0.010 86.8 0.45 0.02 0.0329 0.0016 15.51 1.87 1.79 0.22
600 0.3984 65.77 0.27 0.303 0.002 0.171 0.002 77.0 0.56 0.00 0.0311 0.0004 15.15 0.45 1.75 0.05
900 0.7037 56.24 0.31 0.591 0.004 0.137 0.002 72.1 1.09 0.01 0.0314 0.0005 15.71 0.45 1.81 0.05
1400 0.8639 54.99 0.47 1.359 0.013 0.127 0.003 68.2 2.50 0.02 0.0340 0.0007 17.51 0.85 2.02 0.10
2000 0.9321 59.91 0.92 2.832 0.045 0.138 0.006 67.7 5.21 0.08 0.0506 0.0014 19.39 1.55 2.24 0.18
3500 0.9712 95.52 2.74 5.595 0.162 0.241 0.015 74.0 10.30 0.30 0.0652 0.0038 24.88 4.04 2.87 0.47
9000 1.0000 75.53 3.58 8.988 0.427 0.190 0.024 73.3 16.59 0.79 0.0458 0.0042 20.24 6.60 2.34 0.76

Integrated  65.92 0.24 1.187 0.005 0.167 0.001 74.9 2.18 0.01 0.0349 0.0003 16.54 0.39 1.91 0.05

FUE32SR8ES34 Whole Rock #2
Laser Power Cumulative 40Ar/39Ar +/- 37Ar/39Ar +/- 36Ar/39Ar +/- % Atm. Ca/K +/- Cl/K +/- 40*/39K +/- Age +/-

(mW) 39Ar measured  measured  measured  40Ar       (Ma) (Ma) 
300 0.1066 99.35 1.15 0.333 0.015 0.295 0.007 87.8 0.61 0.03 0.0316 0.0018 12.11 1.70 1.40 0.20
600 0.4171 53.19 0.33 0.321 0.005 0.135 0.003 75.0 0.59 0.01 0.0309 0.0007 13.27 0.79 1.53 0.09
900 0.6397 45.84 0.28 0.622 0.008 0.110 0.003 70.8 1.14 0.01 0.0324 0.0012 13.40 0.97 1.55 0.11
1400 0.8145 45.69 0.64 1.241 0.023 0.113 0.007 72.8 2.28 0.04 0.0359 0.0024 12.45 1.92 1.44 0.22
2000 0.9009 48.53 0.50 2.361 0.029 0.136 0.009 82.3 4.34 0.05 0.0469 0.0025 8.60 2.53 0.99 0.29
3500 0.9536 53.81 1.32 4.447 0.112 0.201 0.025 110.0 8.18 0.21 0.0574 0.0027 -5.41 7.26 -0.62 0.84
9000 1.0000 59.30 1.13 7.381 0.143 0.157 0.019 77.5 13.61 0.27 0.0464 0.0026 13.43 5.71 1.55 0.66

Integrated  55.07 0.22 1.273 0.007 0.147 0.002 78.9 2.34 0.01 0.0357 0.0007 11.65 0.72 1.34 0.08



James03 3

FUE32SR8ES34 Whole Rock #3
Laser Power Cumulative 40Ar/39Ar +/- 37Ar/39Ar +/- 36Ar/39Ar +/- % Atm. Ca/K +/- Cl/K +/- 40*/39K +/- Age +/-

(mW) 39Ar measured  measured  measured  40Ar       (Ma) (Ma) 
300 0.1668 184.70 1.67 0.348 0.012 0.584 0.009 93.4 0.64 0.02 0.0352 0.0015 12.22 2.16 1.41 0.25
600 0.5243 144.16 0.56 0.357 0.005 0.441 0.005 90.4 0.65 0.01 0.0322 0.0009 13.81 1.25 1.59 0.14
900 0.7352 178.18 2.25 0.761 0.021 0.551 0.008 91.4 1.40 0.04 0.0339 0.0021 15.33 1.14 1.77 0.13
1400 0.8589 298.67 3.61 1.564 0.025 0.972 0.015 96.1 2.87 0.05 0.0372 0.0017 11.52 2.56 1.33 0.30
2000 0.9208 752.08 22.85 2.698 0.088 2.552 0.081 100.2 4.96 0.16 0.0559 0.0038 -1.83 6.52 -0.21 0.75
3500 0.9582 1805.06 112.60 6.207 0.391 6.045 0.378 98.9 11.44 0.72 0.0601 0.0094 19.17 6.65 2.21 0.77
9000 1.0000 572.44 16.80 9.577 0.285 1.866 0.055 96.2 17.68 0.53 0.0455 0.0037 21.99 2.23 2.54 0.26

Integrated  295.12 1.44 1.342 0.009 0.954 0.005 95.5 2.46 0.02 0.0368 0.0008 13.16 0.85 1.52 0.10

FUE32SR8ES34 Whole Rock #4
Laser Power Cumulative 40Ar/39Ar +/- 37Ar/39Ar +/- 36Ar/39Ar +/- % Atm. Ca/K +/- Cl/K +/- 40*/39K +/- Age +/-

