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The clay mineralogy of suspended sediments (SS), recent sediments (RS), and

soils was studied to understand the relationships between stream and reservoir turbidity

and sediment delivery processes in the South Santiam watershed of the Western

Cascades. Smectite is the most abundant clay mineral in SS and is the primary cause of

persistent turbidity in municipal water treatment plants in the watershed. Smectite is

common in many unstable soils of the watershed and is the dominant clay component in

1) deep-seated earthflows, 2) low elevation or poorly drained (older alluvium) soils, and

3) altered volcanic host rocks of the Western Cascades. Smectite was less abundant in

soils of older, stable geomorphic surfaces of the Willamette Valley (i.e., late Pleistocene

Missoula flood deposits) that also included mixed proportions of chlorite, illite and

vermiculite. Pedogenic alteration was the source of smectite in (Pleistocene) terrace

deposits. Advanced pedogenic alteration was common in older glacial soils containing

abundant gibbsite, chioritic integrades and kaolinite, where smectite was completely

absent. Thus, clay mineralogy shows a strong relationship to geomorphology and

landscape stability in the Western Cascades.

Suspended sediments were also sampled for clay mineral analysis during several

peak flow periods of the winter 1998-1999 rainy season. Sample sites included inflowing

tributaries to and outflow from Green Peter and Foster Reservoirs, as well as below-dam
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tributaries of the South Santiam River. Most importantly, the clay mineralogy of most

sampled tributaries contained dominant smectite and included minor amounts of chlorite,

illite, kaolinite, and zeolite (heulandite). Smectite in the SS of major inflowing tributaries

and Foster outflow was derived mostly from active unstable, deep-seated earthflows

present in the upper South and Middle Santiam sub-watersheds. The minor chlorite,

kaolinite, and illite components in the Middle Santiam River represent widespread

propylitic alteration of the volcanic host-rocks, commonly eroded by debris flows and

debris avalanches. Below-dam tributaries flowing into the lower South Santiam River

were also dominated by smectite with minor amounts of kaolinite These clays reflected

continuous bank erosion of poorly drained soils.

The SS clay mineralogy of the Foster outflow of Foster Reservoir is generally

enriched in smectite relative to the SS of inflowing streams. This indicates that coarse

clay particles (kaolinite, illite, chlorite, and zeolite) tend to settle from suspension during

water storage in the reservoir. Dam outflow differs in mineralogy from below-dam

streams (enriched in kaolinite and halloysite relative to Foster outflow), and is

considerably different from sediment derived from Missoula Flood deposits (illite,

chlorite, and vermiculite).

Source area and storm intensity affect relationships between turbidity and SS clay

mineralogy in water treatment plants of the South Santiam municipal watershed. The

clay minerals present in each water treatment plant correspond to different sources: 1)

chronic long-term earthflow movement, 2) episodic short-term debris flow activation, 3)

reservoir release periods, 4) chronic bank erosion of poorly drained soils, or 5) bank

slump of Missoula Flood deposits. Even though the clay mineralogy of suspended



sediments may vary spatially or temporally for a given storm event, erosion of active,

deep-seated earthflows is by far the dominant controlling mechanism on suspended

sediment regimes throughout the watershed.
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Relationships Between Landscape Stability, Clay Mineralogy, and Stream Turbidity
in the South Santiam Watershed, Western Cascades, Oregon.

I. INTRODUCTION

In recent years, turbidity in municipal water treatment plants throughout the

Willamette Valley has been influenced by major flood events. The February 1996 flood

caused raw water turbidity in many treatment facilities to persist above their average

range (20 to 50 ntu) for several months. Turbidity at some municipal water treatment

plants of the Willamette Valley peaked as high as 2,100 ntu, and persisted above 10 ntu

for four months following the February 1996 flood event (Cotton, et al. 1998). High and

persistent turbidity1 resulting from the February 1996 flood caused some treatment

facilities to be unable to meet EPA finished water turbidity standards (<1 ntu). In

addition, some of these water treatment plants with persistent turbidity problems (e.g.,

city of Salem) were forced to shut down and rely on other water sources (Cotton, et al.

1998). The primary cause of persistent turbidity following the February 1996 flood was

erosion of smectitic soils and peak stream-flow intensity. Consequently, streams draining

the Western Cascades are potentially problematic for water treatment plants (Bates, et al.

1998; Glasmann, 1998).

A multitude of studies have shown correlation between turbidity, suspended

sediment concentration (SSC), potential sources of suspended sediments, and turbidity

1 Persistent turbidity generally refers to suspended sediments that are capable of passing through reservoirs
or transported for extended distances along streams, for a prolonged period of time (several days or
months) and adversely affecting municipal water treatment plants below (Bates et al., 1998; Glasmann,
1998).
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management problems (Youngberg, 1975; Beschta, 1980; Paustian & Beschta, 1979;

Glasmann, 1989; Bates, 1998). However, no research of this type has been conducted in

the South Santiam basin. The SOuth Santiam municipal watershed2 is an excellent area for

tracing various geomorphic processes and their relationship to complex surficial geology

in the Cascades and Willamette Valley. This thesis seeks to answer the following

questions: 1) What geomorphic processes and geologic sources dominate the mineralogy

of downstream suspended sediment? 2) How is downstream turbidity influenced by

reservoir management? 3) How is turbidity in water treatment plants affected by

reservoir management and geomorphic processes? 4) How do seasonal weather patterns

and storm intensity affect the mineralogy of suspended sediments in various parts of the

basin?

Many municipalities of the Willamette Valley draw water from maj or tributaries

draining from the Cascade Range. The South Santiam municipal watershed (1813 2 or

700 mi2) within the South Santiam basin is one of many municipal watersheds of the

Western Cascades affected by occasional storm-related persistent turbidity (Figure la)

The South Santiam River supplies drinking water for the communities of Sweet Home,

Lebanon and Albany, having populations of 7,000, 12,000 and 40,000 respectively

(Bischoff, 2000). Sweet Home water treatment plant draws water directly from the South

Santiam River below Foster Reservoir and Wiley Creek (Figure 2). Albany and Lebanon

water treatment plants both draw water from the Albany Santiam Canal (Figure 2).

Lebanon water treatment plant is located within four miles of the Waterloo Diversion

Dam (canal headgates) and Albany is located at the mouth of the canal (approximately 18

2A municipal watershed refers to the area within a basin containing streams which supply drinking water
for municipal water treatment plants (Cotton, 1998).
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canal miles). Reservoirs that regulate the South Santiam River (i.e., Foster and Green

Peter Reservoirs) may also contribute to downstream turbidity by discharging stored

turbid water long after inflowing streams have cleared (Bates, et al. 1998; Glasmann,

1998). Thus, intake water turbidity at South Santiam municipal treatment plants has many

sources and is affected both by storm intensity and reservoir management.

A. Western Oregon Turbidity Studies

Episodic persistent reservoir turbidity has long been a problem in the Pacific

Northwest. After the December 1964 flood, a study of suspended sediment mineralogy

was initiated within the Hills Creek Reservoir to determine the nature, causes, and

sources of persistent turbidity (Youngberg et al., 1971). The results of this study were

subsequently compared with other reservoirs in the Willamette Basin flood control

system (Youngberg et al., 1971 and Youngberg et al., 1975). Smectite, zeolites, and

amorphous material were present in suspended sediments in most of the streams sampled.

The smectite-zeolite assemblage indicates a deep-seated source of erosion (e.g., large

earthflows or rotational slumps3). Youngberg et al., (1975) concluded that erosion of

bank-margin earthflows was the leading source of increased sediment loads and

persistent turbidity during the 1964 flood. Furthermore, road building within earthflow

terrain (containing soft pyroclastic materials) was found to accelerate the instability of

these soils and contribute to persistent turbidity within the Hills Creek Reservoir

(Youngberg et al., 1975).

Earthflows and rotational slumps are mass movement features that typically have a concave upward
failure plane, are mostly gravity driven, and contain cohesive soil material (Taskey, 1978).
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Figure 1 (a.) General map of the South Santiam municipal watershed and
surrounding region.
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Figure 1 (b) Map showing sub-watersheds and drainages used throughout this thesis.
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Figure 2 Conceptual illustration of the South Santiam municipal watershed showing cities, major rivers and
tributaries, reservoirs, and generalized geology.
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Subsequent to the February 1996 storm, the nature and source of persistent

turbidity in the North Santiam drainage were investigated (Glasmann, 1 997a; Glasmann,

1 997b; Glasmann, 1 997c; Glasmann, 1998; Bates et al., 1998). Suspended sediment at

the Salem water intake during and subsequent to the February flood was mineralogically

similar to that of persistent turbidity at Detroit and Big Cliff Reservoirs. The smectite-

zeolite-chiorite assemblage of persistent reservoir turbidity was similar to the suspended

sediment mineralogy of sub-watersheds dominated by deep-seated earthflows in the

watershed, but dissimilar to that of shallow soil failures (e.g., debris flows) or sediment

from the Breitenbush arm of the watershed. Shallow soil failures in the Little North

Santiam area of the watershed exhibited local variations in mineralogy and included

gibbsitic and strongly chioritic soils (hydrothermally altered). These mineralogical phases

are generally not a strong component of persistent turbidity at the Salem water treatment

plant (Steve Sundseth, personal communication, 1997). Turbidity of the Little North

Santiam is strongly related to discharge and falls rapidly after major storm events, with

only a minor contribution to persistent turbidity. Suspended sediment mineralogy

obtained from the Detroit Reservoir in July, 1996 (four months following the February

1996 flood) is both qualitatively and quantitatively similar to the mineralogy of Salem's

raw water suspended sediment in March, 1996. Resuspension of recent reservoir

sediments from exposed smectite-rich mudflats during cyclic reservoir filling may also

contribute to persistent turbidity below Detroit and Big Cliff Dams (Glasmann, 1998;

Bates, et al. 1998). The turbid waters at Detroit Reservoir that were associated with the

February 1996 storm event were more dense than later spring snow-melt related run off

and occupied deeper portions of the reservoir. Though reservoir surface water turbidity



The SSC sampled in Paustian & Beschta (1979) and Beschta (1980) typically identified (volumetrically)
the amount of suspended material within the water column and is one of the leading factors influencing
turbidity. Suspended sediment (SS) in this thesis was only sampled to identify clay mineralogy related to
sources of persistent turbidity.
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was low, water released downstream tapped the deeper, turbid waters due to the location

of generator intake gates. Thus, reservoir design and management may be important

factors influencing below-dam stream turbidity.

Other studies in the Western Cascades (Dorena Lake watershed) have determined

the spatial and seasonal variations in the clay mineralogy of suspended sediments within

reservoirs and other inflowing tributaries. Ambers (1998) identified that sources of

increased suspended sediments were controlled by bedrock geology and land/reservoir

management. During winter reservoir pooi lowering, sheet wash and wave erosion within

the Dorena Lake Reservoir were a significant source of higher suspended sediment

concentration (S SC) and turbidity in the reservoir outflow. However, during spring

reservoir filling periods, SSC and turbidity were much greater in inflowing tributaries

than in the reservoir outflow. Variations in the clay mineralogy of suspended sediments

were also identified in three different tributaries draining above or into the Dorena Lake

Reservoir. Most importantly, smectite was the most abundant clay mineral in suspended

sediments of Layng Creek, which is the tributary that supplies drinking water to the city

of Cottage Grove, Oregon.

Other tributaries of the Oregon Coast Range have been studied extensively for

relationships between turbidity, suspended sediment concentration (SSC),4 and potential

sources of suspended sediments (Beschta, 1980), as well as relationships between SSC

and stream discharge (Paustian & Beschta, 1979). Paustian & Beschta (1979) showed that

the concentration of suspended sediments usually peaks with peak stream flow during the
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rising limb of any given storm event in Oak Creek of the Oregon Coast Range. The main

source of SSC during the winter runoff period was flushing of streambed fines. Fall

storms were associated with higher SSC, for a given discharge, than compared to winter

storms. Other processes such as soil creep, dry ravel, and bank failure were the main

sources of high SSC during fall storms events (Paustian & Beschta, 1979). The processes

that occur during the fall storms have dryer soil moisture conditions and are typically

short-term compared to the continuous flushing of streambed fines throughout the winter

storms.

The relationship between SSC and turbidity may vary significantly between

watersheds (Beschta, 1980). Since turbidity measures the light scattering properties of a

suspension, it is very sensitive to both the concentration and nature of light-scattering

particles (i.e., clay mineralogy). For example, Oak Creek watershed developed in basaltic

parent material that typically weathers into clay-sized particles. The suspended sediment

mineralogy of Oak Creek is smectite dominated with minor dehydrated halloysite and

iron oxide mica (Glasmann, 2000 personal communication). The SSC/turbidity

relationship for Oak Creek is quite different from that of Flynn Creek, which flows over

sandy sedimentary rock (Beschta, 1980). The turbidity of both creeks was similar but the

SSC was much greater in Flynn Creek. This indicates that turbidity is sensitive to factors

other than sediment concentration. These factors may include sediment particle size,

mineralogy, color, dissolved materials, entrained air bubbles, and organic matter

(Beschta, 1980). If turbidity is the same, but SSC is vastly different, then something other

than SSC is controlling turbidity. The nature of the light scattering particles is critical -

smectite is much smaller and may scatter more efficiently than dehydrated halloysite,
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kaolin or mica (Glasmann, 2000 personal communication). Because of the many

variables affecting SSC/turbidity relations, prediction equations must be developed on a

watershed-by-watershed basis (Beschta, 1980).

B. Related Studies using Mineralogy of Suspended Sediment
to Trace Geologic Sources

A large number of studies have successfully used the clay mineralogy of

suspended sediments to trace particular geologic province, pedological environments, or

other sediment sources (Wood, 1978; Golz, 1990; Klages & Hsieh, 1975; McMurtry &

Fan, 1974; Ambers, in review: A; Knebal et al., 1968; Weaver, 1967). Multi-basin studies

with complex provenance showed mineralogical differences between major drainage

systems and/or climatic conditions (Knebal, et al. 1968; Berry, et al. 1970; Johnson &

Kelley, 1984). Knebal et al. (1968) determined that the clay mineralogy of suspended

sediments showed spatial and seasonal variations in several reservoirs and major

tributaries of the Columbia River basin, east of the Cascades. These major tributaries

drain basins with differing bedrock geology and weathering environments. Thus, on the

scale of a major river basin, clay mineralogy helps to distinguish sediments derived from

different geo-climatic terranes. Similar geo-climatic variations within the Western

Cascades may affect suspended sediment delivery in the South Santiam basin.

Studies have also shown a relationship between storm pattern and the clay

mineralogy of suspended sediment (Weaver, 1967). Weaver (1967) used mineralogy to

determine variability of clay minerals within suspended sediment between different storm

events in the Arkansas River basin. The "clay suite" of the Arkansas River showed
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considerable variations in response to localized storm events that occurred in different

parts of the basin. The Cascades also experience localized storm patterns, which may

play a role in the variation of clay mineralogy of suspended sediment in the South

Santiam River and its tributaries.

Studies conducted in wetter climates with deeply weathered bedrock identified

geomorphic processes as a major source of suspended sediments (Kiages & Hsieh, 1975;

Kiages et al., 1973; McMurtry & Fan, 1974, Ambers, in review(a). Kiages and Hsieh

(1975) identified that the dominant source of suspended sediments in the lower reaches of

the Gallatin River watershed, Montana, was derived from soft, deeply eroded unstable

sedimentary rocks in headwater regions. These headwater sedimentary rocks were also

mineralogically similar to lower valley and older terrace deposits. This suggested that the

source of the suspended sediments in the Gallatin River has not changed much in recent

geologic time (Kiages & Hsieh, 1975). Turbidity and SSC measurements for the Gallatin

River indicates that erosion during spring snowmelt is a major contributor to suspended

sediments (Klages et al., 1973). McMurtry & Fan (1974) identified that weathering in

transit of riverbed sediments was only a minor contribution of suspended sediment in the

Santa Ana River, California, compared to rock types influenced by long-term weathering.

Ambers (in review: a) determined relationships between regional hydrothermal alteration

and hilislope processes within the Dorena Lake watershed in the Western Cascades,

Oregon. The regional geologic alteration of tuffaceous volcanics may generate a thick

clayey substrate, which contributes to landscape instability and formation of hummocky

topography. These unstable, clay-rich soils then influence suspended sediment

mineralogy. For example, suspended sediments that contained no smectite or other
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expandable clays were downstream of debris flows with thin soils and steep topography.

Suspended sediments that contained abundant smectite and other expandable clays were

downstream of deep-seated earthflows and gentle slopes. The South Santiam watershed is

subject to similar geomorphic processes and includes volcanic rocks similar to those that

occur in the Dorena Lake watershed, which may favor similar sediment clay

mineral/slope relationships.

Studies that used a different technique (i.e., composite fingerprint with a

multivariate sediment-mixing model) identified that tracing sources from suspended

sediments is more suitable for basins with heterogeneous geology (Walling &

Woodward, 1995; Collins, et al. 1998). The South Santiam watershed contains complex

volcanic geology. Geomorphic processes and different winter storm patterns

superimposed on this complex geology may ultimately cause the clay mineralogy to vary

between different sub-watersheds.

The water treatment plants of Sweet Home, Lebanon and Albany exhibited

different turbidity relationships during the February 1996 flood and may have been

influenced by different sediment generating processes or major geologic sources. During

maj or storm events, sediments enter the river system through a variety of mechanisms

(e.g., debris flows, debris avalanches, bank erosion, and earthflow reactivation). These

various erosive processes occur on landscapes with different stages of soil development,

bedrock geology, and soil mineralogy. By analyzing the mineralogy of suspended

sediments in the watershed during seasonal peak flow periods, I hope to better understand

the relative contribution of these different erosive processes and erosion history.



II. BACKGROUND

A. Geology, Physiography, Hydrology, and Climate
of the South Santiam Municipal Watershed

The bedrock geology of the South Santiam municipal watershed consists of

basaltic and andesitic lava flows, pyroclastic rocks, water-laid tuffs, and flows (Peck, et

al. 1964 and Walker and Duncan, 1989). Many of theses volcanic geologic sequences

have been mapped and correlated (within the South Santiam and throughout the Western

Cascade) into separate volcanic series (e.g., Little Butte Volcanic Series and the Sardine

Formation) (Peck et al., 1964). Walker and Duncan (1989) used KIAr dating, mapping

the Little Butte Volcanic Series with other geologic units, into the same geologic unit

(Tu). Walker and Duncan (1989) also mapped additional intrusions within the South

Santiam basin (e.g., Quartzville sub-watershed). Small mapping units within Quartzville

and Middle Santiam sub-watershed are associated with regional post-eruptive intrusions

that are known for their ore bodies (i.e., pyrite, copper, and gold) throughout the

Quartzville Mining District (Munts, 1978; Cummings, et al. 1990).

The South Santiam River watershed drains approximately 2694 km2 (1,040 mi2)

and is a major tributary to the Willamette River. The watershed occupies a large portion

of Linn County and is entirely within the Western Cascades physiographic province. The

South Santiam municipal watershed (SSMW) portion occupies approximately 70% (1813

km2 or 700 mi2) of the South Santiam River watershed, but also includes the area

surrounding the Albany Santiam Canal (Figure 1).
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The SSMW includes the following sub-watersheds: lower South Santiam, upper

South Santiam, Middle Santiam, Quartzville, and Wiley. The lower South Santiam sub-

watershed includes the lower mainstem South Santiam River from Waterloo Diversion

Dam to Foster Dam as well as Hamilton, McDowell, Noble and Ames drainages. Land

use in the lower South Santiam sub-watershed consists of large portions of urban and

rural residential areas, agricultural areas, pastureland, and private timberlands in the

headwaters (Bischoff 2000). Warm dry summers and cool wet winters characterize the

climate in the lower South Santiam sub-watershed. Annual precipitation in the lowlands

ranges from 114 to 152 cm (45 to 60 in) and occurs mostly as rain (Bischoff, 2000). The

annual precipitation range for uplands is 165 to 200 cm (65 to 80 in) and occurs mostly as

snow during the winter months (Bischoff 2000). Differences in average daily

temperature range from 6 °C (42°F) in the winter to 18°C (64°F) in the summer

(Landridge, 1987). Vegetation in the lower South Santiam sub-watershed, occurring from

the valley bottom to approximately 3,000 feet, includes several grasses and forbes and

other wetland plants in the understory as well as white oak, Douglas-fir, big leaf maple,

Oregon ash, and red cedar (BLM, 1996). The vegetation above 3,000 feet is composed of

noble and silver fir, Douglas fir, and western hemlock (BLM, 1996).

The upper South Santiam sub-basin includes the upper South Santiam, Foster and

Green Peter Reservoirs, Middle Santiam, and Quartzville sub-watersheds. Annual

precipitation ranges for the upper South Santiam sub-basin are 155 to 254 cm (61 to 100

in) (Bischoff, 2000). A large portion of the upper South Santiam sub-basin is within the

transient snow zone, which occupies the lower reaches of most perennial and intermittent

tributaries (Bischoff, 2000). The headwater regions of the upper South Santiam sub-basin



are dominated by snow throughout the winter season (Bischoff, 2000). Differences in

average daily temperatures near Cascadia range from 4°C (40°F) in the winter to 17°C

(63°F) in the summer (Landridge, 1987). The vegetation for the upper South Santiam

sub-basin includes Douglas fir, western hemlock, western red cedar, Pacific silver fir,

noble fir, red alder, and big leaf maple (WNF, 1995). Understory species include vine

maple, rhododendron, sword fern, salal huckelberries, beargrass, and many grasses and

forbes (WNF, 1995).

The dominant land use for the upper South Santiam sub-basin is timber

production, which is managed primarily by private industry. The Bureau of Land

Management (BLM) and the U.S. Forest Service (U.S.F.S.) have managed a small

percentage of timber production since the early 1990's. Reservoir regulation of Foster

and Green Peter Reservoirs is managed by the Army Corp of Engineers, Portland

District. The Green Peter and Foster projects were built in 1968 and are two of the 13

Army Corps of Engineers multi-purpose projects in the Willamette Valley. The primary

management objectives of both reservoirs are to provide flood control, irrigation, power

generation, downstream navigational improvement, and water-based recreation (Army

Corp of Engineers, 1 999a). The Quartzville Mining District is within the Quartzville

Creek sub-watershed and includes historic and current prospect mining claims along

tributaries of Quartzville Creek. The USFS and BLM permit many of these mining

claims.