(mW) 39Ar measured  measured  measured  40Ar       (Ma) (Ma) 
300 0.0754 109.27 1.24 0.427 0.011 0.331 0.006 89.5 0.78 0.02 0.0317 0.0013 11.44 1.53 1.32 0.18
600 0.3833 65.01 0.42 0.293 0.006 0.170 0.004 77.4 0.54 0.01 0.0303 0.0006 14.66 1.14 1.69 0.13
900 0.6485 57.87 0.45 0.497 0.005 0.144 0.001 73.6 0.91 0.01 0.0304 0.0006 15.29 0.37 1.76 0.04
1400 0.8301 52.31 0.31 1.101 0.009 0.123 0.003 69.4 2.02 0.02 0.0386 0.0026 16.00 0.74 1.85 0.09
2000 0.9184 47.23 0.43 2.238 0.022 0.111 0.004 69.0 4.11 0.04 0.0432 0.0013 14.64 1.24 1.69 0.14
3500 0.9593 45.89 0.97 4.721 0.102 0.100 0.010 63.4 8.69 0.19 0.0619 0.0033 16.84 2.81 1.94 0.32
9000 1.0000 58.98 1.19 7.291 0.169 0.146 0.011 72.5 13.44 0.31 0.0455 0.0029 16.32 3.07 1.88 0.35

Integrated  61.55 0.22 1.143 0.006 0.158 0.002 75.7 2.10 0.01 0.0350 0.0006 14.98 0.45 1.73 0.05

FUE32SR8ES34 Whole Rock #5
Laser Power Cumulative 40Ar/39Ar +/- 37Ar/39Ar +/- 36Ar/39Ar +/- % Atm. Ca/K +/- Cl/K +/- 40*/39K +/- Age +/-

(mW) 39Ar measured  measured  measured  40Ar       (Ma) (Ma) 
300 0.2406 120.28 1.61 0.290 0.013 0.357 0.008 87.8 0.53 0.02 0.0316 0.0012 14.67 1.89 1.69 0.22
900 0.5204 74.36 0.68 0.676 0.009 0.198 0.007 78.7 1.24 0.02 0.0304 0.0018 15.85 1.98 1.83 0.23
1400 0.7132 79.92 0.71 1.256 0.017 0.234 0.010 86.4 2.31 0.03 0.0327 0.0016 10.90 2.83 1.26 0.33
2000 0.8091 157.03 9.78 2.240 0.148 0.451 0.038 84.8 4.12 0.27 0.0335 0.0108 23.91 7.77 2.76 0.90
3500 0.8851 203.96 4.69 3.476 0.091 0.656 0.031 94.9 6.39 0.17 0.0481 0.0030 10.37 8.04 1.20 0.93
9000 1.0000 92.08 2.34 5.235 0.136 0.259 0.016 82.9 9.64 0.25 0.0392 0.0056 15.82 4.31 1.82 0.50

Integrated  106.30 0.87 1.583 0.015 0.309 0.005 85.9 2.91 0.03 0.0338 0.0014 14.96 1.40 1.73 0.16



James03 4

JCF29SR10ES34 Whole Rock #1
Laser Power Cumulative 40Ar/39Ar +/- 37Ar/39Ar +/- 36Ar/39Ar +/- % Atm. Ca/K +/- Cl/K +/- 40*/39K +/- Age +/-

(mW) 39Ar measured  measured  measured  40Ar       (Ma) (Ma) 
300 0.1027 457.92 18.59 1.238 0.066 1.430 0.065 92.3 2.27 0.12 0.0423 0.0073 35.47 9.06 4.09 1.04
600 0.3302 224.81 5.46 3.178 0.088 0.651 0.026 85.5 5.84 0.16 0.0363 0.0073 32.72 6.09 3.77 0.70
900 0.5203 162.22 4.61 5.123 0.148 0.430 0.022 78.2 9.43 0.27 0.0352 0.0048 35.53 5.42 4.10 0.62
1400 0.6936 122.36 2.87 7.188 0.171 0.306 0.019 73.6 13.25 0.32 0.0160 0.0042 32.47 5.24 3.74 0.60
2000 0.8011 113.50 6.38 7.380 0.419 0.296 0.032 76.7 13.61 0.78 0.0225 0.0100 26.62 8.22 3.07 0.95
3500 0.8853 164.38 9.08 7.670 0.430 0.462 0.054 82.8 14.14 0.80 0.0633 0.0131 28.42 14.10 3.28 1.62
9000 1.0000 126.58 4.69 26.882 0.999 0.334 0.024 76.5 50.20 1.90 0.0642 0.0065 30.26 6.33 3.49 0.73

Integrated  190.56 2.48 7.627 0.101 0.538 0.011 83.2 14.06 0.19 0.0372 0.0027 32.19 2.72 3.71 0.31