The Albany Santiam Canal consists of both the Lebanon-Santiam portion and the

Albany-Lebanon portion. The Lebanon-Santiam portion is diverted from the South

Santiam River at the Waterloo Diversion Dam (109 m or 358 ft) and flows to the north

15
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side of the City of Lebanon. The Albany-Lebanon portion trends northwest over low

relief terrain along the Willamette Valley floor, with many piped stream crossings, before

flowing into the Calapooya River near its confluence with the Willamette River

(elevation approximately 61 m, 200 ft above sea level) in Albany, Oregon. The dominant

geomorphic features along the canal are flat late Pleistocene lake-beds (e.g., Missoula

Flood deposits) or older Cascade terrace deposits (Walker and Duncan, 1989 and

O'Connor, in press). There are several check dams or diversions along the canal systems

including the headgates, old concrete weirs at the Lebanon water treatment plant

(approximately 5.6 km, 3.5 mi), concrete weirs near Mark's and Hospital sloughs (8 km,

5 miles) and at the Albany gates near the Masonic Cemetery (approximately 8.6 km, 5.5

mi). At the Albany gates, water is either diverted on the Albany-Lebanon portion or back

into the South Santiam River along the historic Lebanon-Santiam portion.

The Lebanon-Santiam portion of the canal was primarily built in 1891 by the

Lebanon Ditch Company for water supply and electricity for the City of Lebanon (City of

Albany, 1996b). In 1954, Pacific Power and Light Company took over canal regulation

and also used it for electric power generation (City of Albany, 1 996b). Recently, the City

of Albany purchased the entire canal system, which is now used primarily to supply

drinking water for Lebanon and Albany. Some water is also used for irrigation along the

canal. Pacific Power and Light (PP&L) and the Federal Energy Regulatory Commission

(FERC) also use the canal for minor water power sources (City of Albany, 1996b). Grass

seed farming is now the dominant land use adjacent to the Albany Santiam Canal.



B. Sources of Suspended Sediment

B.1 Zeolitic Alteration

The occurrence of smectite5 (montmorillonite) is widespread throughout most of

the soils and rocks of the Western Cascades (Peck, et al.1964; Taskey, 1978; Nicholson,

1989; Walker & Duncan, 1989; and Walker & MacLeod, 1991). Widespread zeolitic

alteration of tuffaceous volcanic host rocks is common in many sub-watersheds of the

Western Cascades, including the upper South Santiam and upper Middle Santiam (Peck,

et al. 1964; Walker & Duncan, 1989). Zeolitic alteration within ash-flow tuffs is

characterized by replacement of fine ash by microscopic intergrohs of zeolite

(heulandite-clinoptilolite) and green clay (smectite) (Peck, et al. 1964). Frequently

pyroxenes and hornblende are also completely replaced by smectite (Peck, et al. 1964).

Other minerals formed in the zeolitic alteration zone include chalcedonic quartz,

cristobalite or opal, and carbonate minerals (Peck, et al. 1964). The typical temperature

range in zeolitic alteration is approximately 100°C (Thompson & Thompson, 1996).

Zeolitically altered tuffs comprise a major part of the Little Butte Volcanic series and

greatly influence landscape stability and geomorphic process in areas affected by these

clayey, altered materials.

Smectite typically has high expansive properties, very small particle size (<.O8jim), a very high cation
exchange capacity, and very high adsorbtion properties (Borchardt, 1989).
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B.2 Argillic Alteration

Argillic alteration also occurs within volcanic host rocks of the Western Cascades

(i.e., upper South and upper Middle sub-watersheds) and is typified by smectite, kaolinite

and interstratified illite-smectite clays (Munts, 1978; Nicholson, 1989; Walker, 1989).

Fluid circulation that promotes argillic alteration may be related to deeper magmatic

processes. The acidic/alkaline nature of these fluids promotes local ilitization and

kaolinitization. Other smaller argillic alteration zones are associated with local intrusions

of silicic vent complexes within tuffaceous volcanic host rocks (Walker and Duncan

1989). The primary minerals that are replaced by smectite in argillic alteration are

amphiboles and plagioclase. These clay minerals typically form at temperatures <140 °C

(Guilbert & Park, 1996).

B .3 Propylitic/Argillic/Phyllic Alteration

Propylitic alteration is widespread in the South Santiam watershed and occurs

when magmatic fluids interact with the volcanic host rocks at temperatures >150 °C

during post eruptive intrusions (Nicholson, 1989). This form of alteration is characterized

by chlorite, epidote, quartz, pyrite and minor calcite (Munts, 1978). Smaller zones of

argillic and phyllic alteration occur within the propylitic altered volcanic rocks and are

typically associated with porphyry copper deposits (Munts, 1978; Nicholson, 1989). The

clay assemblage of the argillic alteration zone includes montmorillonite (smectite) and

kaolinite and occurs in a transition zone between the propylitic and phyllic alteration

zones. Phyllic alteration typically forms fine-grained white mica (illite), which develops

18



from feldspars, micas, and mafic minerals (Guilbert & Park, 1996). The occurrence of

local argillic and phyllic alteration zones within propylitically altered volcanic rocks is

associated with contact metamorphism, but is limited to only particular sub-watersheds

(i.e., Quartzville sub-watershed and the lower Middle Santiam drainage). Most of these

hydrothermally altered volcanic host rocks are of Miocene age (5 to 23 ma) (Nicholson,

1989) and are associated with post eruptive intrusions (i.e., Tdg, Tmr, or Tib mapping

units) of similar age as the surrounding host rocks (Walker & Duncan, 1989).

B.4 Pedogenic Alteration

Pedo genie alteration is secondary weathering of primary and secondary minerals

(e.g., smectite may alter to kaolinite, chioritic integrades or gibbsite) within stable or

unstable soils containing different types of alluvial, residual, or colluvial materials. The

different materials within the soil horizons are typically derived from volcanic rocks

(e.g., basaltic, andesitic, tuff or breccias) that weather to various clay minerals (e.g.,

smectite, kaolinite, halloysite, gibbsite, or amorphous material). Most soils within the

Western Cascades contain smectite, kaolinite, and halloysite and are usually the

weathering product of feldspars (plagioclase) and glass (amorphous material) (Allen and

Hajek, 1989). Soils that contain hydrated or dehydrated halloysite were probably

weathered from volcanic glass (Allen and Hajek, 1989). The presence of halloysite in

soils is primarily attributed to weathering of smectite or volcanic glass (amorphous

material) derived from pyroclastic flows of the Western Cascades (Glasmann, 1982).

Halloysite is an intermediate weathering product of volcanic rocks and is often found on

fresh failure surfaces of debris avalanches, rotational slumps, debris flows, and deep-
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seated earthflows (Taskey, et al. 1978; Taskey, 1978). Most of the deep-seated earthflows

that are capped by halloysite and amorphous material typically have a high smectite

concentration at the toe or deeper within the failure plane (Taskey, 1978 and Istok &

Harward, 1982).

B.5 Advanced Pedogenic Alteration

Advanced pedogenic alteration or extreme weathering of soils leads to the

development of gibbsite and stable chioritic integrades, which are both end weathering

products of smectite (Wada, 1989). Chioritic integrades occur when smectite and other

2:1 clays develop hydroxy-Al (Al-Fe OH) interlayering (Wada, 1989). The occurrence of

abundant gibbsite in soils has mostly been reported in tropical soils (laterites, bauxites)

subjected to prolonged weathering and extreme leaching conditions (Glasmann, 1997a;

Abbott, 1958). Extensive leaching or sub-tropical climate conditions cause plagioclase

feldspar of olivine basalt flows to alter directly to gibbsite (Abbott, 1958). Local gibbsitic

alteration may occur in response to oxidation of pyrite in zones of propylitic alteration.

These zones of acid-sulfate weathering commonly include jarosite and kaolinite. Both

pedogenic and hydrothermal gibbsite occur in soils within the South Santiam (Munts,

1978; Taskey, 1978; Pearch, 2000). Older Pleistocene glacial deposits containing high

concentrations of gibbsite were found in the upper and lower Middle and upper South

Santiam sub-watersheds (Nicholson, 1989; Shank, 1995; Shank, 1996; and Walker &

Duncan, 1989). Gibbsite is also a natural flocculent and causes other clays to drop out of

suspension (Bates et al., 1998).



C. Watershed Soils and Geomorphology

Many different geomorphic processes occur in tributaries draining the Western

Cascades. These include earthflows, debris flows, and bank erosion of old stream terrace

deposits, recent riverbed deposits, glacial deposits, and Missoula Flood deposits.

Earthflows have been identified as a significant geomorphic process along many streams

draining the Western Cascades (Youngberg et al., 1975; Taskey, 1978; Swanson et al.,

1985. Some earthflows constrict stream channels, can have average movement rates of 2

to 7 mlyr, and are larger than 50 ha in size (Swanson et al., 1985). Earthflows that

constrict stream channels in the Western Cascades were also identified as a leading

source of sediment, particularly during major flood events (Swanson, et al. 1985). Hicks

(1982) mapped and interpreted several different mass wasting processes that illustrated

the size and dynamics of earthflow movement, which can intercept stream channels in the

upper Middle Santiam sub-watershed. However, these studies, which identified earthflow

size and movement rates, did not consider downstream suspended sediment regimes.

Many earthflows as well as other geomorphic (surface soil) landtypes have been

mapped throughout the Sweet Home and Detroit Ranger Districts of the Willamette

National Forest of the South Santiam and North Santiam watersheds (Shank, 1996,

1995). Shank's "landtype" mapping made use of Legard and Meyer (1973) Soil Resource

Inventory (SRI). The results were digitized into a GIS format. Table 1 shows the various

soil landtype suites present in the upper South Santiam basin along with their respective

percent fine fraction and percent of clay, silt, and sand size fraction. Pleistocene terrace

deposits and glacial deposits were purposely sampled for this thesis to identify the clay

mineralogy.
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Table 1 Forest soil landtype grain size analysis (Legard and Meyer, 1973) and
abundance of smectite (Pearch, 2000).

22

Other types of geomorphic terrain may exhibit clay or non-clay mineral phases

that are different from earthflow soils. Shank (1995, 1996) mapped several fluvial

terraces, which dominated the upland forested landscape of the upper South and Middle

Santiam sub-watersheds, likely during the Pleistocene epoch. Remnants of these

Pleistocene fluvial terraces now represent only a very small portion of the upper South

and Middle Santiam sub-watersheds, and have mostly eroded away. The clay mineralogy

of these terrace deposits are dominated by smectite (Pearch, 2000). Older stable alpine

glacial deposits were also mapped by Shank (1995, 1996). These types of alpine glacial

deposits (ground moraines) are typically found at higher elevations or on hilltops, and

Soil Land
Type

Percent fine
fraction

(mechanical
analysis)

Percent clay
<2p.m

(hydrometer
analysis)

Percent silt
2-l5jim

(hydrometer
analysis)

Percent
sand

62.5-2000
i.m

(hydrometer
analysis)

Percent
smectite in

clay
fraction

Earthflow/
Rotational

Slump

60-70% 20% 28-50% 74-88% 75-98%

Debris
Flows

20-40% 0-90%

Debris
Avalanches

20-40% 0-93%

Steep-
Stable

Volcanics

41% 4% 5-13% 57-81%

Stabilized
Earthflow

13% 0.31-4% 18-42% 78-95%

Terrace
Deposit

10-15 % 0.19-5% 20-31% 34-66%

Glacial
Deposit

13-34 % 0.21-10% 30-48% 0%
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have been subjected to intense weathering and leaching conditions (Shank, 1996). The

clay mineralogy of these glacial deposits is dominated by gibbsite (Pearch, 2000).

Several studies have explored the origin of foothill soils adjacent to many

tributaries of the Willamette River at lower elevations (Glasmann and Kling, 1 980a;

Balster & Parsons, 1968; Parsons & Balster, 1980; Glasmann & Kling, 1980b).

According to Glasmann (1980a), the mineralogy of a typical Missoula Flood Deposit

(i.e., Irish Bend Member) contained angular quartz grains and a clay assemblage

dominated by smectite along with vermiculite, mica, chlorite, kaolinite and feldspar, but

minor quartz. The mineral assemblage of Missoula Flood deposits differ in character

from locally derived sediments in the Willamette Valley (e.g., Spencer Formation and

underlying paleosols) (Glasmann, et al. 1980a) (Figure 2). The Missoula Flood deposits

were derived from the upper Columbia basin and were transported into the Willamette

Valley by large glacial outburst floods (known as the Missoula Flood), during the late

Pleistocene (12.7 to 15 ka) (O'Connor, et al. in press). Higher stable foothill landscapes

include "red hill" soils related to prolonged Pleistocene weathering (Dolph and Eola

geomorphic surfaces) (Balster & Parsons, 1968). These deep red soils have kaolinitic

mineralogy, but may become halloysitic or smectitic at greater depth in the weathering

profile (Glasmann, 1982).

Lower elevation tributary valleys of the Cascades that drain into the lower South

Santiam River below Foster Reservoir, are present in an agricultural/forested landscape

setting. Soils within these agricultural/forested landscapes include poorly drained soils

adjacent to streams that show high expansive properties (Landridge, 1987). Some of these

poorly drained (high expansive) soils contain abundant smectite (Landridge, 1987).



D. Effects of the February 1996 Flood

In February, 1996, an unusually intense storm moved over the Pacific Northwest

and resulted in regional flooding and widespread occurrence of prolific landslides and

soil failures in forested areas of the Cascades (Bates, et al. 1998). Sediment accumulated

for many years at earthflow toes was mostly washed away during February 1996 storm

(Shank, 1998, personal communication). Washing away of fine clays at earthflow toes

identified the February 1996 storm as an episodic occurrence, compared to several other

storms occurring several years after the February 1996 storm. The upper South Santiam

River at Cascadia, Oregon experienced a return period of greater than 100 years

(Hubbard et al., 1997). Reservoirs were completely filled with extremely turbid water by

this flood event.

Raw water turbidity6 in local water treatment plants exceeded 400 ntu during the

flood - and several treatment plants experienced continual high turbid water for months

following the storm (Figure 3). The finished water turbidity of Class IV rapid sand

filtration systems (e.g., Albany, Lebanon and Sweet Home) was <1 ntu (EPA

requirement), but these systems had to increase the amount of coagulants to achieve

turbidity standards. The finished water turbidity of Class II slow sand filtration systems

(e.g., Salem) was much greater than 1 ntu and forced the shutdown of the Salem

treatment plant, requiring the city to rely on other water sources (Cotton, et al. 1998).

Stream turbidity levels from inflowing reservoir tributaries dropped to nearly normal

levels shortly after the flood event, but during the remainder of the spring 1996 peak-flow

24

6 Raw water turbidity is the incoming turbidity that is recorded in ntu at each water treatment plant before
treatments are applied.



season, turbid release waters from reservoirs continued to influence downstream water

quality (Figure 3). Raw water turbidity in the Salem water treatment plant persisted

above 10 ntu for four months following the storm event, mainly because of reservoir

releases.
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Figure 3 Raw water turbidity of Albany (a), Lebanon (b), and Sweet Home (c), for
the month of February, 1996 (City of Albany, 1 996a; City of Lebanon,
1996, and City of Sweet Home, 1996).
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III. METHODS OF INVESTIGATION

A. Conceptual Approach

Geologic substrate, soil conditions/weathering types, and geomorphic features

were interpreted from GIS map coverages (©ArcView 3.2 software) throughout the

South Santiam basin (Figure 4). The bedrock geology map was interpreted from Walker

and MacLeod (1991), which identified particular hydrothermal alteration types of each

unit. In some special cases, such as in the vicinity of the Quartzville Mining District,

maps from Munts (1978) and Nicholson (1989) were correlated with Walker and

MacLeod (1991) to determine areas influenced by propylitic, phyllic and argillic

alteration. Figure 4 shows the framework that was used in establishing the soil sampling

sites used for clay mineral analysis.

The Linn County soil survey (Landridge, 1987) was used for interpretation of the

major geomorphic features, soil morphology and landscape stability of the soils in the

areas that drain into the South Santiam River below Foster Dam (Figure 4). Geologic

hazard maps (Beaulieu & Hughes, 1974) were also used to identify the most common

geomorphic processes in the area surrounding Green Peter and Foster Reservoir as well

as the below-dam sub-watersheds.

Geomorphic surface maps of the Willamette Valley (below Foster Dam) mapped

by the U.S. Geological Survey (O'Connor et al., in press) were also used to distinguish

between Missoula Flood deposits, Cascade terrace deposits and other alluvial deposits

(Figure 4). These geomorphic surfaces were in the area surrounding the Albany Santiam

Canal where there is generally low relief
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Soil landtype GIS maps, mapped by the U.S. Forest Service, Willamette National

Forest, Sweet Home Ranger District (Shank, 1995 and Shank, 1996), were also used to

distinguish between the 5 major geomorphic landtypes including: active earthflows or

debris flows, stabilized earthflow terrain, steep stable volcanic terrain, glacial deposits,

and older "Pleistocene" stream terrace deposits (Figure 4). All of these soil landtype

mapping units were re-mapped by the Sweet Home District Geologist/Soil Scientist on

Willamette National Forest and some adjacent private land, reviewing over 63,400 acres

(25,657 ha) in the South Santiam sub-watershed and 80,614 acres (32,623 ha) in the

Middle Santiam sub-watershed. As many as 4,000 different GIS mapping units were

grouped into the 5 different major geomorphic landtypes. Soil landtypes were mapped

according to the characterization used in Legard & Meyer (1973 and 1990 editions) of the

Willamette National Forest Soil Resource Inventory, which identified the geomorphic

setting, landtype distribution, soil suitability, slope stability, site productivity,

geomorphic processes and sediment supply. The main factors considered in this thesis

from the soil landtypes were the geomorphic processes, sediment supply, geomorphic

setting and slope stability.

Suspended sediment sample sites were selected from various tributaries

throughout the watershed based on the larger mean daily discharge record and drainage

area (Figure 5). Another factor considered in selection of sample locations was proximity

to the reservoir. Major tributaries that drain the South Santiam municipal watershed

(Figure 1 and 2) were sampled during various storm events of the 1998/1999 peak flow

season. Other tributaries were omitted in sampling because of the large area that the

South Santiam encompasses.
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B. Field Methods

Soil and recent sediment samples were collected from hill slopes and stream

banks of forested and agricultural landscapes within the South Santiam municipal

watershed (Appendix I). As many as 49 soil samples were collected at selected failure

areas (rotational slumps, earthflow toes, road failures, debris flow deposits, debris flow

side-slopes) as well as road outcrops and exposed stream cutbanks. Earthflow toes were

sampled approximately 3 0-60 cm deep, where debris flow fans were sampled as deep as

150 cm (at 30cm intervals) throughout the deposit profile and homogenized in a 19 liters

(5-gallons) bucket. Stream cutbank samples were collected with a hand shovel at

approximately 30 cm intervals throughout the soil profile and homogenized in an 8 liter

zip lock bag.

As many as 25 recent sediment (RS) samples were collected at tributary deltas of

Green Peter and Foster Reservoirs during low to mid-pool periods. Recent sediment

samples were collected at recently developed mudflats with a 5 cm steel pipe or hand

shovel. A "fresh" recent sediment deposit within the reservoir was taken close to the

stream's entry to the reservoir. It was usually identified by its distinct fan-like shape and

lack of any algae growth on the surface. Other reservoir bank-margin soils were also

sampled to distinguish between the inflowing deltaic sediment. Most soil and all recent

sediment samples were collected in 19-liter buckets. Approximately 4 liters of distilled

water (sometimes reservoir or stream water) was added to each bucket and then stirred

with a garden trowel for approximately 5 minutes. Suspended material and some of the

homogenized bulk soil sample was then obtained and sealed in a zip-lock bag and stored

for clay mineral analysis.
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As many as 52 water samples (suspended sediment) were collected at 25 different

locations on major or minor tributaries of the South Santiam municipal watershed.

During the onset of a given storm, the discharge of the unregulated portion of the South

Santiam River (South Santiam River below Cascadia, gage #14185000) was monitored

on the Internet to determine if there was enough runoff and potential erosion during each

storm. Current turbidity levels of local water treatment plants were also monitored by

communicating with treatment plant operators. General sources of water treatment plant

turbidity can be better understood when relating turbidity with reservoir release periods

and other stream flow discharge above and below the reservoirs. While sampling

suspended sediments, additional observations of individual storm characteristics (e.g.,

approximate snow elevation, precipitation intensity/duration, snow-melt, rain-on-snow)

as well as reservoir elevations and stream discharge were also noted during each storm

sampling period.

Water samples (suspended sediments) were collected from 6 different storm

events on the following days: December 3, 1998; January 6, 1999; January 18, 1999;

February 7, 1999; February 28, 1999; and May 18, 1999. The suspended sediments

samples were collected downstream from the soil mineralogy sample sites with five-

gallon buckets or a Van Doren sampler (US DH-48 Depth integrating suspended wading

type TM FEDERAL INTERAGENCY SEDIMENTATION PROJECT) at bridges

or near the thaiwag of each stream channel (at maj or reservoir inflowing tributaries,

reservoir outflow, water treatment plant intakes or near the confluence of below-dam

tributaries draining below Foster Dam). As much as 19 liters (or more) of water was

sampled in order to obtain enough sediment for clay mineral analysis. In some cases, the
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concentration of SS was too low for X-ray Diffraction (XRD) analysis (<2.5 mgll): In

these, only turbidity was recorded. The samples were then treated with 10 ml of

household bleach (5.25% Sodium Hypochiorite) to retard biological activity during

storage. Turbidity was measured with a 2 lOOP Portable Turbidimeter (©Hach Company),

either in the field or in the lab at the end of the sampling day. The Hach Turbidimeter was

calibrated with turbidity standards (10 ntu, 100 ntu, and 1000 ntu) before recording

samples. Suspended sediment discharge analysis was not conducted in this study because

of the expense in establishing control stations to quantify stream discharge and sediment

concentration. Because suspended sediment concentration (SSC) was not collected at

each water treatment plant and sampled tributaries, the total volume of sediment moved

and hysteresis (SSC vs. discharge) was not determined in this study. Clay mineralogy of

suspended sediments is generally uniform for each sampled tributary, which caused

hysteresis to be a minor influence on the clay mineralogy during the smaller peak flow

periods that were sampled. However, hysteresis may be an important influence on clay

mineralogy during larger storm runoff events (i.e., February 1996 flood). Turbidity was

recorded once from each sample but was not used to trace any particular sources since

turbidity may vary in time and space, throughout each sampling period. Suspended

sediment samples were typically collected only once from each site during a

representative peak flow period. Sampling also did not access cumulative effects of land

use (i.e., road building, agricultural, or logging practices).



C. Laboratory Methods

Suspended sediment concentrate was extracted through centrifugation (Model K

Centrifuge: International Equipment Company), using iN MgC12 to flocculate the clays.

The sample was rinsed with distilled water until it was free of MgC12 (Glasmann, 1997b).

Soil, RS and SS samples were all separated into appropriate sizes (<2tm and <l5tm)

through centrifugation, according to the method of Glasmann & Simonson (1985). Bulk

soil and RS samples were sieved through a <38tm sieve (No. 400) to remove large

particles of suspended organic material (i.e., roots, leaves, bark, abraded wood)

(Glasmanri, 1997b). A portion of the screened sediment was poured into 250 ml

centrifuge bottles. Figure 6 shows the procedures for clay separation, cation saturation,

X-ray Diffraction settings and heating of the clay slide. Cation saturation was performed

on each clay sample using 1.0 N KC1 and 1.0 N MgC12. An oriented slide of the clays

was prepared by the methods of Theissen and Harward (1962). Each clay slide was

treated according to the method of Glasmann & Simonson (1985) except for glycerol

treatment. Each clay sample underwent four different treatments in order to collapse

expandable clays, and also to observe non-expandable clay minerals and non-clay

minerals. In the glacial deposits or propylitic altered soil samples, which contain very

little suspendable clay minerals, 200-3 00 mg of dispersant (sodium phosphate) was added

to the bulk sample to suspend clay minerals such as gibbsite and kaolinite. All clay

fraction slides were hydrated immediately after prepared to prevent halloysite phases

from dehydrating in each sample.

XRD analysis was conducted to identify the mineralogy of fine soils (<2pm and

<1 5pm). XRD analysis was performed with an automated Phillips XRG3 100 using Cu
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Bulk soil,
recent sediment

suspended sediment
samples

Clay and silt separation
<15.tm (silt) 6 mm. @ 650 rpm (3 times)

Poor 2/3 fluid (suspended clay) into a 3rd250 ml bottle
<2tm (clay) 8 mi 2000 rpm *(3 times or until all clay is separated

from samnle)

Sample mixed in 250 ml centrifuge
bottles with milk shake blender

(rubber tipped)*
Poor off 2/3 fluid (silt and clay) into a

2 250 ml bottleV
KC1 Treatment (3 times)

Add 50 ml of 1.0 N KClto clay sample

Centrifuge*: Same as MgC12 Treatment

Slide Preparation
Smear clay and silt on glass slide

Hydration
Place in hydrator for -12 hours at 54 RH

X-ray Diffraction
Scan slide from 2-14 2-theta (2 sec count)

Place in oven 110°C for 2-3 hours
Scan slide from 2-14 2-theta (1 sec. count)

* International Equipment Company, Model K Centrifuge
Figure 6 Clay Mineralogy Laboratory Procedures ** DuPont Instruments, Sorvall SS-3 Automatic Centrifuge

MgC12 Treatment (3 times)
Add 50 ml of 1.0 N MgCl2to clay sample

Centrifuge 8 mm @ 2000 rpm Use MgCl2
Rinse 3 times with distilled water for 8 minutes @ 2000 sample for

rpm 1st time*, and 8,000 rpm 2nd and 3 time ** KCI samnie
1st run in 250 ml bottle, 2nd and 3rd runs in 50 ml test tubes

Slide Preparation
Smear clay and silt on glass slide

Hydration
Place in hydrator for 12 hours at 54 RH

X-ray Diffraction
Scan slide from 2-14 2-theta (2 sec count)

Glycol solvation - place slide in glycolated hydrator
and place in oven 65°C for 2-3 hours

Scan slide from 2-40 2-theta (2 sec. count)



36

Ka radiation (40 Ky, 35 ma) with compensating slits and a focusing monochromator.

Samples were step scanned using 0.04-degree 2-theta step increments and a 2 second

count time. Sample mineralogy was interpreted using Jade+ software, which searches

both the International Powder Diffraction database and user-generated files for matching

XRD peaks.

Semi-quantitative interpretation of clay mineral abundance was accomplished

using NEWMOD2 (Reynolds and Reynolds, 1996). However, this program can only

quantify well-crystalline clays (such as smectite and kaolinite). It is not capable of

quantifiing specimens that lack well-crystalline XRD patterns such as halloysite and

non-phyllosilicate phases (quartz, feldspar, cristobalite, or zeolite) (Glasmaim, 1 997b).

These non-crystalline or non-phyllosilicate minerals were quantified by their general

peak intensity and width relative to reference mineral patterns. Many factors affect XRD

peak intensities; they include mineral abundance, elemental composition, particle

thickness, sample orientation, and presence of amorphous material. These factors make it

very difficult to interpret quantitative relations within and between different samples

(Glasmann, 1 997b). However, when XRD patterns from different samples appear similar,

the qualitative and quantitative aspects of the samples are likely similar (Glasmann,

1 997b).



D. Flood-Frequency Analysis Methods

Return periods were calculated with the analytical frequency analysis which used

the log Pearson Type III distribution (Appendix V). The instantaneous discharge record

for the South Santiam River and Quartzville gages were used in the analysis. The data

from each gage was transformed by taking the logarithm of peak discharges, which then

was used to calculate the mean peak discharge (50% probability of exceedance), the

standard deviation (slope of frequency curve), and the skew coefficient (index of

nonnormality: curvature of frequency curve). The program used in the analysis was

PEAKFQ Version 2.3, January, 1997, which follows Bulletin 17-B guidelines

(Interagency Advisory Committee on Water Data, 1982). The statistical analysis was

conducted by Jo Miller (Technical Information Specialist) of the U.S. Geological Survey,

Portland District office.

Some potential errors in the return frequency analysis are the following: 1) gaging

stations may have been altered or disturbed since installation, 2) discharge vs. stage level

calibration curves are based on approximations, 3) potential bank overflow may have

occurred during major flood events, 4) some channels above the gage may have been

altered, and 5) the stage level vs. flow is only an approximation based on the cross

sectional geometry of the channel
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IV. RESULTS

A. Water Treatment Plant Data

A.1 Turbidity of Water Treatment Plants

Raw water turbidity at the water treatment plants of Sweet Home, Lebanon and

Albany shows a strong relationship to storm-induced peak runoff and reservoir release

periods (Figure 7). However, for none of the recent storm events did turbidity reach the

levels achieved during the February 1996 flood (Figure 3). The precipitation intensity

associated with each peak flow event was generally greater than 2.54 cm (1 in) in a 24-

hour period (Figure 8). The highest rainfall event for the 1999 water year occurred on

December 28, 1999, during which 12.7 cm (5 in) fell in 48 hours (recorded at the Sweet

Home water treatment plant). This particular storm caused a rain-on-snow event that was

associated with unusually high runoff and rapid filling of Foster and Green Peter

Reservoirs (Figure 9 and 10). The stored water was rapidly released following the storm

event with both reservoirs returning to "normal" winter level within a week. As a result

of the December 28, 1998 storm, each water treatment plant had the highest raw water

turbidity level for the 1998/1999 peak flow season (Figure 7). Following this storm

event, very little precipitation occurred throughout the watershed but turbidity persisted

for two weeks at each water treatment plant in response to water released from Foster

Reservoir (Figure 7, 9, and 10). Reservoir release periods during other storm events of

the winter peak-flow season also caused elevated turbidity in Sweet Home and Lebanon
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(Figure 7 and 12). The December 28, 1998 storm event was not sampled, although it

produced very high turbidity, which persisted several weeks following the release of the

captured storm flow (Figure 12 Figure 13).

Turbidity at Lebanon is significantly lower than Sweet Home and Albany during

all peak-flow events (Figure 7 and 11). This lower turbidity was also evident during the

February 1996 flood (Figure 3). Lebanon's low turbidity is most likely due to its intake

location (i.e., four miles from the canal headgates) and less discharge in the canal

compared to the lower South Santiam River discharge (Figure lib). Intake water

turbidity during the December 28, 1998 storm peaked at 200 ntu at Sweet Home and 180

ntu at Albany (Figures 12 and 13). The storm caused Lebanon turbidity to peak at about

42 ntu and Albany peaked a second time at 62 ntu (Figure 11). Throughout the remainder

of the peak flow season, Albany showed repeated, very short-duration turbidity episodes,

whereas Sweet Home and Lebanon experienced more persistent high turbidity events.

The short duration turbidity episodes at Albany suggest a different turbidity generating

mechanism.



Figure 7 Raw water turbidity of the water treatment plants of Sweet Home, Lebanon and Albany for the
1998/1999 peak-flow season. (City of Sweet Home, Lebanon, and Albany, 1999 Unpublished data)

IIlI j.
r 'i liii - 111111 1111111 ' ' ri i "ii '

I 'IiI
160.0 - 2
150.0 U

140.0 -4 E

130.0

120.0
-u G)

110.0. x -8 '
.E. 100.0

90.0 10
80.0
70.0 A -12
60,0

X.,.
-50.0 - X x x

400 X XX4 X300
- 16

20.0-
100

,

p

X -18

0.0 - I - - 20
00 03 00 03 00 00 00 00 00 00 00 00 00 00 00 00
CO 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00

00 00 00 00 00 - 00 00 00 00 00 00
00 CO 00 00 00 CO 00 CO CO CO CO

CO CO - CO CO CO CO 'O 00 CD 00
00 00 00 00 00 00 00 00 00 CC 00

Sample

U Precipitation (cm) FOSTER ISweet Home Lebanon XAlbany



10.00

9000

8.00

x

cc cc cc
cc cc cc
cc cc -cc cc
cc cc cc

cc cc cc cc cccc cc cc cc cc
cc cc
cc cc cc cc cc
cc cc N) cccc cc cc cc cc

Sweet Home Lebanon x Albany

cc cc
cc cc
cc cc

cc
- cccc cc

Figure 8 Precipitation intensity at Sweet Home, Lebanon, and Albany throughout the 1998/1999 peak-flow season.
(City of Sweet Home, Lebanon, and Albany, 1999 Unpublished data)

..
x

Xx - ____

7 00

6.00

5.00
n

4.00

3.00

2.00

1,00

0,00.004 T

cc
cc

cccc
cc

cc

cc cc
cc cc
cc cccccc

cccc
cc

cccc

cccc
cc
cc
cc
cc



Figure 9 Mean Daily Discharge for Inflow and Outflow of Green Peter Reservoir
and precipitation (USGS, 1999, Provisional Unpublished Data).
Note: rule curve = water control diagram
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Figure 12a Sweet Home raw water turbidity with precipitation for the 1998/1999
peak-flow season (City of Sweet Home, 1999 unpublished data).
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Figure 12b Sweet Home raw water turbidity with South Santiam River discharge for
the 1998/1999 peak-flow season.
(City of Sweet Home, 1999 unpublished data)

45

cc LCD LCD LCD DC CD CC
CD CD CD CD CD CD
CD CD CD CD CD
CD CD CD C- 0 CD0
CD CD

CD CD- - .- 0 0

CD CD CD 0) CD CD CD CD CD
CD CD CD CD CD CD CD CD
CD CD CD

C- CD CCC CD CC 00 CD C) CD CD .- CD ND
CD CD CD CD CD
CD ND CC CD CD CD CD CD0 0 0 CD C) 0 CD C) 0

cc
CD
CD
CD

cc
CD
CD

CD
CD

CDL
CD
CD
CD
CD

CD
CD

C-0
C-0

CD CD CD
CD CD CD

CD
CD 0 CD

CD
CD ND ND0 0 0



200.0

180.0

160.0

140.0

c 120.0

100.0

E 80.0

60.0

40.0

20.0

200.0

180.0

160.0

140.0

120.0

100.0

80.0

60.0

40.0

20.0

cc
cc
ND

cc

pw

cc cc cc cc cc, cc oc cc cc
cc cc cc cc cc cc cc cc cc

ND ND ND
cc, cc cC ND cc cc cc .- cc

cc . cc .- cc cc CD 0
ND

CD ND . .- CD CD ND
cc cc cc cc cc

Figure 13a Albany raw water turbidity with precipitation for 1998/1999
peak-flow season (City of Albany, 1999 unpublished data).

tL
I

Canal Discharge

T '!rTT

MO/DAY/YR

0.00

2.00

4.00

6.00

8.00

10.00

12.00

14.00

1
16.00

L_ 18.00

F F U

20.00
cc cc cc cc cc cc
cc cc cc cc cc cc
ND ND ND

cc cc cc cc cc
cc cc .- cc .- cc,

C) cc cc LcD ND 0
cc cc cc cc cc cc

cc cc cc cc C, cc cc cc cc
cc cc cc cc cc cc cc cc cc

ND ND cc ND ND
cc cc cc .- cc .- cc cc cc

cc cc cc cc cc cc cc
ND cc ND ND cc ND cc

CD cc ND ND cc cc LcD
cc cc cc cc cc cc cc cc cc

r

0
C
0

0.
0

0.

O

U)

0
U,

U)

U)
0,

2

30
U)

C

4
C
0
C
U)
.0

-J

Figure 13b Albany raw water turbidity with discharge of the Lebanon Santiam Canal
below the headgates (City of Albany, 1999 unpublished data).

46

cc
cc
ND
ND

ND

cc

cc

cc
cc
ND

cccccc
ND
cc

0) cccc
cc

cc,
cc

cc
cc
ND

cc
cc



47

A.2 Clay Mineralogy of Soils and Recent Sediments in the Albany Santiam
Canal

Sample sites 1, 2, 3, and 5 are all recent sediment, sampled within the Albany

Santiam Canal at the canal headgates, U.S. Highway 20 bridge, and adjacent to the

Lebanon water treatment plant (Table 2; Figure 14 and 15). These sediments are

composed largely of volcanic-lithic sand and silt that are transported from the South

Santiam River and deposited along the canal. The clay mineral assemblage at sample

sites 1, 2, and 3 was dominated by smectite with minor components of chlorite, kaolinite,

cristobalite, feldspar, quartz, and zeolite (Figure 13; Appendix III). This mineralogical

assemblage is similar to that observed in suspended sediments from the Wiley, upper

South Santiam, and Middle Santiam sub-watersheds, where long-term earthflow

movement is a major geomorphic process. A portion of these smectitic sediments may

also be from the lower Santiam sub-watershed (i.e., below-dam tributaries) where bank

erosion of poorly drained recent floodplain soils is common. The recent sediment

samples along the canal may be remobilized during storm-flow periods, but because of

their fairly course texture, they are probably a minor contributor to persistent turbidity

and suspended clays at the Albany and Lebanon water treatment plants. Because the clay

assemblage of these canal-margin soils reflects a history of Cascade provenance, it is

difficult to distinguish between clays derived by canal bank erosion or upstream

processes.

Sample site 5 is also recent canal sediment but is very different from the sample

sites above. This specimen was predominantly silty in texture and contained a clay

mineral suite that included smectite, vermiculite, illite, chlorite, and kaolinite The
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Table 2 Clay mineralogy of suspended sediments, recent sediments and soils along the Albany Santiam Canal.

Mileage from
Albany WTP

(km)

Date Delivery
Sampled Process

Sample
Site

Site Description S V I C K H CR P
(An)

F Q HE Z

30.1 RS 10/98 R 1 Albany Santiam Canal Headgates
sediment

58 tr 15 4 6 7 6 2 2

29.8 SS 2/7/99 U Albany Santiam Canal Headgates 57 tr 15 4 5 6 7 3 3

24.3 1/18/99 V Lebanon Water Treatment Plant 56 2 19 4 4 7 4 2 2
(raw water)

24.3 2/7/99 V Lebanon Water Treatment Plant 59 tr 16 4 5 6 7 2 1

(raw water)
23.9 RS 7/98 R 3 ASC next to Lebanon WTP 60 2 16 3 4 7 4 2 2
21.2 ASC-LSC CUTOFF
20.8 ALBANY GATES
20.1 RS 7/98 R 2 Highway 20 Bridge 61 tr 15 4 4 5 6 2 3
15.1 SOIL 7/98 CCB 6 Missoula Flood deposit 37 9 23 19 5 2 5

12.5 RS 7/98 R 5 Stutzman Rd Bridge 27 9 27 23 5 2 7 tr
12.2 SS 1/18/99 W Albany Santiam Canal @ 60 6 1 20 4 2 3 2 2

Stutzman Rd Bridge
12.2 SS 2/7/99 W Albany Santiam Canal @ 53 10 3 13 4 4 5 5 2 1

Stutzman Rd Bridge
0.0 SS 1/18/99 X Albany Water Treatment Plant 60 5 8 16 8 1 1 1

(raw water)
0.0 SS 2/7/99 X Albany Water Treatment Plant 40 16 19 10 7 3 2 2 1

(raw water)
CLAYS S smectite, V= vermiculite, 1= illite, C= chlorite, K= kaolinite, H= halloysite,

NON-CLAYS CR= cristobalite, P= plagioclase (An =anorthite), F = K-feldspar, Q= quartz, HE=
hematite, Z= zeolite (heulandite)

Delivery Process: R = reworked river or canal sediments, Numerical values listed are estimated mineral abundances.
CCB = canal cutbank tr - signifies trace abundance (<1%)
Sample Type: SS = suspended sediment, RS = recent sediment 5 -30 % Amorphous material detected in most SS samples

ASC = Albany Santiam Canal, WTP = water treatment plant
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presence of vermiculite, illite, and K-feldspar and the absence of cristobalite, zeolite, and

a stronger calcic plagioclase component indicates that sample 5 is not of Cascadian

provenance. (Table 2; Figures 13; see A.3.3).

Sample site 6 was located in a canal-margin clay-rich soil layer approximately

152 cm below the ground surface. The soil series surrounding this particular sample site

is mapped as the Coburg silty clay loam (Landridge, 1987). Although this site lies within

the Coburg soil series, the mineralogy and clay-rich stratigraphic layer are more

representative of the lower portion of the Dayton soil series (Landridge, 1987). The clay

mineral assemblage of this sample contained abundant smectite, illite, chlorite, and

vermiculite, yielding an XRD pattern similar to that of known Missoula Flood deposits

(Glasmann & Kling, 1980a). The illite and vermiculite components are key clay minerals

that distinguish Missoula Flood deposits from Cascade derived sediments (Glasmann and

Kling, 1 980a). Missoula Flood deposits are prominent in the area adjacent to the Albany

Santiam Canal to the west of sample site 6 (Figure 14) (Balster & Parsons, 1968;

Glasmann & Kling, 1980b; O'Connor, in press). These Missoula Flood deposits underlie

the Ca!apooyia, Seneca!, and Bethel geomorphic surfaces, and generally thicken towards

the center of the Willamette Valley (Balster and Parsons, 1968; Reckendorf, 1993;

O'Connor, in press). Because these Missoula Flood deposits are silty, micaceous and

contain a smaller proportion of smectite relative to Cascadian sources, their contribution

to persistent turbidity at Albany water treatment plant is probably minor. However, canal-

bank slumping within Missoula Flood deposits may cause sharp increases in turbidity

during some storm events (see A.3.3).



A.3 Clay Mineralogy of Suspended Sediments in Water Treatment Plants

A.3.1 Sweet Home Water Treatment Plant Clay Mineralogy

Suspended sediments at the Sweet Home water treatment plant have only two

major sources: Foster Reservoir discharge and runoff from Wiley Creek (Figure 2).

Suspended sediment were sampled during three different peak flow periods during the

1999 water year, each of which exhibited slightly different clay mineral assemblages, but

also showed persistent turbidity (above 20 ntu) following the sampled storm events

(Table 3; Figure 17). The December 2, 1998 SS sample has a clay mineral assemblage

dominated by smectite with minor kaolin, quartz, feldspar, and very minor zeolite

(Figure 17, Appendix III). Raw water turbidity was only persistent above 20 ntu for 3

days following the December 2, 1998 storm event. In contrast, the January 18, 1999

sample, while still smectitic, shows greater abundance of chlorite and illite relative to

kaolinite. Raw water turbidity was persistently above 20 ntu following the January 18,

1999 event, but was affected by continued releases of turbid water from Foster Reservoir

that was related to the major December 28, 1999 storm event. Illite is absent in the

February 7, 1999 suspended sediment sample, and both kaolinite and chlorite are less

abundant relative to the January 18, 1999 sample (Table 3; Figure 17; APPENDIX III:

Figure 61 and 62). All suspended sediment samples contain zeolite, plagioclase, and

cristobalite. The raw water turbidity from the February 7, 1999 storm event is

significantly lower than the previous storm events and does not persist above 20 ntu

following the storm. The high and persistent turbidity in sampled storm events (i.e.,

December 2, 1998 and January 18, 1999) are in response to heavy rainfall and high
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Table 3 Summary of the clay mineralogy of Sweet Home, Wiley Creek and Foster Reservoir Outflow suspended sediments.