JCF29SR10ES34 Whole Rock #2
Laser Power Cumulative 40Ar/39Ar +/- 37Ar/39Ar +/- 36Ar/39Ar +/- % Atm. Ca/K +/- Cl/K +/- 40*/39K +/- Age +/-

(mW) 39Ar measured  measured  measured  40Ar       (Ma) (Ma) 
300 0.0207 1937.25 220.78 1.643 0.222 6.443 0.739 98.3 3.02 0.41 0.0472 0.0205 33.62 25.10 3.88 2.89
600 0.1423 807.01 15.21 2.336 0.053 2.606 0.052 95.4 4.29 0.10 0.0398 0.0032 37.18 5.28 4.29 0.61
900 0.3125 384.35 5.17 3.861 0.058 1.187 0.020 91.2 7.10 0.11 0.0423 0.0028 33.99 3.73 3.92 0.43
1400 0.5577 235.24 1.96 5.731 0.054 0.701 0.011 87.9 10.55 0.10 0.0334 0.0014 28.68 2.72 3.31 0.31
2000 0.7278 225.96 3.87 7.497 0.133 0.648 0.015 84.5 13.82 0.25 0.0265 0.0020 35.28 2.97 4.07 0.34
3000 0.8249 324.14 7.99 7.691 0.193 0.980 0.029 89.2 14.18 0.36 0.0195 0.0044 35.22 4.82 4.06 0.56
9000 1.0000 287.55 5.77 18.583 0.375 0.837 0.022 85.6 34.52 0.70 0.0594 0.0032 41.98 4.27 4.84 0.49

Integrated  381.18 2.61 7.675 0.054 1.175 0.010 90.9 14.15 0.10 0.0380 0.0011 34.81 1.60 4.01 0.19

JCF29SR10ES34 Whole Rock #3
Laser Power Cumulative 40Ar/39Ar +/- 37Ar/39Ar +/- 36Ar/39Ar +/- % Atm. Ca/K +/- Cl/K +/- 40*/39K +/- Age +/-

(mW) 39Ar measured  measured  measured  40Ar       (Ma) (Ma) 
300 0.0452 245.54 18.10 1.917 0.179 0.710 0.069 85.3 3.52 0.33 0.0305 0.0178 36.03 13.62 4.15 1.57
600 0.2475 141.29 2.41 2.418 0.049 0.369 0.015 77.0 4.44 0.09 0.0376 0.0033 32.58 4.11 3.76 0.47
900 0.4514 107.21 1.83 3.782 0.074 0.259 0.015 71.1 6.96 0.14 0.0387 0.0042 31.06 4.24 3.58 0.49
1400 0.6529 82.01 1.30 5.803 0.096 0.193 0.013 69.2 10.69 0.18 0.0246 0.0041 25.35 3.88 2.92 0.45
2000 0.7741 57.98 2.31 6.891 0.279 0.097 0.019 48.5 12.70 0.52 0.0151 0.0064 30.00 5.55 3.46 0.64
3500 0.8748 65.65 2.29 7.318 0.258 0.118 0.027 52.5 13.49 0.48 0.0383 0.0070 31.34 7.87 3.61 0.91
9000 1.0000 88.58 2.22 21.499 0.541 0.211 0.018 68.7 40.01 1.02 0.0608 0.0060 28.14 5.23 3.25 0.60

Integrated  102.74 0.98 6.803 0.067 0.248 0.007 70.9 12.54 0.12 0.0351 0.0020 29.98 1.98 3.46 0.23



James03 5

JCF29SR10ES34 Whole Rock #4
Laser Power Cumulative 40Ar/39Ar +/- 37Ar/39Ar +/- 36Ar/39Ar +/- % Atm. Ca/K +/- Cl/K +/- 40*/39K +/- Age +/-

(mW) 39Ar measured  measured  measured  40Ar       (Ma) (Ma) 
300 0.0766 363.16 13.43 3.036 0.129 1.115 0.056 90.7 5.58 0.24 0.0503 0.0073 33.89 11.08 3.91 1.28
600 0.3717 184.00 3.38 3.608 0.070 0.534 0.014 85.6 6.64 0.13 0.0403 0.0035 26.49 3.15 3.05 0.36
900 0.5818 126.67 1.44 5.989 0.074 0.328 0.013 76.1 11.03 0.14 0.0330 0.0023 30.33 3.64 3.50 0.42
1400 0.7425 89.64 1.01 8.236 0.101 0.187 0.015 60.9 15.19 0.19 0.0163 0.0028 35.22 4.44 4.06 0.51
2000 0.8153 91.71 3.62 8.255 0.331 0.225 0.035 71.8 15.23 0.61 0.0100 0.0073 26.01 10.04 3.00 1.16
3500 0.9021 94.99 3.24 10.505 0.365 0.255 0.022 78.4 19.41 0.68 0.0514 0.0054 20.66 6.20 2.38 0.71
9000 1.0000 107.13 2.02 29.639 0.565 0.273 0.022 73.2 55.45 1.08 0.0641 0.0045 29.28 6.39 3.38 0.74