MILAGE FROM
SWEET HOME

WTP (km)

SS DATE SAMPLE
SITE

SITE DESCRIPTION S I C K H CR A Q HE Z

o 12/2/99 P Sweet Home Water Treatment Plant 62 15 5 7 7 2 2
(raw water)

0.0 1/18/99 P Sweet Home Water Treatment Plant 62 2 7 6 5 7 7 2 2
(raw water)

0.0 2/7/99 P Sweet Home Water Treatment Plant 70 6 3 7 5 4 3 2
(raw water)

5.8 WILEY CK CONFLUENCE
6.3 12/3/99 N Foster Reservoir Outflow 75 10 3 4 4 2 2
6.3 1/18/99 N Foster Reservoir Outflow 62 2 7 7 5 7 6 2 2
6.3 2/7/99 N Foster Reservoir Outflow 62 2 7 7 5 7 6 2 2

6.6 1/18/99 0 Wiley Creek @ Highway 20 Bridge 83 9 2 3 2 1

6.6 2/7/99 0 Wiley Creek @ Highway 20 Bridge 51 27 7 8 2 2 3

6.6 2/28/99 0 Wiley Creek @ Highway 20 Bridge 72 8 5 6 5 2 2

CLAYS S= smectite, V= vermiculite, 1= illite, C= chlorite, K= kaolinite, H=
halloysite,

NON-CLAYS CR= cristobalite, A= anorthite lagioc1ase), Q= quartz, HE= hematite, Z= zeolite (heulandite), G= gibbsite

Numerical values listed are estimated mineral abundance.
tr - signifies trace abundance (<1%)
5 -30 % Amorphous material detected in most SS samples
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runoff at higher elevations. The February 7, 1999 storm event, showing non-persistent

turbidity, is related to low elevation snow accumulation.

The clay mineralogy of suspended sediment at the Sweet Home water treatment

plant shows subtle variations as a function of storm intensity. Early winter "average"

storm flow was dominated by smectite, whereas the major storm event in late December

resulted in an increase in the chlorite and illite component in the clay fraction (Figure

17). Following this maj or watershed event, and complete release of related stored

turbidity from Foster Reservoir, later "average" winter storms were once again associated

with smectitic-dominated clays. This variation in clay mineralogy with storm intensity

suggests that sediment sources are storm dependent. In other words, sediment delivery

mechanisms change with increasing storm intensity. The increased delivery of chlorite

and illite to the Sweet Home water treatment plant after the major December 28, 1998

storm event suggests greater sediment contribution from propylitic/phyllitic-altered

volcanics relative to sediments derived from zeolitically-altered volcanics. In contrast, the

Wiley Creek suspended sediment clay assemblage contained a pedogenic clay component

of halloysite but no clay components related to propylitic, argillic or phyllic alteration

(Figure 17). The absence of a major halloysite component in the Sweet Home water

treatment plant samples suggests that the overall sediment contribution from Foster

Reservoir is generally much greater than from Wiley Creek. In addition, the slow release

of smectitic waters from the Foster Reservoir also contributes to persistent turbidity at the

Sweet Home water treatment plant following major flood events.



A.3.2 Lebanon Water Treatment Plant Clay Mineralogy

Suspended sediments at the Lebanon water treatment plant are influenced by

discharge from the lower South Santiam River (Foster outflow) and associated tributaries

(Wiley, Ames, McDowell, Noble and Hamilton Creeks (Figure 2). These western-most,

generally low-elevation drainages include areas with deep red soils (Jory soil series)

(Landridge, 1987) and precipitation generally falls as rain.

Suspended sediments were sampled at the Lebanon water treatment plant during

the January 18 and February 7, 1999 storm events. The clay mineralogy of these

sediments, consisting of smectite, chlorite, zeolite, and minor amounts of other phases is

similar to suspended sediments at Sweet Home during the same storm events. (Table 2;

Figure 16 and 17; Appendix III). Chlorite is slightly more abundant at Lebanon than at

Sweet Home, and both treatment plants exhibited a minor illitic component following the

major December runoff event (Figure 16 and 17).

During the February 7, 1999 storm event, suspended sediment mineralogy at

Lebanon was nearly identical to that observed at the Canal headgates (Figure 13).

However, Foster discharge on this date exhibited a minor illitic component that was not

found at Lebanon (Figure 13 and 14; Appendix III). These subtle differences in

suspended mineralogy suggest that the illitic component released from Foster Reservoir

was diluted by non-illitic runoff from lower South Santiam drainage sources. Illite is

absent at the canal headgates (Figure 13) indicating that the absence of this phase cannot

be due to settling within the canal. Possible clay contributions from other drainages in the

lower South Santiam will be discussed in section B.5 and B.6.
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A.3.3 Albany Water Treatment Plant Clay Mineralogy

Suspended sediments at the Albany water treatment plant are dominantly

influenced by discharge from the Albany Santiam Canal with minor contributions from

low-elevation tributaries that drain flat agricultural land adjoining the canal (Figures 2

and 14). These flat valley floor landscapes are underlain by silty micaceous Missoula

Flood deposits with a very different mineralogical character from Cascadian sediments

(Table 2; Figure 13). The clay mineral assemblage at the Albany water treatment plant

varied from the January 18, 1999 to the February 7, 1999 sampling periods. (Table 2;

Figure 13). The clay mineral assemblage from the January 18, 1999 storm event was

dominated by smectite with less abundant illite, kaolinite, chlorite, zeolite, and only a

trace of quartz, cristobalite, and plagioclase. Turbidity persisted above 20 ntu for

approximately 2 weeks following the January 18, 1999 storm event, primarily in response

to the release of smectitic waters from Foster Reservoir (Figure 13 and 14; APPENDIX

III). In contrast to the lower South Santiam River clay mineral assemblage, the <1 5p.m

(silt size fraction) from the Albany raw water intake contained dominant illite, quartz,

cristobalite, and plagioclase (APPENDIX III). These minerals are representative of the

surface of Mis soula Flood deposits (containing mostly silt size particles) that typically

eroded from agricultural lands during high-runoff events and drained immediately into

the Albany Santiam Canal.

The clay mineral assemblage of suspended sediments at the Albany water

treatment plant on February 7, 1999 (Table 2; Figure 13, APPENDIX III) differed

substantially from suspended sediment clays identified in the January 18, 1999 sample.

The February 7, 1999 includes major amounts of vermiculite and illite, yielding a

58



59

mineralogical character similar to that of Missoula Flood deposits (Figure 13). This

sampling period also corresponded to heavy rain that occurred primarily at lower

elevations (approximately 200 to 1000 fi) as well as observed snow accumulation as low

as 1,500 ft in elevation. Compared to the persistent turbidity associated with the January

18, 1999 storm event, turbidity at Albany after the February 7, 1999 storm event rapidly

dropped below 20 ntu. This indicates a difference in both sediment source and sediment

character between the two sampled storm events. The January 18 storm event was

strongly influenced by Cascadian sources related to Foster outflow (smectite-chlorite-

cristobalite-zeolite assemblage), whereas the February 7 event was influenced by

Missoula Flood provenance (enrichment of vermiculite, illite, and potassium feldspar).
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B. Sub-watershed Characteristics

B.1 Upper South Santiam Sub-watershed

B.1.1 Description of the Geologic and Geomorphic Characteristics

The upper South Santiam sub-watershed drains into Foster Reservoir and includes

several major drainages: the Lower South Mainstem; Moose, Canyon, Menagerie and the

Upper South Mainstem (Table 4a and 4b). Tributaries of the upper South Santiam sub-

watershed generally have north and south aspect and range in elevation from 194 m (637

ft) at the Foster Reservoir to 1658 m (5440 fi) at Iron Mountain. Slope relief in the upper

South Santiam sub-watershed is highly variable and sediment delivery is a function of

many geomorphic processes (Table 4a and 4b).

B. 1.1.1 Lower South Mainstem Drainage

The Lower South Mainstem (LSM) drainage has an elevation ranging from 194 m

(637 ft) at the high water mark of Foster Reservoir to 1087 m (3566 ft) at High Deck on

the north, to approximately 762 m (2500 ft) at Moss Butte on the southeast (Table 4a;

Figure 18). The LSM has moderate to low relief with numerous gently sloping benches

and flats. It represents the oldest and most weathered volcanic sequence in the upper

South Santiam sub-watershed (Walker & Duncan, 1989). The bedrock geology consists

of volcanic tuffs, breccias, and ash flows, with some local



Table 4a Watershed Characteristics of the upper South Santiam sub-watershed

* *Key to geologic unit abbreviations found in sub-watershed geology maps.

Drainages Drainage
area

(km2 &
mi2)

Major
Streams

Elevation
range

(m & ft)

Bedrock
geology

**

Dominant
alteration

type

Dominant geomorphic
process

Lower
South
Mainstem

91 km2
35 mi2

South Santiam
River
Dobbin Creek
Wolf Creek

194-277

244-1317
256-1185

637-910

800-4320
840-3889

Tu, Tus,
Tub, Tut,
Tbaa, Qls,
Tsv,Tmv

Pedogenic
and
Zeolitic

Debris flows, rotational
slumps, Pleistocene terrace
deposit

Moose 52 km2
20 mi2

Moose Creek 277-1426 910-4680 Tu, Tbaa,
Tsv, Tsv,
Tub, Tut

Zeolitic Steep stable volcanics,
stabilized earthflows,
Pleistocene terrace deposit
earthflows, glacial deposits

Canyon 137 km2
53 mi2

Canyon Creek
Owl Creek
Coley Creek

265-1580
497-1463
549-1329

870-5184
1630-4800
1800-4360

Tu, Tus,
Tub,
Tbaa, Trb,
Tut,
Qls, Tsv,
Tmv,
Tps,

Zeolitic Steep stable volcanics,
stabilized earthflows,
glacial deposits, debris
flows



Table 4b Watershed characteristics of the upper South Santiam sub-watershed

*Iron Mountain (second highest in the SSMW)
* *Key to Geologic unit abbreviations found in sub-watershed geology maps.

Drainages Drainage
area

(km2&
mi2)

Major
streams

Elevation
range

(m&ft)

Bedrock
geology

**

Dominant
alteration type

Dominant
geomorphic process

Menagerie 67 km2
26 mi2

South
Santiam River
Falls Creek
Trout Creek
Boulder Ck
Keith Creek

277-421

341-1564
372-1305
402-1381
418-1305

910-1380

1120-5130
1220-4280
1320-4530
1370-4280

Tu, Tus,
Tbaa,
Tub, Trb,
Tsv,
Tut

Zeolitic

Advanced
pedogenic in
Western Cascade
Glacial Deposits

Steep Stable
Volcanics, Pleistocene
Terrace Deposit,
Glacial Deposits,
Debris Avalanches,
Stabilized Earthflows

Upper
South
Mainstem

148 km2
57 mi2

South
Santiam River
Soda Fork
Sheep Creek
Seven Mile

421-1658

424-1471
485-1487
561-1390

13805440*

1390-4826
1590-4880
1840-4560

Tu, Tus,
Qtba,
Tbaa, Trb,
Qis,
Qtmv, Tib

Zeolitic

Advanced
pedogenic in
High Cascade

Stabilized Earthflows
Glacial Deposits
Steep Stable Volcanics
High Cascade Glacial
Deposit

Squaw Creek 561-1638 1840-5374 and Western
Cascade Glacial
Deposits

Earthflow, Debris
flows,
Pleistocene Terrace
Deposit
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andesitic intrusions and basaltic flows (Walker & Duncan, 1989). A few outcrops within

the LSM also contain tuff/breccias with some local zeolitic alteration. The older

topography in this rolling upland may represent an eroded valley sequence that now

forms a gently sloping landscape with deep soils and extensive weathering profiles

(Shank, 1995). Along the main channel of the South Santiam River, slopes are relatively

broad (0 to 4% slopes), where stream terrace deposits are common. Short, narrow and

steep incised segments (50 to 75% slopes) are common where basaltic/andesitic flows

outcrop, forming a narrow gorge along the main channel of the South Santiam River.

Above the terrace deposits, steeper side slopes (25 to 50%) and occasional rock cliffs

(>75%) occur in the weathered and eroded volcanic terrain. The area encompassing the

Dobbin and Wolf Creek drainages include small active earthflow/rotational slump terrain,

but these drainage areas were not sampled in this study (Figure 18).

B. 1.1.2 Menagerie Drainage

The Menagerie drainage ranges in elevation from 277 m (910 ft) along the South

Santiam River to 1305 m (4280 ft) at Moose Mountain on the north and 1585 m (5200 ft)

at Soapgrass Mountain on the south (Table 4b; Figure 18). The bedrock geology in the

Menagerie drainage includes the Little Butte Volcanics (e.g., basaltic/andesitic flows,

tuffaceous sedimentary rocks, flow breccias), Sardine Formation (e.g., andesitic and

basaltic rocks), and flows of the High Cascade volcanic sequence (e.g., ridge-capping

basalts and andesitic/basaltic flows). Landforms in the Menagerie drainage include

prominent Pleistocene terrace deposits that occur adjacent to the South Santiam River.

These terrace deposits make up about 3% of the upper South Santiam sub-watershed (not
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including those present in the lower South Mainstem drainage) (Shank, 1995) (Figure

19). Similar Pleistocene terrace deposits also occur along the lower portions of Moose

Creek, Soda Fork Creek, and Sheep Creek. These terrace deposits are coarse textured and

include basaltic, andesitic, and tuffaceous cobbles and glacially derived sediments that

exhibit moderate pedogenic alteration.

The majority of Menagerie drainage has steep side slopes (60 to 90%+) with very

shallow stable soils (Legard & Meyer, 1973; Shank, 1995). In this thesis, they are

classified as "steep stable volcanics." The underlying rocks exhibit mostly zeolitic

alteration and include local silicic intrusions and mafic vent complexes affected by

propylitic or argillic alteration (Walker & Duncan, 1989). Rock cliffs and spires are

common along the ridges of the Menagerie Wilderness and in other drainages of the

upper South Santiam sub-watershed. The steep stable volcanic soils contain a wide

variety of residual and colluvial materials and are coarse, including silty sands and

gravels. This steep terrain (landtype 21, 31, and associated complexes) is most abundant

within the Menagerie drainage (Shank, 1995) and comprises about 41% of the mapped

acreage in the entire upper South Santiam sub-watershed (not including those present in

the lower South Mainstem drainage) (Table 4a and b). Some translational debris

avalanches (e.g., sample site 64) occur on these steep stable volcanics, but generally soil

failures are not common.
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Pleistocene glacial episodes carved U-shaped valleys along the South Santiam

River within the Menagerie drainage and other tributaries in the upper South Santiam

sub-watershed (Figure 17). During more recent Pleistocene glaciations, ice occupied

only the higher elevation sites (4,OOO feet) with north aspects, such as north of Gordan

Meadows (near Falls Creek) (Shank, 1995). Overall, glacial deposits form relatively

gently sloping stable topography (0 to 5% slopes) and occupy about 14% of the upper

South Santiam sub-watershed (Shank, 1995). Older glacial deposits exhibit deep, well-

drained and highly leached soils with advanced pedogenic alteration. Such highly

weathered glacial deposits occur in the headwaters of Canyon drainage as well as in the

Squaw and Soda Fork drainages in the Upper South Mainstem drainage.

B. 1.1.3 Upper South Mainstem, Moose and Canyon Drainages

The bedrock geology in most of the Moose, Canyon and Upper South Mainstem

(USM) drainages consists of deeply weathered welded and non-welded ash flow tuffs,

tuffaceous sedimentary rock, tuff/breccias and basaltic/andesitic flows of the Little Butte

Volcanics (Miocene and Oligocene (17-32 Ma). Localized silicic vent complexes

(Miocene and Oligocene), basaltic/andesitic flows of the Sardine Formation (Miocene),

and younger ridge capping basaltic/andesitic flows of the High Cascades volcanic

sequence (Pliocene and Miocene) also occur in this area (Walker & Duncan, 1989)

(Table 4a; Figure 18). The High Cascade volcanic sequence is mapped in the

headwaters of the Upper South Mainstem drainage, which includes Iron Mountain,
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Browder Ridge, and Wildcat Mountain. The Little Butte tuffaceous sedimentary

(pyroclastic) rocks exhibit pronounced zeolitic alteration (Walker & Duncan, 1989).

Localized silicic vent complexes within the pyroclastic host rock exhibit argillic

alteration (sample site 67). The pyroclastic host rocks with zeolitic alteration often form

outcrops along many tributaries of the Moose, Canyon and Upper Mainstem drainages

(Walker and Duncan, 1989). The ridge capping andesitic/basaltic flows of the Sardine

Formation and High Cascade sequence were once intercanyon flows within the ancestral

Cascades (Taskey, 1978). Accelerated erosion of soft, clayey Little Butte volcanics

resulted in landscape reversal, where ridges are now composed of former valley filling

lava flows (Taskey, 1978). Landscapes underlain by soft zeolitically-altered pyroclastic

rock areas are often characterized by large-scale slope instability, forming

earthflow/slump topography within Moose, Canyon and Upper South Mainstem

drainages, as well as some tributaries in the Lower South Mainstem drainage (i.e.,

Dobbin Creek).

Canyon Creek drainage is dominated by hillslopes with a northern aspect. These

north-facing slopes tend to maintain snow cover later in the spring and are generally

wetter than south-facing slopes. The difference in soil moisture between north and south

facing slopes may influence the prevalence of soil mass failures in the Canyon Creek

Drainage.



B. 1.1.4 Geomorphic Process and Sediment Supply

Active unstable3 earthflows and rotational slumps are characterized by having a

concave upward failure plain, highly cohesive soil material, slow-mass movement

delivery mechanism, thick unconsolidated soils and a clay mineral assemblage that is

dominated by smectite and zeolite (Taskey, 1978) (Figure 17). Earthflows are typically

small mappable complexes 2 to 4 ha (5 tolO acres), but others may be as large as 20 to 24

ha (50 to 60 acres). These large earthflows prevail in the USM, Moose and Canyon

drainages (Figure 19) (Shank, 1995). These earthflows and rotational slump features are

typically associated with tuff/breccias with a strong zeolitic alteration assemblage.

Intermittently active, significant slope instability may have occurred over approximately

the past 300 years (Shank, 2000 personal communication). Active earthflows represent

only about 3% of the upper South Santiam sub-watershed, not including the LSM

drainage Smaller rotational slumps are similar to earthflows but are generally shallow

and not as areally extensive. Earthflows and other related slump features typically contain

>60% clay by volume (Legard and Meyer, 1973). Consequently, active earthflows and

rotational slumps, although occupying only a small portion ofthe landscape, may

contribute significant amounts of clay to the streams they impact.

Several active earthflows occur in the upper portion of the Canyon Creek drainage

(i.e., near upper Canyon Creek and Owl Creek). The most significant of these is the

"lower Canyon Creek earthflow," which constricts the main channel of lower Canyon

Creek at a basaltic/andesitic rock outcrop. This constriction has formed a knickpoint that
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Active unstable conditions contain jackstrawed trees, springs and seeps and hummocky topography along
with large tension cracks or debris avalanche occurrences at the toe.



has trapped a considerable amount of sediment above the flow to form a broad

floodplain. This earthflow shows large vertical and horizontal tension cracks in several

locations along the toe, causing large portions of soil to slump into Canyon Creek (i.e.,

debris avalanche) during most high runoff and peak flow periods. The clay mineral

assemblage of soil obtained from the toe of this slide was strongly smectitic and is a

major source of suspended smectitic clay downstream (Figure 21).
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Figure 21 Comparison of clay mineralogy (<2gm size fraction) of the lower Canyon
Creek earthflow with the Canyon Creek confluence suspended sediment
(sample B; 2/7/99 and 5/18/99). Note: Although the concentration of smectite
in the suspended sediment samples is lower than the earthflow, the dominant
smectite indicates the earthflow is the major source. The minor kaolinite and
quartz in suspended sediments are probably related to erosion of stream
cutbanks below the earthflow.
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Many similar occurrences of active earthflows are found along the main channel

of the South Santiam River, Moose Creek, Soda Fork Creek, Sheep Creek, Squaw Creek,

and Seven Mile Creek. Along the main channel of Moose Creek, for example, an

earthflow blocked the stream and formed the present day Moose Lake. Submerged trees

within the lake, near the earthflow toe, yield carbon dates of 920 to 945 years old (Shank,

2000 personal communication). Similar to the lower Canyon Creek earthflow, Moose

Lake is trapping and storing a considerable amount of sediment (fine clays and coarser

sediment). Stream entrenchment has not kept pace with delivery of clayey material to the

stream by the earthflow. Erosion of the earthflow has a large influence on suspended

sediment clay mineralogy and turbidity at the Moose Creek confluence (Shank, 1995).

In contrast to active earthflow terrain, a fairly large portion of the upper South

Santiam sub-watershed is underlain by older stabilized earthflows. Stabilized earthflow

terrain is characterized by its distinct earthflow/slump topography and lack of active

slope instability for at least the past 400 to 600 years (i.e., the age of the oldest

vegetation) (Figurel6) (Shank, 1999 personal communication). Many of these flows may

be Late Pleistocene features. The soils associated with these stabilized earthflows are a

composite of fluvioglacial deposits, decomposed volcanic tuffs and breccias, and

colluvial materials (Legard and Meyer, 1973). This terrain (Iandtype 13 and associated

complexes) makes up 22% of the total mapped area in the upper South Santiam sub-

watershed, not including the Lower South Mainstem drainage (Figure 19) (Shank, 1995).

Soils on stabilized earthflows are generally smectitic (Pearch, 2000). These older

earthflows have evidently reached a state of equilibrium where gravitational transport of

sediment to adjacent streams is no longer influenced by high rates of soil movement.
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Compared to active earthflows, the stabilized earthflow terrain probably contributes only

minor amounts of sediment to streams.

Shallow mass-wasting processes (i.e., debris flows and debris avalanches) are also

common in the upper South Santiam sub-watershed. Debris avalanches are generally

shallow rapid failures that fail directly into higher order stream channels (31d to 5' order)

or from upland hill slopes (Figure 19 and 20). Debris avalanches from upland hill slopes

are most commonly associated with active earthflow or potential highly unstable terrain

in the USM, Canyon and Moose drainages. Debris avalanches are also associated with

sidecast road failures on steep slopes in many areas of the Upper South Santiam sub-

watershed. Most importantly, debris avalanches, associated with earthflow toes and other

smaller rotational slumps are the dominant source of downstream suspended sediment

clay mineralogy and turbidity during periods of high runoff.

Debris flows are shallow rapid failures, which often directly impact first and

second order stream channels on steep sideslopes. They can extend down the stream

channels for many thousands of feet before depositing a pile of sediment and woody

debris. (Figure 19 and 20). Debris flows are generally a response to individual major

storm events that are primarily associated with rain-on-snow occurrences (i.e., February

1996 storm event) (Shank, 2000 personal communication). Debris flow occurrences also

respond to breaching of temporary dams related to earthflows, culvert failures, road

washouts, and excessive rainfall intensity. Since debris flow activity is limited to mostly

rain-on-snow or intense rain events, it probably would not be reflected in downstream

clay mineralogy and turbidity during "average" winter/spring storm events.



74

All of the active mass wasting processes (i.e., earthflow, rotational slumps, debris

flows, debris avalanches) of the upper South Santiam sub-watershed are classified as

actively unstable or potentially highly unstable landtypes. In total they occupy about

5.5% of the total mapped area (Figure 19). Active earthflows with debris avalanche

associations are the dominant erosion process within the upper South Santiam sub-

watershed. This implies that 90-95% of the landscape is non-sediment producing.

The main channel of the South Santiam River and many lower tributary segments

are lower gradient reaches that contain modern floodplain deposits (Figure 17). These

meander bars, point bars, or isolated islands store a significant amount of sediment.

However, within these low gradient reaches, nearly all of the fine clays have been washed

away by the storm events that formed them. Left behind are deposits of sand, gravel, or

boulders. Since these alluvial deposits are within the immediate floodplain, they are not

subject to any long-term weathering or pedogenic alteration. The lithology of these

floodplain deposits is generally dominated by basalt and andesitic flow rocks. Softer

tuffaceous rocks do not persist in the gravel component. Gravel bars may be invaded by

sand, silt, and clay during periods of low stream flow. Consequently, these deposits may

contain a clay matrix with mineralogy similar to nearby earthflows. Resuspension of

these matrix clays during reworking of the gravel bars in major storm events may

influence downstream suspended sediment clay mineralogy and turbidity. However, the

amount of matrix available for transport is minimal compared to the amount of clay

derived from other sources.

Lateral channel migration in lower gradient channel segments of most tributaries

of the upper South Santiam sub-watershed has resulted in cutbank development (Figure
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17). Cutbank features occur in modern gravelly alluvial soils, old weathered terrace soils,

within the toes of active and stabilized earthflows and in stable rock-floored terrain.

During higher winter stream flows, bank slumping from these exposed cutbanks

contributes to downstream suspended sediment clay mineralogy and turbidity. The

amount of fine sediment put into suspension depends on the nature of the eroded deposit.

Clearly clay-rich earthflow-related cutbanks will provide more suspended sediment per

unit area than gravelly alluvium.

B.1.2 Clay Mineralogy of Soils and Sediments

B. 1.2.1 Earth flow Soils

The clay mineralogy of active and stabilized earthflow soils is dominated by

smectite (Figure 22; Table 5; Appendix III). Sample site 63 represents the toe of an

active earthflow where a recent debris avalanche has dumped material directly into the

main channel of the South Santiam River (Figure 23). This sample site represents one of

many active earthflows in the upper South Mainstem drainage, with a strong zeolitic

assemblage and deep-seated rotational, downslope movement. Ongoing erosion of this

active earthflow toe, which increased dramatically during the February 1996 storm event,

continues to source clay-rich sediments downstream and adversely affects stream

turbidity.

Samples 61, 62, 71, 72 are stabilized earthflows located at higher landscape

positions and do not exhibit evidence of modern deep-seated, rotational movement

(Figure 24). Samples 62, 71, and 72 are from debris avalanches that occurred on
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stabilized earthflow terrain and contain basaltic and tuffaceous colluvial materials with a

strong zeolitic alteration assemblage. In particular, sample 71 was from deeper in the soil

column (152 to 215 cm), contained 95% smectite, with very little other coarse clay

components. In contrast, sample 72 was sampled 0 to 20 cm within the deposit of a debris

avalanche that occurred on a stabilized earthflow. It was less smectitic than sample 71

and had a higher concentration of kaolinite, halloysite, and feldspar minerals that reflect

pedogenic alteration of the surface of the stabilized earthflow (Figure 22). Sample 61

was taken (120 to 150 cm deep) from deeply weathered tuff/breccias. The clay

mineralogy of sample site 61 was completely dominated by smectite, with no other clay

or non-clays present in the <2im fraction. It is likely a product of zeolitic alteration of

the tuff/breccia host rock. The deeper smectitic samples indicates a relationship between

the weathered pyroclastic bedrock affected by zeolitic alteration and the history of

earthflow movement. Samples 67 and 68 are representative of debris flows associated

with an active earthflow in Soda Fork Creek (Figure 25; Appendix III). These bank-

margin debris flows, associated with active earthflows, are a maj or source of suspended

sediment. The clay mineralogy of sample 68, which was taken near a small active

earthflow is dominated by smectite derived from zeolitic alteration of the surrounding

host rock. Sample site 67, located at a cutbank failure, approximately 100 meters

upstream of sample 68, has a much different clay mineral assemblage that includes highly

ordered, well crystalline, interstratified mixed layer illite/smectite (rectorite) and kaolinite

with no zeolite or pure smectite phase (Table 5; Figure 22). This illitic/kaolinitic

mineralogy characterizes an argillic alteration assemblage and is associated with local

silicic vent complexes that are mapped within the sample area (Walker and MacLeod,



Table 5 Summary of the clay mineralogy of earthflow related soils in the upper South Santiam sub-watershed

Sampi
e #

Landform Sediment
Delivery

Mechanism

Dominant Clay! Abundance Alteration Style

S C K H P(An) CR Q Z
(Hul)

58 Stream channel R 75 6 7 5 3 3 Zeoliticl Pedogenic
60 Stream channel R 66 3 17 6 2 4 2 Zeolitic/ Pedogenic
61 Stabilized

earthflow/ deep
weathering

DA 100 Zeolitic

62 Stabilized
earthflow

DA 93 7 Zeolitic/ Pedogenic

63 Active
earthflow

DA 92 2 2 4 Zeolitic

65 Cutbank CB 77 19 1 2 Zeolitic! Pedogenic
66 Cutbank CB 73 3 10 7 3 Zeolitic
67 Cutbank DF 49 1 + 50 % rectorite and 1%

quartz = argillic alteration
68 Active

earthflow
DF 90 4 3 2 tr tr Zeolitic

71 Stabilized
earthflow

DA 95 1 1 1 2 Zeolitic

72 Stabilized
earthflow

DA 78 5 9 2 1 1 4 Zeolitic

74 Active
earthflow

DA 95 3 tr 2 Zeolitic

SEDIMENT DELIVERY DA= debris avalanche, DF = debris flow, CB = cutbank failure,
MECHANISM R= reworking of bar sediments

Mineral abundance in bold are indicators for alteration style.
CLAYS S= smectite, V= vermiculite, 1= illite, C= chlorite, K= kaolinite, H= halloysite,

Rectorite = interstratified illite/smectite
NON-CLAYS CR= cristobalite, P = plagioclase (An = anorthite), Q= quartz, HE= hematite, Z= zeolite (Hul =

heulandite)



Figure 22 Clay mineralogy of soils, recent sediment and suspended sediment
in the upper South Santiam sub-watershed.
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Figure 23 Photographs of a deep-seated earthflow (sample site
63). Top photo is an upstream shot, bottom photo is
downstream shot. Bottom photo shows a pinch point
of the South Santiam River between the earthflow toe
arid a basaltic/andesitic rock outcrop.
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Figure 24 Photograph of a debris avalanche in stabilized Iandflow
terrain near Sheep Creek in the upper South Mainstem
drainage (sample site 72). Failure occured in response to
the February 1996 storm, but represents a small percentage
of failures in previously mapped stabilized landflow terrain.
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Figure 25 Photographs of a debris flow deposit in Soda Fork Creek. Photographs are of sample sites 68 (top) and 67
(bottom). Top photo shows a debris flow that initiated during the February 1996 storm, scouring away the
toe of an active earthflow (left) and the road below. Bottom photo (sample site 67) is an outcrop of heavily
altered tuff influenced by argillic alteration.
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1991) (Figure 18). The mineralogical contribution of such isolated features to the overall

sediment budget of the watershed will be extremely small, but on a local basis, can be

significant. These silicic vent complexes illustrate the highly variable nature of the clay

minerals across the landscape.

Samples 58, 60, and 66 were collected within the stream channel from recent

floodplain deposits that eroded from earthflow terrain. They all contain a large amount of

smectite in the clay assemblage because of the dominance of zeolitic alteration in the

neighboring volcanic host rocks (Figure 22).

Sample site 65 (downstream of sample site 66) was taken from a stream cutbank,

which is associated with lateral channel migration and downcutting in the low gradient

segment along the upper South Santiam River (near bridge of FS-2044) (Figure 26). This

sample site contained tuffaceous colluvial materials with a reddish soil matrix. The clay

mineralogy of this sample was dominated by smectite with a strong kaolinite component

(Table 5; Figure 22). The kaolinite, reddish soil and colluvial material source indicate

that this sample may be part of an old (Pleistocene?) stabilized earthflow that extended

across the lower gradient segment of the upper South Santiam River.

B. 1.2.2 Non-earth flow Soils

Specific soils were also sampled for clay mineral analysis outside of active

earthflow terrain in order to better identify more stable conditions or pedogenic alteration

of the soil medium. Two glacial moraines were sampled in the upper South Santiam



Figure 26 Photographs of riverbed deposits and a stream cutbank along
the upper South Santiam River (above Sheep Creek).
Photographs are of sample sites 66 (top) and 65 (bottom).
(Photos taken 3/99)
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sub-watershed (Table 6; Figures 19 and 22). Sample 69 was taken from a road cut on a

high upland bench near Harter Creek, a tributary of Soda Fork Creek within the USM

drainage (Figure 24). This sample contained >90% gibbsite along with minor

components of chioritic integrade, kaolinite, plagioclase, and quartz, indicating advanced

pedogenic alteration. A second glacial deposit was sampled (sample 59) on a high upland

bench next to the EPA low elevation research site near Falls Creek (within Menagerie

drainage). This sample also contained abundant chloritic integrades and gibbsite, along

with minor components of kaolinite, halloysite, cristobalite, and quartz. (Appendix III).

The advanced state of weathering of these deposits (i.e., presence of end-weathering clay

mineral products) suggests that they are probably Late Pleistocene (possibly older)

features similar to the highly weathered Leffler outwash gravels on the floor of the

Willamette Valley (Balster & Parson, 1968).

Three Pleistocene terrace deposits (samples 32, 73, and 70) were sampled

adjacent to Foster Dam, on a small intermittent stream cutbank within Yukwah

campground (Menagerie drainage), and from a road outcrop along FS-2041-401 spur

road (approximately 60 m or 200 ft above Soda Fork Creek), respectively (Figure 28).

The soils at sites 32 and 70 developed in stratified well-rounded gravels and cobbles. The

soil at site 73 developed in silty material with no alluvial gravels or cobbles. The clay

mineral assemblage of these three terrace deposits was similar (Figure 22). Smectite and

dehydrated halloysite are the most abundant clays (Table 6; Appendix III). Strong

signatures of quartz and feldspar were also present within the <2tm size fraction. The

broad character of the smectite XRD 001 peak and abundant dehydrated halloysite within

each sample indicates that pedogenic alteration is the primary source of the clay in these



Table 6 Summary of the clay mineralogy of non-earthflow related soils in the upper South Santiam sub-watershed.

Sample
#

Landform Sediment
delivery

mechanism

Dominant clay! abundance Alteration style

S C KH Z P CR G Q V
(Hul) (An)

32 Pleistocene
terrace

RC 42 41 1 3 7 Pedogenic

73 Pleistocene
terrace

CB 34 3 48 2 4 3 5 Pedogenic

70 Pleistocene
terrace

RC 66 2 19 3 3 2 2 Pedogenic

69 Glacial
moraine

RC 18* 4 4 3 65 4 Advanced
pedogenic

59 Glacial
moraine

UB 61 4 11 tr tr 15 5 Advanced
pedogenic

64 Steep stable
volcanics

DA 71 3 4 14 8% rectorite
Pedogenic/Argillic

57 Steep stable
volcanics

DA 27 44 1 6 1 1 18 Pedogenic

SEDIMENT DELIVERY
MECHANISM

DA= debris avalanche, CB = cutbank failure, UB = upland bench, RC = road cut
Mineral abundance in bold are indicators for alteration style.

CLAYS S= smectite, V= vermiculite, 1= illite, C= chlorite, K= kaolinite, H= halloysite,
rectorite = interstratified illite/smectite
* denotes abundance of chloritic integrades
tr denotes trace abundance

NON-CLAYS CR= cristobalite, P = plagioclase (An = anorthite), Z'= zeolite (Hul = heulandite)



Figure 27 Photograph of a glacial deposit exposed along a road cut along FS 2043-403 (sample site 69). Soil
sampled homogeneously throughout the ditch.



Figure 28 Photographs of "Pleistocene" terrace deposits in the upper South Santiam watershed. Left photo is a road
cut of sample site 70 and is approximately 100-200 feet above of Soda Fork Creek. Notice the large
boulders and cobbles in the photo. Right photo is an open field in the Menagerie drainage showing the
typical landscape position and flat-lying topography of "Pleistocene" terrace deposits. Upland hillslopes
represent mostly steep stable volcanic soils. (Note: pink arrow in left photo points to John Pearch)
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terrace deposits (Appendix III). The absence of greater clay alteration in the gravel

fraction and the exclusion of gibbsite indicates that these terrace deposits are not highly

weathered. This suggests that they are younger features than the gibbsitic glacial deposits

at sites 69 and 59 (Table 6).

B. 1.2.3 Debris Avalanches

Debris avalanches not associated with earthflow terrain (sample sites 64 and 57)

were sampled along the main channel of the South Santiam River and Canyon Creek

(Table 6; Appendix III). Sample site 64 (a February 1996 storm-induced failure) was

taken from slide debris that was deposited on the opposite side of the South Santiam

River from the failure origin (Figure 29). The failure at this site was shallow and rapid

and was related to reactivation of a debris avalanche that previously failed during the

1930's. The clay mineral assemblage of sample 64 contained dehydrated halloysite,

vermiculite, mixed layer interstratified illite/smectite, gibbsite, and quartz. The presence

of vermiculite and mixed layer interstratified illite/smectite as well as minor gibbsite and

quartz suggests this failure may be related to a fault with hydrothermal alteration history.

A second debris avalanche, probably related to a road failure, (sample site 57) was

sampled at its toe along Canyon Creek. The clay mineralogy of this sample contained

abundant dehydrated halloysite with a smaller proportion of smectite and vermiculite.

Minor non-clay components include zeolite, plagioclase, and quartz. Similar to sample

64, the presence of vermiculite and minor quartz may also be associated with a fault-

related failure. The halloysite component of the debris avalanche deposits is consistent

with their shallow source, eroding surficial soil material that includes weathered volcanic



Figure 29 Photographs of debris avalanches along Canyon Creek and the
South Santiam River. Photographs are of sample sites 57 (top) and
64 (bottom). (Note: middle of debris avalanches in bottom photos
are is Highway 20.
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Figure 30 Photographs of debris avalanches associated with road failures along the lower Middle Santiam River
and in the upper Canyon drainage. Photographs are of sample sites 29 (left) and 62 (right). Both
failures occurred in response to the December 28, 1998 storm event. Note: Sample site 62 (right photo)
is not in contact with any streams.
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ash. For the most part, these samples do not contain sufficient amounts of smectite to

contribute to downstream persistent turbidity. The presence of regular interstratified clay

minerals in downstream suspended sediments would be a key indicator of a very local

erosion event.

B.1.3 Clay Mineralogy of Suspended Sediments

Stream-flow of the upper South Santiam River is recorded at the USGS gaging

station near Caseadia. It has a drainage area of 451 2 (174 mi2). The maximum average

daily discharge of the upper South Santiam River during this study was 433 m3/s (15,300

cfs) on December 28, 1998 (Figure 31). The suspended sediment sampling periods of the

upper South Santiam River show variable discharge and turbidity Table 7.

Suspended sediment sample locations for the upper South Santiam River included

Quartzville Bridge of the Foster Reservoir Bay (sample F), Short Bridge near the

community of Cascadia (sample E), Cascadia gaging station (sample C), Cascadia State

Park Bridge (sample D) and the Moose Road Bridge above Moose Creek (sample A)

(Figure 18). All of these upper South Santiam River sites were sampled at various times

of winter/spring peak-flow periods (Figure 31). Higher turbidity during the February 28,

1999 storm event corresponded with higher discharge and runoff, principally related to

rain-on-snow conditions, even at higher elevations (Table 7). Low turbidity during the

February 7, 1999 storm corresponded to low discharge and runoff, which was related to

low snow elevations and minimal rainfall occurrences. Higher turbidity during the May

18, 1999 peak flow period was related to spring snow-melt in drainages with a high

snowpack.



Table 7 Upper South Santiam River discharge and random turbidity of suspended
sediment.

Figure 31 Mean daily discharge and precipitation of the upper South Santiam River
below Cascadia (USGS, 1999, Provisional Unpublished Data).
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Date Maximum discharge for
storm-flow event (cfs)

Discharge at time
of suspended

sediment sample
çcfs)

Turbidity of
suspended

sediment (ntu)

12/2/98 284 m3/s 10030 cfs 113 m /s or 3990
cfs on 12/3/98

Not available

1/17/99 172m3/s 6O7lcfs 121 m3/sor4266
cfs on 1/18/99

14

2/7/99 101 m3/s 3571 cfs 89 m3/s or 3137 cfs
on 2/7/99

11

2/28/99 175 m3/s 6196 cfs 169 m3/s or 5980
cfs on 2/28/99

44

5/18/99 93 m3/s 3293 cfs 88 m3/s or 3096 cfs
on 5/18/99

20

500 I'I' 9 9 r ir i rr ' 0

450
II I

2

400 4

350 6
0.300

0
8

0
250

0
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200 12c

I
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The clay mineral assemblage of suspended sediments is dominated by smectite

with minor components of kaolinite, chlorite, cristobalite, plagioclase, quartz, hematite

and zeolite (Figure 22). The smectite-zeolite-cristobalite assemblage is characteristic of

zeolitically altered volcanic rocks and is very similar to the clay assemblage associated

with active earthflows bordering the South Santiam River. The kaolinite component in all

samples may represent pedogenic or hydrothermal alteration sources (i.e., cutbank

failures of stable soils or local argillic altered volcanic rocks, respectively).

Moose Creek (sample site Y) was sampled once for clay mineralogy and twice for

turbidity (Appendix III). Turbidity during the December 3, 1998 and May 18, 1999

storm events at Moose Creek was generally lower (<10 ntu) than the corresponding

turbidity values for the South Santiam River and Canyon Creek samples. The clay

mineralogy of Moose Creek from the December 3, 1998 storm event contained smectite

and kaolinite, but because of the low turbidity and associated low SSC, very little clay

was obtained from the suspended sediment sample. Consequently, the XRD sample was

very thin and yielded a broad, low-intensity, smectite peak with a major amorphous

component. The amorphous material is likely influenced by the underlying glass slide of

the XRD mount. The low concentration of smectite (<1 mg/L) also suggests that the

December 3, 1998 event was not associated with significant sediment delivery to streams

from clay rich sediment sources (i.e., earthflows). In addition, Moose Lake may play a

role in lowering the downstream by providing a catch basin for sediments derived from

the upper Moose Creek drainage where fine sediment is stored and settles out of

suspension. The kaolinite component in suspended sediments is derived primarily from
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silicic vent complexes associated with argillic alteration in the headwaters near Moose

Mountain (Figure 18).

The Canyon Creek (sample site B) was sampled three times for suspended

sediment clay mineralogy (December 3, 1998, February 7, 1999 and May 18, 1999)

(Figure 22). All of the sample periods were characterized by low turbidity (<20 ntu).

During the December 3, 1998 storm event, turbidity was too low to obtain enough

sediment for clay mineral analysis. The clay mineralogy of the February 7 and May 18

samples were similar to the South Santiam River sample with abundant smectite and

minor chlorite, kaolinite, cristobalite, plagioclase, quartz, and zeolite (Figure 22;

Appendix III). Cristobalite, quartz, and plagioclase are the most abundant minerals in

the <15tm fraction of suspended sediments from Canyon Creek (Appendix III). This

mineralogical assemblage is very similar to that observed at the South Santiam River

sites (Figure 22).

The February 7, 1999 storm event had snow elevations as low as 1,500 feet. This

caused turbidity in the South Santiam River (above Canyon Creek) to be generally lower

when compared to Canyon Creek. The Canyon Creek confluence sample contained

abundant smectite and minor components of kaolinite, cristobalite, plagioclase, quartz,

and zeolite (Figure 22). The lower Canyon Creek earthflow (sample 74) just below the

confluence with Owl Creek was probably the main source of suspended sediment clay

mineralogy during the February 7, 1999 storm event. This may be due to higher runoff

and precipitation near the earthflow and a significant amount of snow accumulation in the

upper portion of the Canyon drainage.



95

The May 18, 1999 storm event was mostly related to spring snow melt. However,

the suspended sediment clay mineralogy was similar to the February 7, 1999, storm

event. This storm event was probably related to erosion of earthflow toe margins during

spring snow-melt periods in the upper portion of Canyon Creek. The active lower Canyon

Creek earthflow in the lower Canyon drainage was probably also a major source of

suspended sediments.

B.2 Middle Santiam Sub-watershed

B.2.1 Description of the Geologic and Geomorphic Characteristics

The Middle Santiam sub-watershed has many of the same bedrock geology, soil

types and sediment delivery characteristics that occur in the upper South Santiam sub-

watershed. The Middle Santiam sub-watershed encompasses the entire area draining into

Green Peter Reservoir and includes the Lower Middle Santiam (LMS) and Upper Middle

Santiam (UMS) drainages (Table 8; Figure 32). The relief of the Middle Santiam sub-

watershed is highly variable and ranges from several hundred feet at Chimney Peak to

only a few score feet near the headwaters of Pyramid Creek.