Integrated  148.39 1.21 8.330 0.070 0.407 0.007 80.6 15.37 0.13 0.0368 0.0016 29.00 1.97 3.34 0.23

JCF29SR10ES34 Whole Rock #5
Laser Power Cumulative 40Ar/39Ar +/- 37Ar/39Ar +/- 36Ar/39Ar +/- % Atm. Ca/K +/- Cl/K +/- 40*/39K +/- Age +/-

(mW) 39Ar measured  measured  measured  40Ar       (Ma) (Ma) 
300 0.0707 299.26 13.46 2.716 0.132 0.875 0.048 86.3 4.99 0.24 0.0460 0.0067 40.94 8.27 4.72 0.95
600 0.3365 156.06 1.72 2.509 0.034 0.434 0.008 82.1 4.61 0.06 0.0391 0.0021 27.97 1.98 3.23 0.23
900 0.5774 111.48 1.61 4.400 0.066 0.275 0.009 72.7 8.10 0.12 0.0382 0.0022 30.56 2.46 3.52 0.28
1400 0.7374 83.38 1.66 6.593 0.137 0.180 0.017 63.1 12.15 0.25 0.0170 0.0026 30.85 4.88 3.56 0.56
2000 0.8188 73.85 3.05 6.919 0.296 0.118 0.035 46.4 12.75 0.55 0.0110 0.0078 39.74 10.56 4.58 1.22
3500 0.8867 90.56 4.40 8.698 0.426 0.238 0.028 76.9 16.05 0.79 0.0389 0.0076 21.01 7.74 2.42 0.89
9000 1.0000 99.12 2.81 25.996 0.738 0.251 0.024 72.8 48.52 1.40 0.0668 0.0039 27.45 6.80 3.17 0.78

Integrated  126.14 1.08 7.106 0.062 0.326 0.007 76.0 13.10 0.12 0.0367 0.0014 30.40 1.78 3.51 0.21

MXR31SR9ES3 Whole Rock #1
Laser Power Cumulative 40Ar/39Ar +/- 37Ar/39Ar +/- 36Ar/39Ar +/- % Atm. Ca/K +/- Cl/K +/- 40*/39K +/- Age +/-

(mW) 39Ar measured  measured  measured  40Ar       (Ma) (Ma) 
300 0.0289 1470.23 120.29 1.162 0.112 4.871 0.403 97.9 2.13 0.21 0.0091 0.0136 31.02 18.70 3.58 2.15
600 0.1506 64.83 1.39 1.715 0.045 0.109 0.011 49.7 3.15 0.08 0.0012 0.0025 32.65 3.11 3.76 0.36
900 0.3492 40.00 0.45 1.586 0.021 0.022 0.005 15.6 2.91 0.04 0.0061 0.0018 33.76 1.66 3.89 0.19
1400 0.6345 36.64 0.26 1.427 0.012 0.008 0.005 6.0 2.62 0.02 0.0064 0.0016 34.44 1.62 3.97 0.19
2000 0.8054 38.25 0.55 1.584 0.031 0.017 0.008 13.0 2.91 0.06 0.0101 0.0026 33.29 2.51 3.84 0.29
3500 0.9136 44.76 0.83 1.862 0.040 0.040 0.010 25.9 3.42 0.07 0.0188 0.0032 33.19 3.12 3.83 0.36
9000 1.0000 53.42 1.42 4.143 0.115 0.077 0.014 42.0 7.62 0.21 0.0318 0.0037 31.06 4.30 3.58 0.50

Integrated  84.76 0.51 1.795 0.013 0.174 0.004 60.7 3.30 0.02 0.0099 0.0010 33.37 1.09 3.85 0.13



James03 6

MXR31SR9ES3 Whole Rock #2
Laser Power Cumulative 40Ar/39Ar +/- 37Ar/39Ar +/- 36Ar/39Ar +/- % Atm. Ca/K +/- Cl/K +/- 40*/39K +/- Age +/-

(mW) 39Ar measured  measured  measured  40Ar       (Ma) (Ma) 
300 0.0239 1597.33 201.42 1.199 0.175 5.142 0.650 95.1 2.20 0.32 -0.0230 0.0235 77.89 17.15 8.97 1.97
600 0.1278 62.86 1.47 1.953 0.051 0.086 0.013 40.2 3.59 0.09 0.0125 0.0040 37.64 3.91 4.34 0.45
900 0.3120 38.41 0.42 1.756 0.024 0.000 0.008 -0.1 3.23 0.04 0.0068 0.0014 38.48 2.26 4.44 0.26
1400 0.6073 37.02 0.66 1.695 0.032 0.003 0.004 2.1 3.11 0.06 0.0083 0.0009 36.27 1.28 4.18 0.15
2000 0.8006 37.32 0.51 1.759 0.028 0.008 0.006 6.2 3.23 0.05 0.0109 0.0010 35.02 1.81 4.04 0.21
3500 0.9125 43.31 1.32 1.861 0.066 0.031 0.015 20.6 3.42 0.12 0.0159 0.0038 34.41 4.43 3.97 0.51
9000 1.0000 53.76 1.60 4.362 0.133 0.059 0.014 32.0 8.03 0.24 0.0291 0.0032 36.64 4.23 4.22 0.49

Integrated  79.53 0.67 1.986 0.018 0.143 0.004 53.0 3.65 0.03 0.0109 0.0010 37.40 1.06 4.31 0.12

MXR31SR9ES3 Whole Rock #3
Laser Power Cumulative 40Ar/39Ar +/- 37Ar/39Ar +/- 36Ar/39Ar +/- % Atm. Ca/K +/- Cl/K +/- 40*/39K +/- Age +/-

(mW) 39Ar measured  measured  measured  40Ar       (Ma) (Ma) 
300 0.0238 1617.65 91.49 1.146 0.089 5.388 0.311 98.4 2.10 0.16 0.0154 0.0094 25.72 18.24 2.97 2.10
600 0.1077 91.83 41.93 1.718 0.802 0.173 0.099 55.6 3.16 1.48 0.0064 0.0110 40.85 39.20 4.71 4.51
900 0.2895 40.19 0.35 1.728 0.023 0.016 0.006 11.3 3.17 0.04 0.0091 0.0010 35.64 1.83 4.11 0.21
1400 0.5777 37.31 0.37 1.645 0.021 0.011 0.005 8.1 3.02 0.04 0.0079 0.0019 34.29 1.56 3.95 0.18
2000 0.7776 36.84 0.32 1.662 0.018 0.011 0.007 8.7 3.05 0.03 0.0131 0.0026 33.64 2.22 3.88 0.26
3500 0.8936 42.01 0.38 1.857 0.024 0.046 0.011 31.9 3.41 0.04 0.0276 0.0037 28.60 3.25 3.30 0.37
9000 1.0000 52.67 0.66 4.000 0.052 0.063 0.012 34.8 7.36 0.10 0.0306 0.0023 34.39 3.67 3.97 0.42

Integrated  82.04 3.33 1.933 0.073 0.163 0.009 58.5 3.55 0.13 0.0139 0.0014 34.10 3.38 3.93 0.39

MXR31SR9ES3 Whole Rock #4
Laser Power Cumulative 40Ar/39Ar +/- 37Ar/39Ar +/- 36Ar/39Ar +/- % Atm. Ca/K +/- Cl/K +/- 40*/39K +/- Age +/-

(mW) 39Ar measured  measured  measured  40Ar       (Ma) (Ma) 
300 0.0046 4583.84 17225.03 -6.896 29.033 21.670 81.374 139.7 -12.60 52.80 -1.2979 5.0019 -1812.12 7092.36 -222.33 926.05
600 0.0536 465.79 10.36 1.658 0.046 1.475 0.038 93.6 3.05 0.08 0.0132 0.0041 29.95 5.89 3.45 0.68
900 0.2191 47.34 0.41 1.689 0.019 0.043 0.005 26.9 3.10 0.03 0.0074 0.0013 34.63 1.47 3.99 0.17
1400 0.5578 37.81 0.24 1.563 0.012 0.009 0.002 6.8 2.87 0.02 0.0080 0.0005 35.26 0.68 4.07 0.08
2000 0.8043 36.62 0.36 1.592 0.021 0.015 0.005 11.4 2.92 0.04 0.0111 0.0009 32.45 1.55 3.74 0.18
3500 0.9572 41.44 0.34 1.909 0.019 0.025 0.007 17.6 3.51 0.04 0.0185 0.0012 34.16 2.23 3.94 0.26
9000 1.0000 54.72 1.52 5.632 0.163 0.089 0.015 47.4 10.37 0.30 0.0366 0.0049 28.87 4.37 3.33 0.50

Integrated  82.32 6.48 1.784 0.069 0.194 0.027 69.4 3.28 0.13 0.0056 0.0056 25.18 10.04 2.90 1.16



James03 7

MXR31SR9ES3 Whole Rock #5
Laser Power Cumulative 40Ar/39Ar +/- 37Ar/39Ar +/- 36Ar/39Ar +/- % Atm. Ca/K +/- Cl/K +/- 40*/39K +/- Age +/-

(mW) 39Ar measured  measured  measured  40Ar       (Ma) (Ma) 
300 0.0402 1014.60 79.50 1.186 0.138 3.353 0.275 97.7 2.18 0.25 0.0025 0.0127 23.84 24.37 2.75 2.81
600 0.1908 71.52 3.95 1.719 0.109 0.115 0.022 47.4 3.16 0.20 0.0071 0.0113 37.63 6.47 4.34 0.74
900 0.4390 39.19 0.48 1.584 0.024 0.012 0.012 8.9 2.91 0.04 0.0048 0.0023 35.70 3.68 4.12 0.42
1400 0.7608 37.40 0.43 1.603 0.024 0.004 0.006 2.9 2.94 0.04 0.0075 0.0013 36.33 1.87 4.19 0.22
3500 0.9197 42.63 1.07 2.157 0.063 0.034 0.020 23.3 3.96 0.12 0.0166 0.0046 32.71 6.05 3.77 0.70
9000 1.0000 57.39 1.86 3.962 0.133 0.068 0.018 34.3 7.29 0.25 0.0263 0.0049 37.78 5.54 4.36 0.64