B.2. 1.1 Upper Middle Santiam Drainage

The upper Middle Santiam drainage ranges in elevation from 457 m (1500 ft) near

the U.S Forest Service boundary to 1734 m (5690 ft) at South Pyramid Mountain on the

east, and 1663 m (5455 ft) at Iron Mountain on the south, and 1530 m (5020 ft) at Scar

Mountain on the north (Table 8). The bedrock geology is very similar to the upper South



Table 8 Watershed characteristics of the Middle Santiam sub-watershed

* South Pyramid Mountain (highest in SSMW)
* *Key to geologic unit abbreviations found in sub-watershed geology maps.

Sub-
watershed

Drainage
area

(km2&
mi2)

Major streams Elevation range
(m and ft)

Bedrock
geology

**

Dominant
alteration type

Dominant geomorphic
process

Lower
Middle
Santiam

78 km2
30 mi2

upper Middle
Santiam River
Knickerbocker

308-457

329-1341

1010-1500

1080-4400

Tu
Thi
Trb

Propylitic

And

Debris avalanche,
debris flows,
Pleistocene terrace

(LMS) Creek Tbaa Advanced deposit
Bear Creek 451-1426 1480-4680 Pedogenic

Upper
Middle

194 km2
75 mi2

upper Middle
Santiam River

457-1734 15O0569O* Tu, Tus,
Tbaa

Zeolitic Stabilized earthflows,
glacial deposits, High

Santiam
(UMS)

Jude Creek
Donaca Creek
Pyramid Creek
South Pyramid
Creek

543-1312
549-1411
574-1585
634-1734

1780-4303
1800-4630
1884-5200
20805690*

Tub, Thi,
Qis,
Tib,
Tmv,
Qtmv,
Tsv

Advanced
pedogenic in
glacial deposits

Cascade glacial deposits,
earthflows, debris flow,
steep stable volcanics,
Pleistocene terrace
deposits



LEGEND

Suspended Sediment Samples
Soil and RS Samples

t'/ Middle Santiam streams
Middle Santiam sub-watershed boundary
Faults
Reservoirs
Qls (Landslide & debris flow deposits - Kolocene & Pleistocene)
Qg (Glacial deposits - Pleistocene)
Qtmv (Matic vent complexes - Pleistocene, Pliocene, & Miocene?)
(aba (Basalt & basaltic andesite - Pleistocene & Pliocene)
Trb (Ridge-capping basalt & basalt andesite - Pliocene & upper Miocene)
Tsv (Silicic vent complex - Pliocene, Miocene, & upper Oligocene)
Tmv (Mafic vent complexes - Miocene)
Thaa (Basaltic & andesitic rocks - upper & middle Miocene)
ru (Tuftaceous sedimentary rocks, tuffs, and basalt - Miocene & Oligocene)
Tus (Sedimentary and votcaniclastic rocks)

- Tut (Tuft)
Tub (Basaltic lava flows)
Tib (Basalt & andesite instrusions - Pliocene, Miocene, & Oligocene?)
Thi (Hypabyssal intrusive rocks - Miocene?)

2 0 2 Kilometers

Mp Prodoced by: John M. Pee,ch
Mapping units from WIker & McLeod, 1991

Figure 32 a.) Middle Santiam sub-watershed general location map with major streams
and sample locations. b.) Middle Santiam sub-watershed geology and sample
locations.
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Mainstem drainage within the upper South Santiam sub-watershed, consisting of

zeolitically altered underlying pyroclastic host rocks and basaltic/andesitic ridge-capping

or canyon bottom outcrops (Figure 32). Welded/non-welded tuffs and tuffaceous

sedimentary rocks occur in many parts of the UMS drainage, which outcrop along the

Middle Santiam River and its tributaries. In addition, a larger portion of High Cascades

volcanic sequences occur along the eastern ridges, including Iron Mountain, Crescent

Mountain and Three Pyramids. Major post-eruptive intrusions (Tib) are also common in

the lower portion of the UMS drainage (Walker & MacLeod, 1991).

Soils within the UMS drainage were also similar to those occurring in the upper

South Santiam sub-watershed (Figure 33). Several large active earthflows constrict the

main channel of the Middle Santiam as well as smaller tributaries including South

Pyramid Creek, Donaca Creek, Jude Creek, Tommy Creek and Lake Creek. Some of

these earthflows in the UMS drainage occupy as much as 80 ha or more (200 + acres).

These earthflows are probably the dominant source of downstream suspended sediment

clay mineralogy and turbidity in the lower Middle Santiam River. However, active

earthflows (even including earthflows not mapped in the Middle Santiam Wilderness)

represent a very minor portion of the total land area in the UMS drainage. Other soil

landtypes in the UMS drainage include stabilized earthflow terrain, glacial deposits,

steep-stable volcanics, and Pleistocene terrace deposits (Figure 33). The stabilized

earthflows in the UMS drainage have characteristics similar to the Upper South

Mainstem drainage of the upper South Santiam sub-watershed (Figure 33). They also

show slope stability for at least the past 400 to 600 years, occasional large sag ponds, and



15 14

LEGEND

28

Soil and RS Samples )
Suspended Sediment Samples

7 Middle Santiam streams
Middle Santiam sub-watershed boundary
Reservoirs N
Earthflows & Debris Flow Deposits
Pleistocene Terrace Deposits
High Cascade Glacial Deposits
Upland Glacial Deposits
Stabilized Earthf lows 2 0 2 Kilometers
Steep-Stable Volcanics
Rocks and cliffs

55

3

Map Produc.d by: John M. P.arch
USFS SOIL LANDTYPES (Shank, 1996)

Figure 33 Middle Santiam sub-watershed geomorphic soil landtypes (Shank, 1996) and sample locations. Note: Soil landtype
mapping units are mostly on U.S. Forest Service land.



an abundance of slumpy topography (Shank, 1996). This soil landtype forms the low

relief and gently sloping topography that dominates much of the UMS drainage. Like the

upper South Santiam sub-watershed, these stabilized earthflows would not be a source to

downstream suspended sediment except where eroded by stream channel cutbanks or

local debris avalanches.

Late Pleistocene glacial deposits occur along the east ridges of the UMS drainage,

in contact with the High Cascade volcanic rock sequences (Walker & Duncan, 1989 and

Shank, 1996) (Figure 33). Older (mid-Pleistocene) glacial deposits occur on upland

benches in contact with Western Cascade volcanic rock sequences. Pleistocene terrace

deposits also occur along main channel reaches of the Middle Santiam River and larger

tributaries of the UMS drainage. These glacial and terrace deposits generally are not

affected by active stream erosion and thus are probably not a major source of downstream

suspended sediment clay mineralogy and turbidity.

As in the upper South Santiam, there are several different types of modern mass

wasting processes that occur in the UMS drainage, including debris flows and debris

avalanches. The most common sediment delivery mechanism in the UMS drainage is

debris avalanches, which occur primarily in active earthflow areas and occasionally in

stabilized earthflow terrain. Debris flows are also found to impact first and second order

stream channels in headwater regions that are dominated by steep stable volcanic soils or

High Cascade/Western Cascade glacial deposits. The Middle Santiam River and its

tributaries also have segments with large floodplain deposits and stream cutbanks, which

may show variable clay mineralogy or sediment size distribution, depending on the site
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conditions. Debris avalanches from earthflow toes would be the dominant source of

downstream suspended sediment clay mineralogy and turbidity.

B. 2.1.2 Lower Middle Santiam Drainage

The Lower Middle Santiam (LMS) drainage exhibits higher relief than the UMS

drainage with elevations ranging from 308 m (1010 ft) at the high water mark of Green

Peter Reservoir to 1515 m (4970 ft) at Galena Mountain on the north and 1430 m (4690

11) at Cougar Rock on the south (Table 8; Figure 32 and 33). The bedrock geology

consists of Western Cascade tuff/breccias and basaltic/andesite sequences. Large

intrusions of diorite, quartz diorite, and andesite occur within these Western Cascade

volcanic host rocks, which are the main source of propylitic and argillic alteration

(Figure 32). Because of the high relief and heavily altered volcanic rocks, most of the

LMS drainage is dominated by steep stable volcanic soils (Figure 34). Debris flows,

debris avalanches, and stream downcutting are the dominant sediment delivery process in

these steep stable volcanic soils, where earthflow and rotational slumps are minimal

Glacial deposits are also present along the ridge of Galena Mountain. Pleistocene terrace

deposits occur mostly along the Middle Santiam River. Debris flows are most likely the

main source of downstream suspended sediment clay mineralogy and turbidity.
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identifying erosion mechanisms, dominant clay mineralogy and landscape position.
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B.2.2 Clay Mineralogy of Soils

B.2.2. I Earthflow Soils

The clay mineralogy of soils in the UMS drainage was dominated by smectite,

except for a few sample sites. Sample sites 52, 53, 55, and 56 were all specifically taken

from earthflow or rotational slump features (Table 9; Figure 35). Sample sites 52, 53,

and 56 all contained abundant smectite, which is derived from zeolitically altered

volcanic host rocks (Appendix III). In particular, sample site 56 is from a clay rich tuff,

which was probably the main failure plain of an active earthflow. This sample contained

98% smectite and 2% zeolite. The clay-rich tuff was also outcropping along an

intermittent stream, which followed the path of a debris avalanche within a larger

earthflow feature.

Sample site 53 was taken from the toe of an active earthflow adjacent to the

Middle Santiam River. This sample contained abundant smectite with minor chlorite,

kaolinite, and zeolite (Table 9; Figure 35). This particular earthflow is very similar to

site 64 in the upper South Mainstem drainage and the lower Canyon Creek earthflow,

because it is constricting the main channel of the Middle Santiam River, causing a pinch

point between the earthflow and a basalt/andesite rock outcrop. Debris avalanches off the

over steepened toe of this earthflow dump clayey sediment directly into the Middle

Santiam River. The present debris avalanche scar probably formed during the February

1996 storm and was active during the December 28, 1998 event.

Sample 52 is at the side slope of a debris flow where some rotational slumping

occurred. This sample contained abundant smectite and minor dehydrated halloysite,
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cristobalite, plagioclase, quartz, and zeolite (Table 9; Figure 35). This debris flow, along

with several others on the north aspect slope in the UMS drainage, failed in response to

the February 1996 storm. The smectitic clay mineral assemblage developed from zeolitic

alteration of underlying tuff/breccias. Sample site 55 is from the toe of an active

earthflow commonly called the Middle Santiam Slide (Figure 35 and 36). A debris flow

that originated well above the slide mass cut through the toe of the earthflow. The clay

mineralogy of the earthflow toe contained a mixture of smectite, dehydrated halloysite,

and gibbsite (Appendix III). The dehydrated halloysite component probably represents

shallow surface failures of the earthflow toe. The gibbsite component is probably related

to failure of old weathered glacial deposits near the head of the debris flow. A dominant

smectite component represents the zeolitically altered volcanic rocks that are common

within upslope colluvial materials and bulk of the earthflow.

B.2.2.2 Non-earthflow Soils

Sample site 54 was obtained from a stream cutbank along a tributary of Jude

Creek (Table 9; Figure 35). This sample was primarily composed of dehydrated

halloysite, and minor components of chioritic integrades, cristobalite, plagioclase, quartz,

and gibb site. The lack of smectite and zeolite and the occurrence of abundant halloysite,

chioritic integrades and gibbsite, suggest that this site represents an old stable landform

that is currently under attack by lateral charmel migration. Because of extensive

pedogenic alteration, the geologic character of alteration (i.e., zeolitic, argillic) has been

masked.



Table 9 Summary of the clay mineralogy of soils in the Middle Santiam sub-watershed.

Sample
#

Landform Sediment delivery
mechanism

Dominant clay! abundance Alteration style

S I C K H CR P Q Z G
26 Steep DF 10 42 15 9 tr 4 (Ab) 5 15 Propylitic/phyllic

Stable
Volcanic

27 Steep DF 25 43 8 8 3 (Ab) 5 8 Propylitic/phyllic
Stable

Volcanic
28 Steep DA 10 45 1 6 3 4 (Ab) 5 24 Propylitic/phyllic

Stable
Volcanic

52 Steep DF 75 5 1 2 (An) 1 2 15% rectorite
Hilislope Zeolitic/ Argillic

53 Active DA 80 9 5 1 1 (An) tr 4 Zeolitic
Earthflow

54 Stable CB 7 14 69 3 1 (An) 4 2 Pedogenic
Upland *

55 Active DF/DA 38 25 7 10 1 20 Zeolitic/ Pedogenic/
Earthflow Advanced pedogenic

56 Active DA 98 2 Zeolitic
Earthflow

SEDIMENT DELIVERY
MECHANISM

DA= debris avalanche, DF = debris flow, CB = cutbank failure,
Mineral abundance in bold are indicators for alteration style.

CLAYS S= smectite, 1= illite, C= chlorite, K= kaolinite, H= halloysite, Rectorite = interstratified
illite/smectite
* denotes abundance of chloritic integrades
tr denotes trace abundance

NON-CLAYS CR= cristobalite, P = plagioclase (An anorthite; Ab= albite), Z= zeolite
(Hul = heulandite)



100%

90%

80%

70%

C.)

60%
Cz

50%
m

40%

30%

20%

10%

0%

Figure 35 Clay mineralogy of soils, recent sediment and suspended sediment in the Middle Santiam subwatershed.
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Figure 36 Photograph of the Middle Santiam Slide in the upper
Middle drainage (sample site 55). Earthflow toe on right is
damming a debris flow deposit in a small intermittant
stream.
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Soils within the lower Middle drainage outside of earthflow terrain contain a non-

smectitic clay mineral assemblage (Figure 35). Samples 26, 27, and 28 were taken

from debris flows originating along the steep south aspect slopes of Galena Mountain

ridge. These samples were all enriched with chlorite, illite, and gibbsite, with minor

components of halloysite, plagioclase (albite), and quartz (Table 8; Appendix III). The

chlorite-illite-quartz- albite assemblage reflects propylitic and argillic alteration that

occurred as a result of dioritic or andesitic intrusions within the volcanic host rocks

(Walker & Duncan, 1989). The gibbsite component may also be from old, extensively

weathered glacial deposits that occur along the Galena Mountain Ridge. No active

earthflow soils were sampled in the Lower Middle Santiam drainage.

B.2.3 Clay Mineralogy of Suspended Sediments

The Middle Santiam River (sample site H) was sampled twice for turbidity and

suspended sediment clay mineralogy during the February 28, 1999 and May 18, 1999

storm events (Figure 35). Turbidity during the February 28, 1999 storm event was

moderately high (47 ntu), reflecting rapid runoff associated with a rain-on-snow event.

Turbidity associated with the May 18, 1999 storm event was much lower (27 ntu) and

peak flow was mostly related to spring snow-melt. The clay mineral assemblage of both

suspended sediment samples was dominated by smectite and included minor illite,

chlorite, kaolinite, cristobalite, plagioclase, quartz, and zeolite (Figure 35). The abundant

smectite-zeolite-cristobalite assemblage is derived from zeolitically altered volcanics

associated with deep-seated earthflows in the Upper Middle Santiam drainage. The

chlorite, kaolinite, and illite components are probably derived from propylitically altered
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volcanic rocks or debris flow deposits eroding such rocks in the Lower Middle Santiam

drainage. The hydrothermal clays and non-clays were more abundant during the February

28, 1999 storm event, which was related to higher runoff at lower elevations. Heavy

lower elevation precipitation eroded older debris flow deposits within the lower Middle

Santiam drainage, while earthflow terrain of the upper Middle Santiam drainage

remained snow-covered. Smectite and other clays were more abundant during the

subsequent May 18, 1999 storm event, where peak-flows eroded earthflow toe margins

during spring snowmelt periods in the upper Middle drainage.



B.3 Quartzville Sub-watershed

B.3.1 Description of the Geologic and Geomorphic Characteristics

The Quartzville sub-watershed ranges in elevation from 308 m (1010 ft) at the

high water mark of Green Peter to 1531 m (5022 ft) at Scar Mountain on the east, 1513 m

(4965 ft) at Chimney Peak on the south, and 1380 m (4528 ft) at Slate Rock on the north

(Table 10). The bedrock geology consists mostly of Western Cascades volcanic

sequences (i.e., tuff/breccias and basaltic/andesitic flows) that are highly influenced

Table 10 Watershed characteristics of the Quartzville sub-watershed

* South Pyramid Mountain (highest in SSMW)
* *Key to geologic unit abbreviations found in sub-watershed geology maps.

by local dioritic and andesitic intrusions (Figure 37) Similar to the lower Middle

Santiam drainage, these intrusions promote extensive propylitic and argillic alteration of
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Drainage
area

(km2 &
mi2)

Major
streams

Elevation range
(m & ft)

Bedrock
geology

**

Dominant
alteration

type

Dominant
geomorphic

process

262 km2
101 mi2

Quartzville
Creek
Yellowstone
Creek
Boulder
Creek
Canal Creek

308-1470

367-1321

381-1341

460-1379

1010-4823

1205-433 5

1250-4400

15 10-4523

Tu, Tbaa,
Trb,
Thi, Tsv,

Tmv,
Qls, Qtba

Propylitic
and
Argillic

Advanced
Pedogenic

Steep stable
volcanics,
stabilized
earthflows,
debris
flows,
glacial

McQuade
Creek

585-1516 1920-4974 deposits,
earthflow

Little 698-1305 2290-4280 slumps
Meadow
Creek
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Figure 37 a.) Quartzville sub-watershed general location map with major streams
and sample locations. b.) Quartzville sub-watershed geology and sample locations.
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the surrounding volcanic rocks. Zeolitic alteration is limited to small areas of

tuff/breccias that occur in the headwaters of Quartzville Creek. Basaltic/andesitic rock

outcrops occur along the ridges (Sardine Formation) as well as along the margins of

streams, forming steep gully and gorge segments. The deep, narrow gorges along the

lower Quartzville Creek and its tributaries have formed a "trellis-like" drainage pattern.

The entire Quartzville sub-watershed is dominated by steep stable volcanic soils. Local

occurrences of stabilized earthflows occur in the upper part of Quartzville sub-watershed

near Little Meadow Creek. Glacial deposits are also common on the ridge of Galena

Mountain, at Crabtree Mountain, and along the divide with Box Canyon and Blowout

Creeks of the North Santiam watershed. Because of the steeper highly dissected

landscape, most of the older Pleistocene terrace deposits have been eroded. Active

earthflows or rotational slumps are minimal and occur in very small areas near the

headwaters of Quartzville Creek.

Debris flows and debris avalanches are the most common erosion mechanism in

the Quartzville sub-watershed. The debris flows that originate in many tributary

headwaters of the Quartzville sub-watershed typically have long run-out deposits and

contain very coarse sediment (mostly sand, gravel, cobbles and boulders). Fine clays

have been winnowed away by subsequent stream reworking of the debris flow deposits.

Debris avalanches mostly occur from steeper hill slopes along the lower portion of

Quartzville Creek and its tributaries. Stream entrenchment is common along narrow

stream segments where steeper side slopes or road encroachments constrict the ma:in

channels. Modem floodplain development is less common throughout the Quartzville

sub-watershed because of the steep stream gradients and high relief



B.3.2 Clay Mineralogy of Soils

Soil samples within the Quartzville sub-watershed exhibit a suite of clay minerals

representative of extensive propylitic alteration and argillic alteration (Table 11; Figure

37 and 38). All of the soil samples contain hydrothermal chlorite and other well-

crystalline clays and non-clay minerals. Three debris flow deposits (samples 47, 48, 51)

were taken from lower segments of tributaries in the Quartzville sub-watershed (Figure

39). These debris flows are located on soils formed from post-eruptive intrusions of either

dioritic, quartz diorite, or andesite. Sample 48 contained abundant mixed layer

interstratified illite/smectite, chlorite, illite, plagioclase, quartz and gibbsite (Table 11;

Figure 38). The illite, chlorite, and interstratified illite/smectite clay minerals indicate

zones of propylitic, phyllic, and argillic alteration that occurred within or near the

intrusive body. The illite component probably represents phyllic alteration from low-

grade contact metamorphism within the alteration zone associated with potassium-rich

hydrothermal fluid circulation. Sample 47 represents a debris flow deposit at Boulder

Creek (Figure 38). The clay mineral assemblage of this debris flow contained abundant

chlorite and gibbsite with minor kaolinite, plagioclase, and quartz. The lack of illite in

this sample suggests that propylitic alteration dominated the volcanic host rocks that were

scoured by the debris flow. The gibbsite component in this sample may be derived from

highly weathered glacial deposits at headwaters of Boulder Creek or reflect acid sulfide

weathering related to oxidation of pyrite in local mineralized zones. Sample 51 was

excavated from a debris flow deposit in McQuade Creek (Table 11; Figure 38). The clay

mineral assemblage
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Table 11 Summary of the clay mineralogy of soils in the Quartzville sub-watershed.

Samp
le #

Landform Sediment
delivery

mechanism

Dominant clay/abundance Alteration style

SI C KH CR P Q Z G
(Ab) (Hul)

48 Steep Stable DF 37 42 2 10 5 4 % rectorite
Volcanic Propylitic/Argillic/Phyllic

47 Steep Stable
volcanic

DF 84 2 2 2 10 Propylitic/Argillic

51 Steep Stable DF 3 80 2 1 4 10 Propylitic/Argillic/Phyllic
Volcanic

49 Stabilized RC 4 82 3 3 3 3 Pedogenic
Earthflow

50 Stabilized CB 1 8 4 55 2 5 3 1 3 Pedogenic/Zeolitic/Propylitic
Earthflow 7

SEDIMENT DELIVERY
MECHANISM

DA= debris avalanche, DF = debris flow, CB = cutbank failure, RC = road cut
Mineral abundance in bold are indicators for alteration style.

CLAYS S= smectite, V= vermiculite, 1= illite, C= Chlorite, K= kaolinite, H= halloysite,
rectorite = interstratified illite/smectite
* denotes abundance of chloritic integrades
tr denotes trace abundance

NON-CLAYS CR= cristobalite, P = plagioclase (Ab = albite), Q= quartz, Z= zeolite (Hul = heulandite)
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Figure 38 Clay mineralogy of soils, recent sediment and suspended sediment in the Quartzville sub-watershed.