Integrated  84.70 0.94 1.877 0.024 0.167 0.007 58.2 3.45 0.04 0.0095 0.0021 35.41 2.05 4.08 0.24

MXR31SR9ES9 Whole Rock #1
Laser Power Cumulative 40Ar/39Ar +/- 37Ar/39Ar +/- 36Ar/39Ar +/- % Atm. Ca/K +/- Cl/K +/- 40*/39K +/- Age +/-

(mW) 39Ar measured  measured  measured  40Ar       (Ma) (Ma) 
300 0.0879 153.23 2.90 0.469 0.027 0.425 0.014 81.9 0.86 0.05 0.0492 0.0037 27.69 3.34 3.19 0.38
600 0.3415 99.88 1.12 0.730 0.014 0.234 0.005 69.1 1.34 0.03 0.0470 0.0017 30.88 1.23 3.56 0.14
900 0.5715 73.37 0.33 1.266 0.012 0.145 0.002 58.3 2.32 0.02 0.0419 0.0011 30.62 0.63 3.53 0.07
1400 0.7984 49.25 0.36 1.952 0.015 0.054 0.003 32.0 3.59 0.03 0.0188 0.0008 33.50 0.85 3.86 0.10
2000 0.9191 40.56 0.55 2.541 0.037 0.028 0.009 20.2 4.67 0.07 0.0108 0.0012 32.39 2.55 3.74 0.29
3500 0.9856 50.92 0.74 3.623 0.057 0.075 0.010 42.8 6.66 0.10 0.0314 0.0019 29.17 3.03 3.36 0.35
9000 1.0000 93.29 8.23 24.761 2.191 0.252 0.079 77.8 46.18 4.15 0.0861 0.0185 21.04 22.90 2.43 2.64

Integrated  76.46 0.34 1.870 0.010 0.154 0.002 59.4 3.44 0.02 0.0348 0.0007 31.06 0.70 3.58 0.08

MXR31SR9ES9 Whole Rock #2
Laser Power Cumulative 40Ar/39Ar +/- 37Ar/39Ar +/- 36Ar/39Ar +/- % Atm. Ca/K +/- Cl/K +/- 40*/39K +/- Age +/-

(mW) 39Ar measured  measured  measured  40Ar       (Ma) (Ma) 
300 0.0912 150.10 2.25 0.463 0.024 0.423 0.014 83.3 0.85 0.04 0.0454 0.0047 25.11 3.65 2.90 0.42
600 0.3673 99.62 0.73 0.682 0.009 0.239 0.004 70.9 1.25 0.02 0.0477 0.0007 29.04 1.23 3.35 0.14
900 0.5909 73.35 0.47 1.181 0.010 0.139 0.004 55.9 2.17 0.02 0.0379 0.0010 32.35 1.10 3.73 0.13
1400 0.8078 48.73 0.44 1.865 0.023 0.051 0.004 30.7 3.43 0.04 0.0162 0.0011 33.79 1.15 3.90 0.13
2000 0.9160 40.68 0.80 2.585 0.070 0.044 0.016 31.8 4.75 0.13 0.0206 0.0041 27.76 4.79 3.20 0.55
3500 0.9856 47.95 4.30 3.029 0.275 0.093 0.048 56.8 5.57 0.51 0.0194 0.0053 20.72 14.18 2.39 1.64
9000 1.0000 97.81 45.43 23.833 11.072 0.382 0.194 113.5 44.42 20.96 0.0677 0.0504 -13.38 24.32 -1.55 2.81

Integrated  77.30 0.78 1.738 0.019 0.164 0.005 62.4 3.19 0.04 0.0339 0.0010 29.12 1.33 3.36 0.15



James03 8

MXR31SR9ES9 Whole Rock #3
Laser Power Cumulative 40Ar/39Ar +/- 37Ar/39Ar +/- 36Ar/39Ar +/- % Atm. Ca/K +/- Cl/K +/- 40*/39K +/- Age +/-

(mW) 39Ar measured  measured  measured  40Ar       (Ma) (Ma) 
300 0.0877 161.11 3.36 0.310 0.021 0.462 0.013 84.7 0.57 0.04 0.0473 0.0026 24.67 2.56 2.85 0.30
600 0.3587 106.15 1.01 0.652 0.007 0.257 0.004 71.5 1.20 0.01 0.0488 0.0011 30.30 1.01 3.49 0.12
900 0.6371 77.58 0.68 1.198 0.012 0.155 0.003 59.0 2.20 0.02 0.0390 0.0010 31.85 0.69 3.67 0.08
1400 0.9023 51.19 0.28 2.006 0.024 0.057 0.005 32.7 3.69 0.04 0.0146 0.0018 34.47 1.50 3.98 0.17
3500 0.9783 56.28 1.33 3.333 0.215 0.091 0.016 47.5 6.13 0.40 -0.1995 0.3494 29.57 4.78 3.41 0.55
9000 1.0000 101.17 8.02 22.523 1.787 0.287 0.036 82.1 41.94 3.38 0.0749 0.0132 18.40 8.58 2.12 0.99