Figure 39 Photographs of debris flow deposits associated with
propylitic altered host rocks in the Quartzville Creek sub-
watershed. Photographs are of sample sites 51 (top), 47
(bottom left), and 48 (bottom right).
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contained abundant chlorite and gibbsite with minor illite, kaolinite, plagioclase and

quartz (Figure 38). This site is directly downstream of several abandoned adits from

which pyrite and other hydrothermal ore deposits were mined The abundant chlorite and

gibbsite in this sample are most likely hydrothermal components.

Sample 49 was taken from a stabilized earthflow feature at a road cut near Little

Meadow Creek. This sample contained a halloysite-dominated clay mineral assemblage

with lesser amounts of kaolinite, cristobalite, plagioclase, quartz, and gibbsite (Figure

38). The abundance of halloysite at this location suggests that the surface of the stabilized

earthflow may have been affected by Late Pleistocene deposition of volcanic ash. Ash

weathers quickly to halloysite in wet soil environments and, with extensive leaching, may

alter to gibbsite. The absence of smectite in this stabilized earthflow may be due to

pedogenic degradation resulting from long-term leaching, or reflect an absence of zeolitic

alteration in the neighboring host rocks.

Sample 50 was taken near sample site 49, but at a stream cutbank that was more

deeply incised into the ancient earthflow. This sample contained a clay mineral

assemblage of smectite, illite, chlorite, dehydrated halloysite, cristobalite, plagioclase,

quartz, zeolite, and gibbsite. Smectite and dehydrated halloysite in this sample suggests

that the colluvial materials have undergone some zeolitic or pedogenic alteration. The

chlorite, kaolinite and illite components are associated with propylitic and phyllic

alteration of the underlying host rocks in the area.



B.3.3 Clay Mineralogy of Suspended Sediments

Stream-flow of Quartzville Creek is recorded at the USGS gaging station above

Green Peter Reservoir. With a drainage area of nearly 256 2 (99 mi2), the maximum

average daily discharge of the Quartzville Creek during the study period was 294 m3/s

(10,400 cfs) on December 28, 1998 (Figure 40). Suspended sediment was sampled

during three storm events, two of which were characterized by very low turbidity (Table

12). Turbidity was higher during the February 28, 1999 storm event because of heavy low

elevation rainfall. The low turbidity of the January 18, 1999 storm event was probably

related to low elevation snow accumulation. Turbidity was also low during the May 18,

1999 spring melt peak flow period due to the absence of a major snow pack in the

Quartzville sub-watershed. The low turbidity during the January 18 and May 18, 1999

storm events was associated with very low suspended sediment concentration (e.g., <5

mgIL), which precluded sampling of these sediments for XRD analysis. The low turbidity

is in part controlled by the bedrock geology, which produces only non-expandable,

larger-sized clays (e.g., chlorite, illite, and kaolinite).

The clay mineral assemblage of suspended sediments associated with the more

turbid February 28, 1999 storm event includes a mixture of smectite, illite, chlorite,

kaolinite, cristobalite, plagioclase, quartz, and zeolite (Figure 38). Smectite is much less

abundant in the suspended sediments from Quartzville Creek than in watersheds affected

by active earthflows (e.g., 28% VS 70-95%). The chlorite-illite-quartz assemblage is

indicative of extensive propylitic alteration in the Quartzville sub-watershed. The source

of the smectite may be related to erosion of earthflows/rotational slumps in the

headwaters of Quartzville Creek. Smectite may also be derived from local argillic
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Table 12 Quartzville Creek discharge and random turbidity of suspended sediment.
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Figure 40 Mean daily discharge and precipitation of Quartzville Creek.
(USGS, 1999, Provisional Unpublished Data).
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Date Maximum average
daily discharge for
storm-flow event

(m3Is cfs)

Discharge at time of
suspended sediment

sample
(m3/s or cfs)

Turbidity of
suspended

sediment (ntu)

1/17/99 161 mi/s 5681 cfs 109 mi/s or 3845 cfs on
1/18/99

6

2/7/99 97 m3/s 3424 cfs No sample No sample
2/28/99 203 m3/s 7167 cfs 165 m3/s or 5825 cfs on

2/28/99
36

5/17/99 86 m3/s 3021 cfs 58 m3/s or 2041 cfs on
5/18/99

7

a, U) U) a, 0, C) 0)
C) C) C) C) C) 0) C)
v- U) C) c)

(N (N
(N (N
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altered zones found in various locations throughout the Quartzville sub-watershed. The

lack of smectite suggests that earthflows are a minor source of downstream suspended

sediment and turbidity. The low smectite levels indicate that, even during larger peak-

flow periods, Quartzville sub-watershed could provide only a minor source of turbidity in

reservoir discharge (typically smectitic). This is especially true when Quartzville

suspended sediment is compared to the smectitic suspended sediments derived from the

Middle Santiam and upper South Santiam sub-watersheds.

B.4 Foster and Green Peter Sub-watershed

B .4.1 Description of the Geologic and Geomorphic Characteristics

The immediate area surrounding Foster and Green Peter reservoirs was

considered one sub-watershed. It includes the mainstem bay of the upper South Santiam

River, the Middle Santiam River bay of Green Peter and Foster Reservoirs, Quartzville

Bay and numerous other smaller tributary bays (Table 13). The relief of the area

surrounding Foster Reservoir is generally low, with elevations ranging from 194 m (637

ft) for Foster Reservoir high water mark level to 768 m (2520 ft) on the north. The area

surrounding Green Peter reservoir has a much higher relief with elevations ranging from

308 m (1010 ft) at the high water mark to 1329 m (4360 ft) at Talley Creek headwaters

on the south and 1243 m (4079 ft) at Bald Peter on the north. Annual precipitation is 132

cm (52 in) at Foster Dam (Oregon Climate Service, 1990). The dominant bedrock

geology consists of tuffaceous volcanic rocks and basaltic/andesitic flows that have been

strongly influenced by propylitic alteration (Figure 41). A few small earthflow/rotational
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slumps occur along Talley Creek, but these unstable areas are minor in extent when

compared to earthflows in the upper Middle and upper South Mainstem drainages.

Pleistocene terrace deposits are common along the margins of Foster Reservoir and in the

upland areas adjacent to Green Peter Reservoir. These coarse grained terrace deposits are

relatively unaffected by modern stream erosion and are not a significant source of

suspended sediment. The most common active geomorphic processes in the Foster and

Green Peter sub-watersheds are debris flows and debris avalanches on stable volcanic

terrain, both of which are not associated with earthflows and deliver sediment and woody

debris directly into the reservoir bays. Commonly, these debris flows or debris

avalanches are associated with source areas affected by propylitic or pedogenic alteration.

Erosion processes within the reservoir mudflats or margins include sheet wash,

wave bank erosion and bank slumping. These processes may contribute to suspended

sediments but are generally a minor source compared to the inflowing tributary

contribution of clays. Sheetwash and homogenization are processes that occur within the

reservoirs when rapidly inflowing floodwaters cause vast amounts of sediment to be

resuspended into the water column. Since the deltaic mud flats experience cyclic

winnowing of fines as reservoir levels vary through the rainy season, they contain a small

fraction of clay. Consequently, remobilized sediment often settles quickly in quieter and

deeper portions of the reservoir, instead of being released downstream below the dam as

suspended sediment.



Table 13 Watershed Characteristics of the Foster and
Green Peter Reservoir sub-watershed

**Key to geologic unit abbreviations found on sub-watershed geologic map.
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Drainage Major Elevation range Bedrock Dominant Dominant
area (km2 streams (m & ft) geology alteration geomorphic

& m12) ** type process

243 km2 Gedney Creek 194-549 637-1800 Tu, Tbaa, Propylitic, Debris
94 mi Lewis Creek

Lower Middle
Santiam River
Rumbaugh
Creek

194-768
194-2 19

308-1086

637-2520
63 7-720

1010-3562

Tub, Trb,
Qt,

Advanced
Pedogenic

in
reservoir
margin

flows,
debris

avalanches,
minor

earthflow/
Talley Creek 308-1329 10 10-4360 soils rotational
Whitcomb 308-1136 1010-3728 slumps
Creek
Thistle Creek 308-1225 10 10-4020
Moose Creek 308-1317 1010-4321
Deadman 308-1244 1010-4080
Creek
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Figure 41 (a) Foster Reservoir general location map with major streams and sample locations. (b) Green Peter Reservoir general
location map with major streams and sample locations. c) Foster and Green Peter sub-watershed geology and sample locations.
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B.4.2 Clay Mineralogy of Reservoir Recent Sediment and Suspended Sediments

B. 4.2.1 Green Peter Reservoir In flowing Tributaries

Samples14, 15, 16, and 17 represent recent sediment samples along the Middle

Santiam River (Table 14; Figure 41 and 42; APPENDIX III). These samples were

from various locations along Elk Flats, which is within the Middle Santiam River Bay of

Green Peter Reservoir (Figure 43). The clay mineral assemblage of these four recent

sediment samples was dominated by smectite with minor amounts of chlorite, kaolinite,

illite, zeolite, cristobalite, plagioclase, quartz, and hematite (Figure 39; APPENDIX III).

Mineralogically, these sediments are very similar to suspended sediment from the Middle

Santiam River (sample H, Figure 35) and upstream channel-bounding earthflows

underlain by zeolitically-altered tuffaceous rocks (sample 52, 53, Figure 35). The other

non-expandable hydrothermal clay components are probably derived from debris flow

deposits in the lower Middle Santiam drainage where propylitic alteration is common.

The absence of halloysite and chloritic integrade clays indicates that these mudflat

deposits are not reworked soil material from surrounding hill slopes. The smectitic nature

indicates that they are deltaic deposits from the Middle Santiam River.

The clay mineralogy of recent sediment from other minor tributary bays within

Green Peter Reservoir contains abundant hydrothermal and pedogenic alteration

components (Table 14; Figures 39; Appendix III). Rumbaugh Creek Bay (sample 20)



Table 14 Summary of the clay mineralogy of recent reservoir sediment in Foster and
Green Peter Reservoirs
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Sample
#

Sample
type

Delivery
Process

Dominant Clay! Abundance

S IC K H CR P
(An)

Q Z
(hul)

G

10 RS Deltaic 15 20 15 55 5 5 1 1

11 RS Deltaic 57 10 22 5 1 3 1

12 RS Deltaic 76 2 9 3 2 4 2
13 RS Deltaic 80 tr 9 2 3 3 2
14 RS Deltaic j V V V V V V
15 RS Deltaic 'J J V V V V
16 RS Deltaic 72 tr 10 6 2 4 2 2
17 RS Deltaic 67 2 12 9 1 3 2 2
19 RS Reworked

soil
18 18 9 46 1 1 1 4

20 RS Deltaic 41 10 41 1 2 2 1 1

21 RS Deltaic 51 2 20 6 2 5 7 2 2
24 RS Reworked

soil
J J V J J V V

25 RS DF V V V V V V

32 Terrace/RC Fluvial 42 41 7 3 4 1

8 RS Deltaic 40 56 1 1 1

DELIVERY PROCESS RS = recent sediment, DF = debris flow, RC = road cut
Mineral abundance in bold are indicators for alteration style.

CLAYS S= smectite, 1= illite, C= chlorite, K= kaolinite, H= halloysite, Rectorite
= interstratified illite/smectite
* denotes abundance of chloritic integrades
tr = denotes trace abundance
V = present in XRD pattern

NON-CLAYS CR= cristobalite, P = plagioclase (An anorthite), Z zeolite (Hul =
heulandite)
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Figure 42 Clay mineralogy of soil, recent sediment and suspended sediment in the Foster and Green Peter sub-watershed.
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Figure 43 Photographs of the Middle Santiam Bay mudflats (Elk
Flats) and inflow to Green Peter Reservoir of the upper
Middle Santiam River. Photographs are of sample sites
16 and 17 (top: photo taken 3/98) and H (bottom: photo
taken 11/98).
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was enriched with smectite and kaolinite and contains minimal chlorite. The clay mineral

assemblage of sediment from Talley Creek Bay (sample 21) was mainly smectitic with

abundant quartz and minor kaolinite, chlorite, and gibbsite. Sediments from Whitcomb

Creek Bay (sample 24) also exhibit a smectitic clay assemblage with lesser amounts of

kaolinite and chlorite. The clay mineralogy of sediments from Quartzville Creek Bay

(sample 19, Figure 38; Appendix III) was mixed, with smectite, halloysite, kaolinite,

and hydroxy interlayered chioritic integrade. The presence of halloysite and hydroxy

interlayered chloritic integrades in the recent sediment of Quartzville Bay suggests a local

source (i.e., reworked soil from wave-cut benches along the outer margins of the

reservoirs). The sources of smectite and kaolinite in reservoir bay sediments are probably

associated with local argillic alteration zones within volcanic host rocks. Chlorite,

gibbsite, and quartz in recent sediment are probably a result of regional propylitization of

the underlying volcanic host rocks.

Recent sediment samples 19, 22, and 25 within Green Peter Reservoirs contained

a mixture of smectite, hydroxy interlayered chioritic integrades, and dehydrated

halloysite with minor components of gibbsite, and kaolinite (Table 14; APPENDIX III).

This complex clay assemblage reflects pedogenic alteration of hilislope soils and

associated debris flows that occurred prior to construction of Green Peter Dam. The

presence of gibbsite suggests prolonged weathering associated with very stable soil

conditions. The mineralogy of these reservoir-rimming soils is unlike that observed in

reservoir outflow or at downstream water treatment plants. Thus, erosion and reworking

of reservoir soils is not a significant source of downstream turbidity.
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Sample 25 represents a recent debris flow deposit that occurred in response to the

February 1996 storm in Whitcomb Creek Bay of Green Peter Reservoir (Table 14;

Figure 44; APPENDIX III). This sample contained a clay mineral assemblage of

chioritic integrades mixed with abundant halloysite as well as minor amounts of smectite,

gibbsite, quartz, hematite, and plagioclase. This pedogenic clay mineral assemblage

indicates that the debris flow was sourced in shallow, highly weathered soils. The

strongly-developed chioritic integrade developed from smectite during alteration in cyclic

wet and dry p edo-environments of the colluvium derived from basaltic or andesitic rock

(Glasmann & Kling, 1985; Glasmann, 1982).

Samples G and 21 from Talley Creek, within Green Peter Reservoir, represent

both suspended and recent sediment (Figure 45). The suspended sediment clay

mineralogy contained a mixture of smectite, chlorite, kaolinite, zeolite, plagioclase,

quartz, hematite, illite, zeolite, and cristobalite. The recent sediment sample was similar

but contained additional components of gibbsite and corrensite (mixed layered

interstratified chiorite/smectite) (Table 14; Figure 42; Appendix III). Smectite

abundance in the suspended sediment sample was much less than the recent sediment

sample. The recent sediment may be affected by suspended clays that are homogenized

from many sources and are deposited during higher reservoir pool elevations. This would

cause smectite and other clays to settle near the Talley Creek inflow into Green Peter.

Similar to other tributaries near Green Peter Reservoir, abundant chlorite is related to

propylitically altered volcanic host rocks. Even though there were no upstream clay

mineral samples, the smectite zeolite components of suspended sediment is probably

derived from earthflow/rotational slump movement, related to zeolitic or argillic



Figure 44 Photograph of a debris flow deposit in Whitcomb Creek bay
of Green Peter Reservoir. Photograph is of sample sites 25.
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Figure 45 Photograph of Talley Creek Bay inflow to Green Peter
Reservoir. Top photo is sample sites 21 and G (photo taken
11/98). Bottom photo taken during spring reservoir filling
period (5/18/99).
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alteration zones in the volcanic host rocks. The abundant smectite and zeolite of the

recent sediment settled out from the lake "soup" and is unrelated to processes upstream

above the reservoir.

B. 4.2.2 Green Peter Outflow

Discharge of reservoir outflow is recorded at the Army Corp of Engineers gaging

station at Green Peter Dam. The maximum average daily discharge during the period of

study was 321 m3/s (11,350 cfs) on January 4, 1999 (Figure 46). The suspended

sediment sampling periods of Green Peter outflow show variable discharge and turbidity

levels (Table 15). High turbidity on January 6, 1999 was due to the December 28, 1999

storm event. The suspended mud from this storm continued to affect the reservoir through

January 18, 1999 and was being released downstream (Figure 18 Figure 42). Because of

limited access to Green Peter Dam, turbidity levels were recorded from the lower Middle

Santiam River before entering Foster Reservoir. Suspended sediment was sampled on

January 6, 1999 several days following the December 28, 1999 storm event. Turbidity

was still high in the lower Middle Santiam River. Turbidity from the January 18, 1999

storm event was much greater than in subsequent storms. This was probably related to

continued release of high turbidity water from Green Peter Reservoir, as well as increased

runoff in the upper Middle drainage associated with the January 18, 1999 storm. The

February 7, 1999 storm event was not associated with high reservoir turbidity due to low

elevation snow accumulation and the onset of water storage. Turbidity measured during

later season storm events was affected by several factors. During the February 28, 1999

storm, turbidity below Green Peter Dam was influenced by slow release of storm runoff.
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Reservoir levels rise rapidly after the sample was obtained, indicating that most of the

runoff was stored behind the dam. Therefore, the 2/28/99 sample probably is

unrepresentative of actual turbidity conditions in the reservoir. The 5/18/99 sample is

related to spring snow-melt and also occurred at a time of water storage. Snow-melt flow

is much less turbid than major storm events (Figures 6 and 42).

The clay mineralogy of recent and suspended sediments from the lower Middle

Santiam River (inflow of Foster Reservoir) was sampled including runoff events on

January 6, 1999, January 18, 1999 and February 7, 1999 (sample sites K, L and 11)

(Table 16; Figures 38 and 42). The clay mineralogy of both suspended sediments and

recent sediments were similar, showing dominant smectite and minor chlorite, kaolinite,

feldspar, quartz and zeolite. The suspended sediment samples also contained a minor

amount of illite and were enriched in the chlorite/kaolinite component relative to

suspended sediment in the upper Middle Santiam (sample H, I, K, L in Table 16;

Figures 32, 35, and 42). This enrichment of chlorite/kaolinite is probably related to

subsequent erosion of debris flow side slopes or debris flow deposits that occurred in

response to the December 28, 1999 storm event in the Quartzville and lower Middle

Santiam drainage. The dominant smectite component in the suspended sediment and

recent sediment samples is probably related to long-term earthflow movement in the

upper Middle Santiam drainage.



Table 15 Green Peter outflow discharge and random turbidity of suspended sediment

Figure 46 Mean daily discharge and precipitation of Green Peter Outflow
(USGS, 1999, Provisional Unpublished Data).
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Maximum average
daily discharge for
storm-flow event

(m3/s or cfs)

Discharge at time of
suspended sediment

sample
(m3/s or cfs)

Pool
elev.

(m and
ft)

24-hour
precip.
(cm and

in)

Turbidity of
suspended
sediment

(ntu)
321 m3/s or 11,350 cfs on

1/4/99
127 m3/s or 4,500 cfs

on 1/6/99
288 m
945 ft

0 46

178 m3/s on 1/20/99 113 m3/s or 3,990 cfs
on 1/18/99

283 m
929ft

4.19cm
1.65 in

26

31m/son2/9/99 161m3/sor5,700cfs
on2/7/99

285m
935ft

3.71cm
1.46in

10

308 m3/s on 3/4/99 89 m3/s or 3,130 cfs
on2/28/99

299m
980ft

2.87 cm
1.l3in

<10

168 m3/s on 5/18/99 168 m3/s or 5,920 cfs
on5/18/99

308 m
1009 ft

1.65cm
0.65 in

<10
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SSR = South Santiam River
MSR = Middle Santiam River
LMSR = Lower Middle Santiam River
QV = Quartzville Creek

B.4.2.3 Foster Reservoir Inflowing Tributaries

The South Santiam Bay of Foster Reservoir was sampled for recent sediment near

the inflow of the South Santiam River (sample sites 12 and 13) as well as suspended

sediment (Table 14 and 18; Figures 39 and 47). The clay mineral assemblage of recent

sediment samples was dominated by smectite and very similar to most South Santiam

River suspended sediment samples including F, E, C, D, and A (Table 17; Figures 19

and 39). Sample F is within the South Santiam Bay of Foster Reservoir but was

mineralogically similar to the samples E, C, and D (Figure 22). The clay mineralogy of

all South Santiam River Bay samples was dominated by smectite with minor amounts of

kaolinite, zeolite, plagioclase, hematite, and quartz (APPENDIX III). Even though

recent sediment samples contained traces of chlorite and illite,
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Table 16 Summary of abundance of smectite within Green Peter Reservoir inflow and
outflow suspended sediments.

Distance
from

outflow
(km)

Sample . .Major river or creek Date sampled Abundance of
smectite

10 G Talley 2/28/99 30

15 H MSR Green Peter Bay 2/28/99 49

15 H MSR Green Peter Bay 5/18/99 58
16 I QV Green Peter Bay 2/28/99 28

J Green Peter Reservoir near dam 1/18/99 48

K LMSRFosterBay 1/18/99 43

K LMSR Foster Bay 2/7/99 47

L LMSR Foster Bay 1/6/99 56



Table 17 Summary of smectite levels within Foster Reservoir inflow and outflow
suspended sediments.

SSR = South Santiam River
MSR = Middle Santiam River
LMSR = Lower Middle Santiam River

? = XRD slide too thin to determine relative abundance of smectite.
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Distance
from

outflow
(km)

Sample Major river
or creek

Date sampled Abundance
of smectite

23 A SSR above 5/18/99 81

Moose
Bridge

22 B Canyon 2/7/99 74

22 B Canyon 5/18/99 80

22.5 Y Moose 12/3/98

18 C SSR@ 1/18/99 64
Gaging
station

18 C SSR@ 2/7/99 64
Gaging
station

19 D SSR@ 12/3/98 71
C Cascadia St

Park
16.5 E SSR@ 5/18/99 82

Cascadia
4 F SSR Foster 1/18/99 64

Bay
4 F SSR Foster 2/28/99 60

Bay
7.5 K LMSR 1/18/99 43

Foster Bay
7.5 K LMSR 2/7/99 47

Foster Bay
4.6 L LMSR 1/6/99 56

Foster Bay
1.6 M Gedney 2/28/99 38

Outflow N Foster 12/3/98 75

N Foster 1/18/99 62

N Foster 2/7/99 62
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the highly smectitic character of the suspended sediment samples indicates that zeolitic

alteration and erosion of active earthflow/rotational slump deposits are the dominant

factors affecting the downstream turbidity of the upper South Santiam River (Figures 19

and 39).