Integrated  84.53 0.42 1.819 0.019 0.182 0.002 63.3 3.34 0.03 0.0186 0.0266 31.03 0.70 3.58 0.08

MXR31SR9ES9 Whole Rock #4
Laser Power Cumulative 40Ar/39Ar +/- 37Ar/39Ar +/- 36Ar/39Ar +/- % Atm. Ca/K +/- Cl/K +/- 40*/39K +/- Age +/-

(mW) 39Ar measured  measured  measured  40Ar       (Ma) (Ma) 
300 0.0725 154.82 2.30 0.463 0.018 0.423 0.010 80.8 0.85 0.03 0.0499 0.0026 29.72 2.40 3.43 0.28
600 0.3069 101.96 0.86 0.687 0.010 0.239 0.005 69.1 1.26 0.02 0.0478 0.0013 31.49 1.53 3.63 0.18
900 0.5386 75.06 0.81 1.123 0.026 0.135 0.016 53.0 2.06 0.05 0.0421 0.0013 35.26 4.66 4.07 0.54
1400 0.7671 52.39 0.42 1.810 0.015 0.059 0.006 33.1 3.33 0.03 0.0210 0.0082 35.09 1.69 4.05 0.20
2000 0.8983 41.98 0.88 2.353 0.056 0.030 0.013 21.0 4.32 0.10 0.0089 0.0041 33.18 3.87 3.83 0.45
3500 0.9778 49.09 0.91 3.213 0.065 0.055 0.030 32.8 5.91 0.12 0.0167 0.0020 33.04 8.97 3.81 1.03
9000 1.0000 85.99 5.42 20.997 1.330 0.192 0.028 64.3 39.06 2.51 0.0587 0.0116 31.15 7.77 3.59 0.89

Integrated  75.80 0.39 1.905 0.012 0.144 0.005 56.0 3.50 0.02 0.0332 0.0020 33.39 1.51 3.85 0.18

RB29SR9ES28 Whole Rock #1
Laser Power Cumulative 40Ar/39Ar +/- 37Ar/39Ar +/- 36Ar/39Ar +/- % Atm. Ca/K +/- Cl/K +/- 40*/39K +/- Age +/-

(mW) 39Ar measured  measured  measured  40Ar       (Ma) (Ma) 
300 0.0807 293.76 246.42 30.198 25.454 2.533 3.196 254.1 56.52 48.60 0.3675 0.7076 -461.57 822.09 -54.08 97.78
600 0.2027 64.51 14.34 38.450 8.549 0.228 0.108 99.8 72.36 16.50 -0.0203 0.0241 0.11 28.97 0.01 3.34
900 0.4908 38.35 3.32 30.242 2.617 0.093 0.047 65.8 56.60 5.00 -0.0066 0.0104 13.37 13.87 1.54 1.60
1400 0.7694 55.99 5.18 21.417 1.986 -0.003 0.078 -4.3 39.85 3.75 -0.0169 0.0134 59.21 24.09 6.82 2.77
2000 0.8472 80.31 30.07 20.964 7.861 0.132 0.157 46.5 39.00 14.83 -0.0356 0.0492 43.51 47.59 5.02 5.48
3500 0.9245 80.67 39.64 19.572 9.621 0.063 0.168 21.3 36.38 18.11 -0.0208 0.0358 64.26 58.91 7.40 6.77
9000 1.0000 103.05 39.77 89.476 34.526 0.216 0.182 55.4 174.33 71.43 0.0082 0.0743 48.80 54.73 5.62 6.30

Integrated  78.58 7.90 31.917 3.159 0.290 0.198 106.0 59.81 6.05 0.0168 0.0521 -4.84 59.17 -0.56 6.83
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RB29SR9ES28 Whole Rock #2
Laser Power Cumulative 40Ar/39Ar +/- 37Ar/39Ar +/- 36Ar/39Ar +/- % Atm. Ca/K +/- Cl/K +/- 40*/39K +/- Age +/-

(mW) 39Ar measured  measured  measured  40Ar       (Ma) (Ma) 
300 0.1086 250.35 45.61 33.747 6.154 0.643 0.189 75.0 63.31 11.81 -0.0005 0.0289 64.11 46.34 7.39 5.33
600 0.3805 38.03 2.30 34.287 2.067 0.002 0.053 -4.9 64.35 3.97 -0.0028 0.0132 40.76 16.11 4.70 1.85
900 0.6145 41.82 3.71 35.206 3.122 0.019 0.064 7.3 66.11 6.00 -0.0162 0.0100 39.65 19.68 4.57 2.27
1400 0.7965 68.79 7.59 23.320 2.572 0.204 0.097 85.2 43.45 4.87 -0.0149 0.0167 10.31 28.33 1.19 3.27
2000 0.8589 104.48 29.55 26.039 7.371 0.214 0.290 58.6 48.60 13.99 -0.0672 0.0421 44.02 86.33 5.07 9.94
3500 0.9135 123.42 42.89 34.171 11.876 0.368 0.350 86.2 64.13 22.79 -0.0384 0.0447 17.47 98.65 2.02 11.37
9000 1.0000 99.83 20.79 133.268 27.742 0.189 0.163 46.0 267.76 61.03 -0.0175 0.0264 59.06 52.98 6.80 6.09

Integrated  81.84 4.10 41.081 2.056 0.162 0.043 54.8 77.45 3.98 -0.0151 0.0072 38.01 13.04 4.38 1.50

RB29SR9ES28 Whole Rock #3
Laser Power Cumulative 40Ar/39Ar +/- 37Ar/39Ar +/- 36Ar/39Ar +/- % Atm. Ca/K +/- Cl/K +/- 40*/39K +/- Age +/-

(mW) 39Ar measured  measured  measured  40Ar       (Ma) (Ma) 
300 0.0944 278.11 56.14 34.439 6.956 1.026 0.259 108.1 64.64 13.35 0.0306 0.0344 -23.01 47.41 -2.66 5.48
600 0.3309 34.23 2.67 31.932 2.491 0.000 0.077 -6.8 59.83 4.77 -0.0106 0.1263 37.32 23.40 4.30 2.69
900 0.5481 34.16 2.56 27.412 2.057 -0.002 0.044 -7.7 51.21 3.91 -0.0039 0.0163 37.42 13.57 4.31 1.56
1400 0.7250 44.42 3.63 18.466 1.515 -0.010 0.077 -9.6 34.29 2.85 -0.0311 0.0182 49.23 23.53 5.67 2.71
2000 0.8162 45.32 7.03 14.200 2.228 0.248 0.151 159.4 26.30 4.16 -0.0147 0.0290 -27.14 43.77 -3.14 5.06
3500 0.9026 -41.29 83.93 19.862 3.399 0.048 0.115 -30.8 36.92 6.40 -0.0064 0.0366 -54.74 91.87 -6.33 10.64
9000 1.0000 68.88 7.41 104.031 11.182 0.123 0.116 41.5 204.75 23.61 0.0032 0.0335 43.17 36.87 4.98 4.24

Integrated  57.12 7.54 33.570 1.385 0.134 0.036 64.9 62.97 2.66 -0.0076 0.0089 20.48 12.91 2.36 1.49

RB29SR9ES28 Whole Rock #4
Laser Power Cumulative 40Ar/39Ar +/- 37Ar/39Ar +/- 36Ar/39Ar +/- % Atm. Ca/K +/- Cl/K +/- 40*/39K +/- Age +/-

(mW) 39Ar measured  measured  measured  40Ar       (Ma) (Ma) 
300 0.0516 623.62 210.58 82.614 27.907 1.789 0.620 83.8 160.20 57.19 -0.0486 0.0983 106.96 58.53 12.30 6.71
600 0.3142 37.23 3.27 36.391 3.195 -0.040 0.046 -38.8 68.39 6.15 0.0024 0.0345 52.88 14.72 6.09 1.69
900 0.5688 37.83 4.17 36.051 3.982 -0.082 0.047 -71.1 67.74 7.66 0.0109 0.0260 66.22 15.80 7.63 1.82
1400 0.7578 52.34 5.57 25.134 2.678 0.081 0.086 42.4 46.89 5.08 -0.0044 0.0294 30.64 25.84 3.53 2.98
2000 0.8290 88.45 26.42 27.010 8.084 0.140 0.197 44.4 50.45 15.37 -0.0055 0.0740 50.00 59.90 5.76 6.89
3500 0.8969 101.14 32.28 31.886 10.180 0.255 0.244 72.1 59.75 19.48 -0.0410 0.0792 28.79 69.91 3.32 8.06
9000 1.0000 115.84 27.82 156.713 37.626 0.182 0.184 36.2 320.21 85.62 0.0064 0.0493 82.24 62.89 9.47 7.22

Integrated  87.77 5.28 49.064 2.951 0.126 0.038 38.2 93.00 5.78 -0.0024 0.0162 56.05 11.95 6.46 1.38
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	Table 1
	Weighted average of plateau ages:    0.82 ( 0.07 Ma              N = 4,   MSWD = 0.7
	Weighted average of plateau ages:    1.71 ( 0.06 Ma              N = 5,   MSWD = 3.9
	Weighted average of plateau ages:    3.63 ( 0.10 Ma              N = 5,   MSWD = 0.6
	Weighted average of plateau ages:    3.95 ( 0.07 Ma              N = 5,   MSWD = 1.5
	Weighted average of plateau ages:    3.66 ( 0.05 Ma              N = 4,   MSWD = 0.7
	Weighted average of plateau ages:    4.94 ( 0.68 Ma              N = 4,   MSWD = 0.3