The Gedney Creek confluence (sample site M and 8) was sampled for both

suspended sediments and recent sediments in Foster Reservoir (Table 14 and 18; Figure

41 and 42; APPENDIX III). Both samples exhibited a similar clay mineral assemblage

that included a mixture of smectite and halloysite, with less abundant zeolite, plagioclase,

cristobalite, quartz and hematite. Abundant halloysite, with a minor component of

kaolinite, indicates a strong pedogenic overprint. These pedogenic clay components may

be from terrace deposits that erode directly into Foster Reservoir. Sample site 32

represents a Pleistocene(?) terrace deposit that was sampled near the Gedney Creek

confluence (adjacent to Foster Dam). The clay assemblage of this terrace deposit is very

similar to that of sites M and 8 of Gedney Creek (Table 14; Figure 42; APPENDIX

III). This suggests that a major sediment source for Gedney Creek and other smaller

inflowing tributaries of Foster Reservoir is active erosion of these older terrace deposits.

The absence of halloysite clay from Gedney Creek in the Foster outflow suggests that

erosion of these terrace deposits is not a major source of downstream suspended clays

when compared to the smectitic sources from the upper South and Middle Santiam sub-

watersheds.



Figure 47 Photographs of the South Santiam River Bay of Foster
Reservoir. Top photo taken during lower pooi elevation
11/98. Bottom photo taken during a major flood event-high
pool elevition on 11/26/99.
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B.4.2.4 Foster Ouffiow

Discharge of the Foster outflow and precipitation is recorded at the Army Corp of

Engineers gaging station at Foster Dam. The maximum average daily discharge of the

Foster outflow during this study was 418 m3/s (14,750 cfs) on December 31, 1998

(Figure 48). The suspended sediment sampling periods of Foster outflow show variable

discharge and turbidity (Table 17).

Turbidity levels demonstrate the relationship between storm intensity and

reservoir management. Turbid conditions during the January 18, 1999, and February 7,

1999 were related to low reservoir pooi elevations, causing turbidity in the Foster outflow

to be equal to or greater than the inflowing tributaries. Even though the pool elevations

were low during the February 28, 1999 and May 18, 1999 storm events, inflowing

tributary turbidity is diluted by the clear water in deeper portions of the Foster Reservoirs

causing the Foster outflow turbidity to be very low.

Suspended sediment in the outflow of Foster Reservoir was sampled three times:

December 3, 1999, January 18, 1999, and February 7, 1999 (sample site N) (Table 17;

Figure 42). The clay mineralogy of each of these samples is different and shows a

relationship to storm intensity and peak runoff events. (Figures 39; Appendix III). The

clay mineralogy of the Foster outflow suggests a significant change in sediment character

occurred after the December 28, 1998 storm event (i.e., December 31, 1998 high

reservoir discharge period). The December 3, 1998 sampling period has a clay mineral

assemblage that is dominated by smectite, with very minor amounts of kaolinite, zeolite,

cristobalite, plagioclase, quartz, and hematite. Chlorite or illite was absent in the
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Table 18 Foster outflow discharge and random turbidity of suspended sediment

140

Figure 48 Mean daily discharge and precipitation of Foster Outflow
(USGS, 1999, Provisional Unpublished Data).

Maximum average
daily discharge for
storm-flow event

(m3/s or cfs)

Discharge at time of
suspended sediment

sample
(m3/s & cfs)

Pool
elev.
(m &

ft)

24-hour
precip.

(cm & in)

Turbidity
of

suspended
sediment

(ntu)
340 m3/s or 12,020 cfs

on 12/5/98
282 m3/s or 9,950 cfs

on 12/3/99
188 m
616 ft

2.34 cm
0.92 in

37

292 m3/s or 10,300 cfs
on 1/18/99

302 m3/s or 10,700 cfs
on 1/18/99

187 m
614ft

5.46 cm
2.15 in

23

166 m3/s or 5,870 cfs
on 2/7/99

161 m3/s or 5,700 cfs
on 2/7/99

189 m
620 ft

3.71 cm
1.46 in

11

381 m3/s or 13,470 cfs
on3/4/99

257 m3/s or 9,060 cfs
on2/28/99

188 m
616ft

2.87 cm
1.13 in

8

269 m3/s or 9,490 cfs
on 5/18/99

289 mi/s or 9,490 cfs
on5/18/99

187 m
614ft

1.65 cm
0.65 in

<10
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December 3, 1998 sample (Figure 42; APPENDIX III). This clay assemblage is very

similar to that of suspended sediment from the upper South Santiam River and probably

reflects erosion of earthflows by fall storm events. Subsequent suspended sediment

samples of Foster outflow had a clay mineral assemblage that was enriched in chlorite

and kaolinite relative to the December 3, 1998 sample. This suggests increased delivery

of chloritic and kaolinitic clays to Foster Reservoir subsequent to the December 28, 1998

storm. These clays are common in propylitic and argillic alteration zones that occur in the

Quartzville sub-watershed and lower Middle Santiam drainage. Delivery of these clays is

generally related to shallow debris flows. The increased abundance of chlorite and

kaolinite therefore indicates that the December 28, 1998 storm was associated with

significant debris flow activity in non-earthflow terrain. The silt size fraction (<15 tm)

from the Foster outflow contained a similar mineral assemblage for all three peak flow

periods. The silt fraction samples of the December 3, 1998, January 18, 1999 and

February 7, 1999 storm events of the Foster outflow are all mineralogically similar,

which suggests that the source is from erosion of earthflows in the upper South Santiam

and upper Middle Santiam sub-watersheds (Appendix III).

Smectite was commonly more abundant in the Foster outflow than in the

inflowing tributaries during all sampling periods (Table 17; Figure 22 42). The source of

smectite is probably related to erosion of active earthflow deposits in the upper South

Santiam sub-watershed and upper Middle drainage. The suspended sediments from lower

Middle Santiam River and South Santiam River flowing into Foster Reservoir typically

contained greater chlorite, kaolinite, and non-clay components (Figure 42). Foster

Reservoir acts like a big homogenizing basin. Suspended clays from various sources
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enter this basin and are mixed in the lake. Coarser clays settle from suspension, local

soils are reworked by wave activity, and point sources are diluted into the body of

suspended clays contributed from many sources. The end result of this homogenization

process is the release of a clay assemblage that is enriched in the most suspendable clay

(i.e., clay with small particle size and high dispersion potential). The clay that best fits

these requirements is smectite.



B.5 Wiley Sub-watershed

B.5.1 Description of the Geologic and Geomorphic Characteristics

The Wiley sub-watershed contains north to northwest aspect tributaries and

ranges in elevation from 165 m (540 fi) at the confluence to 1372 m (4500 fi) at Green

Mountain (Table 19 and Figure 49). Broad lowlands occupy <10% of the watershed and

are dominated by Pleistocene terrace deposits (Walker & Duncan, 1989; O'Connor, in

press). Gently sloping uplands make up 10-25% of the watershed and are underlain by

the Little Butte Volcanic series. Steep, rocky terrain with colluvial soils occupy the

largest part of the watershed (>75%). These steep slopes are underlain by the Sardine

Formation (Beaulieu & Hughes, 1974). Debris flows and debris avalanches occur in steep

dissected channels or on hill slopes within the headwater areas of Wiley Creek. Many

headscarps of earthflow/rotational slump features are present near exposures of the Little

Butte Volcanic sequence or tuff/breccias that exhibit zeolitic alteration (Beaulieu &

Hughes, 1974).

B.5.2 Clay Mineralogy of Soils

Samples 45 and 46 were obtained from a small rotational slump feature along the

main channel of Wiley Creek (Figure 49). This rotational slump feature had reddish

colluvial soil next to a tan weathered breccia (Figure 50). The clay mineralogy of the

reddish soil was dominated by smectite but with a strong kaolinite component (sample

46; Figure 51). The weathered breccia material contained nearly 100 % smectite (sample

45; Figure 51). The reddish kaolinitic soil suggests colluvial contamination of the
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weathered breccia by pedogenic clays. The strong smectitic character of the weathered

breccia indicates that it has been influenced by zeolitic alteration. Recent sediment

(samples 43 and 44) was obtained from the main channel of Wiley Creek at the Wiley

Creek gaging station and at the confluence with the South Santiam River. The clay

mineral assemblage of these recent sediment samples was dominated by smectite and

included a strong halloysite component (Figure 51). The halloysite component of these

recent sediment samples suggests that they are influenced by deposition of eroded

pedogenic clay. Halloysite is common in the lower part of deeply weathered "red hill"

soils and also develop during rapid weathering of volcanic ash. The occurrence of red

kaolinitic colluvium in the Wiley Creek sub-watershed may indicate the occurrence of

Jory-like deeply weathered soils whose erosion contributes halloysite to recent and

suspended sediments.



Table 19 Watershed characteristics of the lower South Santiam sub-watershed,
Wiley sub-watershed and along the Albany Santiam Canal

* Elevation at Waterloo Diversion Dam on South Santiam River
**Key to geologic unit abbreviations found in sub-watershed geology maps.

Drainages Drainage
area

(km2 & mi2)

Major
streams

Elevation
Range

(m & ft)

Bedrock geology
**

Dominant
alteration

type

Dominant geomorphic
process

Albany 52 20 Periwinkle 6 1-109 200358* Qs, Qt, Qal, Tss Pedogenic Bank erosion of
Santiam
Canal

Burkhart Missoula Flood
deposits

Hamilton 101 39 lower 116- 3 80-900 Tu, Qal, Tub Pedogenic Bank erosion of poorly
Hamilton 274 drained soils

upper 201- 660-2833 Tu, Tus, Tbaa Pedogenic Debris flows in well
Hamilton 863 drained soils

McDowell 67 26 Lower
McDowell

139-
396

456-1300 Tu, Trb, Qal,
Tub

Pedogenic Bank erosion poorly
drained soils

Upper 201- 660-4080 Tu, Tb, Tub Pedogenic Rotational
McDowell 1244 slumps/earthflows and

debris flows
Noble 67 26 Noble Ck 122-

646
400-2120 Tub, Trb, Qal,

Tus, Tu, Qt
Pedogenic Bank erosion of poorly

drained soils
Ames 91 35 Ames Ck 149-

761
490-2498 Tu, Tub, Qt,

Trb, Qal
Pedogenic Bank erosion of poorly

drained soils
Wiley 163 63 Wiley Ck 165-

1373
540-4506 Tu, Tbaa, Tub,

Tus, Qal,
Qt, Qls

Zeolitic Debris flows,
earthflow/ rotational
slumps, bank erosion of
stream terrace deposits
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Figure 49 (a) Wiley sub-watershed general location map with major streams and
sample locations. (b) Wiley sub-watershed geology and sample locations.
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Figure 50 Photographs of rotational slumps along Wiley Creek.
Bottom photo is from sample site 46 and 45. Reddish soil
(46, left of shovel) was dominated by smectite and
kaolinite. Tannish soil or weathered breccia material (45,
right of shovel) was mostly smectitic with no kaolinite.
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Figure 51 Clay mineralogy of soil, recent sediment, and suspended sediment
in the Wiley sub-watershed.
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B.5.3 Clay Mineralogy of Suspended Sediments

Stream-flow of Wiley Creek is recorded at the USGS gaging station near Foster.

The maximum average daily discharge of the Wiley Creek during this study was 93 m3/s

(3280 cfs) on December 28, 1998 (Figure 52). The suspended sediment sampling

periods of Wiley Creek show variable discharge and turbidity (Table 20). The smaller

drainage area of Wiley Creek sub-watershed 134 km2 (52 mi2) and its lower elevation

produced a more flashy discharge compared to the upper South Santiam and Quartzville

drainages for similar storm events. Wiley Creek was sampled near the confluence with

the South Santiam River at the Highway 20 bridge for suspended sediments during three

different storm events: January 18, February 7 and February 28, 1999 (Figure 52). The

February 28, 1999 storm event had the highest turbidity, which was related to high runoff

and moderately intense low elevation rainfall. Turbidity was also high during the

February 7, 1999 storm for similar reasons. The turbidity from the May 18, 1999 storm

event was quite low and was related to low runoff and snow-melt. Turbidity was too low

for clay mineral analysis during this storm event.

The clay mineralogy of the three sampled storm events was qualitatively similar,

but the concentration of smectite and halloysite clays and non-clay components varies

between storms (Figure 51; Appendix III). The January 18, 1999 sample is much more

smectitic than the February 7 and 28, 1999 storm events. The December 28, 1998 storm

probably caused earthflow movement and significant stream downcutting into smectitic

rocks, which continued to be a major source during the January 18, 1999 event. Stream

downcutting may have promoted bank slumping of undercut terrace deposits that

149



Table 20 Wiley Creek discharge and random turbidity of suspended sediment
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Figure 52 Mean daily discharge and precipitation of Wiley Creek
(USGS, 1999, Provisional Unpublished Data).
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Date Maximum average
daily discharge for
storm-flow event

(m3/s or cfs)

Discharge at time of
suspended sediment

sample
(m3/s or cfs)

Turbidity of
suspended

sediment (ntu)

1/18/99 139 m3/s
4920 cfs

41 m3/s
1437 cfs on 1/1 8/99

17

2/7/99 44 m3/s
1570 cfs

46 m3/s
1632 cfs on 2/7/99

20

2/28/99 47 m3/s
1650 cfs

50 m3/s
1771 cfs on 2/28/99

28

5/18/99 16m3/s
578 cfs

16m3/s
584 cfs on 5/18/99

6
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increased the halloysite component in the February 7 and 28, 1999 storm events.

No clays representative of propylitic or argillic alteration (i.e., kaolinite and

chlorite) were present in any of the samples. The absence of these clays indicates that

regional zeolitic alteration dominated the underlying volcanic host rocks.
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B.6 Lower South Santiam Sub-watershed

B.6.1 General Description of the Geologic and Geomorphic Characteristics

The bedrock geology within all drainages below Foster Dam is heavily influenced

by deeply weathered basaltic flows and tuff/breccias of the Little Butte Volcanic series

(Peck et al., 1964; remapped as upper Tertiary (Tu) by Walker and Duncan, 1989) (Table

19; Figure 53). Extensive pedogenic alteration of these deposits masks evidence of

intrusive alteration and has promoted the development of thick clayey soils (Beaulieu &

Hughes, 1974).

The below-dam drainages are dominated by broad rolling lowlands, steeper

upland headwater areas, low gradient floodplains and terrace deposits (Figure 54). The

lowlands contain much acreage cultivated for agricultural production. The soils in these

broad lowland areas are mapped as Waldo and Bashaw series, which contain >50% clay

by volume, exhibit high shrink-swell properties, poorly drained conditions and wetland

morphology. (Landridge, 1987) (Figure 55 and 59). The Bashaw soil series is a vertisol

with high smectitic content (Landridge, 1987). These wetland soils are depositional

features, representing broad low relief alluvial fan deposits that infill Pleistocene valleys.

The clay in these deposits was derived mostly from deeply weathered basaltic flows and

tuff/ breccias. Alluvial erosion processes dominate in these lowland areas and include

meandering, entrenchment of stream channels, bank erosion and overbank deposition.

Soils of the upland areas adjacent to the broad lowlands are dominated by red kaolinitic

soil of the Jory series, which occurs on stable geomorphic surfaces on foothills of the

Willamette Valley (Balster & Parson, 1968). The upland headwaters include forested
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Figure 53 (a) Lower South Santiam sub-watershed general location map with major
streams and sample locations. (b) Lower South Santiam sub-watershed
geology and sample locations.
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dominant clay mineralogy and landscape position.
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Figure 56 Photograph showing poorly drained soil conditions adjacent
to Noble Creek. Top photo is sample site 39, bottom photo
is upstream of sample site Q.

156



100%

90%

80%

70%

60%
z

20%

10%

0%
Sample Location: u
SS Date or RS: 2/7
Milage from 0.0 0.0
Waterloo Diversion Dam:

4 RANDOM TURBIDITY OF
SUSPENDED SEDIMENT

(RECORDED IN NTUS)

S

S kSA'A'II

S

DSmectite Blilite
O Hafloysite cJ Cristobalite
I11U Hematite Zeolite

S

SSR

NEAR
WATER-

LOO MCDOWELL

D Chlorite ll Kaolinite
UFeldspar Quartz

Mixed Layer Clay Vermiculite

AMES

Figure 57 Clay mineralogy of soil, recent sediment, and suspended sediment in the Lower South Santiam sub-watershed.

1
T

161714

::---IIIp
:

L

HLH.
iit.d

I

43
ci)

30

19 21
o

I ci)

-

-
ID

_J
ci)

'- U () I

I ci)
o

i5

; .

- ci)

0
.3
0a

I

I
0

z

50%

40%-J

30%

31 30I T 1 35 33 R R R 36 34 41 Q 39 40 37 38
1/18 2/7 5/18 1/18 2/7 5/18 RS 5/18 RS

0.4 0.2 0.8 0.2 4.4 8.2 12.3 11.9 15.3 16.4 2.6 4.0 2.5 4.8 5.3 6.8 12.4 14.4 12.7 13.4 15.2



areas with steeper side slopes, isolated upland benches, occasional rock outcrops, and

some mass movement hummocky topography (Beaulieu & Hughes, 1974). The mass

movement topography mapped by Beaulieu and Hughes (1974) only shows potential

geologic hazards and does not indicated recent failures or debris flow activity.

B.6.2 Drainage Characteristics and Clay Mineralogy

B. 6.2.1 Hamilton Drainage Characteristics

Hamilton drainage contains broad lowland areas with poorly drained soils. The

upland areas of Hamilton drainage are gently sloping (10 to 25%) with some steep

exposures of solid bedrock of 50 to 75% slopes (Beaulieu & Hughes, 1974). The

Hamilton drainage is generally west aspect, with north and south aspect tributaries; it

ranges in elevation from 116 m (380 ft) at the confluence to 805 m (2640 ft) at Keel

Mountain. Like many areas of the South Santiam Municipal Watershed, these upland

areas are within the "transient-snow-zone" where there is potential for rain-on-snow

events to occur (Bischoff, 2000). The dominant soil series in these upland areas are the

Honeygrove and Bellpine and the Harrington-Klickitat complex, all of which display well

drained conditions, contain colluvial materials with prominent clay films and are

typically stable (Landridge, 1987).
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B. 6.2.2 Clay Mineralogy of Soils in Hamilton Creek Drainage

Soil samples throughout the Hamilton drainage showed variable clay mineralogy

between the broad agricultural lowland and steeper forested upland areas. Two poorly

drained soils (samples 35 and 33) were sampled from cutbanks along Hamilton Creek, in

areas mapped as Bashaw or Waldo soil series (Figure 53 and 55). The clay mineralogy

of these soils is dominated by smectite (>70%) with less abundant kaolinite, plagioclase,

zeolite, and quartz (Table 21; Figure 57; APPENDIX III). The zeolite component

indicates that these soils are influenced by deep source of erosion. The kaolinite

component of the poorly drained soils probably reflects erosion of Jory or other

associated upland soils. A similar clay mineral assemblage was evident in other poorly

drained soils in Noble and Ames drainages (samples 39, 30, 31; Table 21; Figure 57).

Sample 36 represents a well drained upland soil from a fresh road cut adjacent to

a tributary of Hamilton Creek (Figure 55). Soil in the area adjacent to this sample are

mapped as the Honeygrove soil series. This road cut exposed the Cr horizon of this soil,

which consists of weathered saprolite derived from zeolitically altered breccia/tuff

bedrock. The clay mineralogy of this sample was dominated by smectite, with minor

dehydrated halloysite and a strong zeolite component (sample 36; Table 21; Figure 57).

The dehydrated halloysite component of this sample probably resulted from long-term

pedogenic alteration of the smectitic tuff/breccia bedrock. The strong zeolite component

suggests that the saprolite is below the zone of active acid leaching of the soil, as zeolite

is rapidly removed from the upper layers of acid soils by weathering.

Sample 34 was sampled from the headwall of a debris flow in the area mapped as

Harrington-Klickitat complex soil series. This clay mineral assemblage of this sample
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Table 21 Summary of the clay mineralogy of soils in the lower South Santiam sub-
watershed.
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Sample
#

Landform Sediment
delivery

mechanism

Dominant clay/abundance Alteration
style

SK H CR P Z
(An) (Hul)

35 Poorly Drained CB 90 9 1 Pedogenic
Lowland Soils

33 Poorly Drained CB 72 21 tr 3 2 Pedogenic
Lowland Soils

36 Well Drained RCICB 78 14 2 2 4 Zeolitic
Upland Soils

34 Well Drained DF 4 68 4 3 2 18 % V
Upland Soils Pedogenic

39 Poorly Drained CB 80 20 Tr tr Pedogenic
Lowland Soils

40 Well Drained RC 55 45% I/S
Stable Upland Pedogenic/

Soil Argillic
37 Stream Channel R 66 17 5 5 3 Zeolitic
38 Well Drained RCICB 4 78 15 2 Pedogenic

Upland Soil
31 Poorly Drained CB 37 55 2 1 2 Pedogenic

Lowland Soils
30 Poorly Drained CB 72 4 13 1 3 4 Pedogenic

Lowland Soils

SEDIMENT DELIVERY
MECHANISM

DA= debris avalanche, DF = debris flow, CB = cutbank failure,
R= reworking of bar sediments, RC = road cut
Mineral abundance in bold are indicators for alteration style.

CLAYS S= smectite, V= vermiculite, 1= illite, C= chlorite, K kaolinite,
H= halloysite, I/S = interstratified illite/smectite

NON-CLAYS CR= cristobalite, P = plagioclase (An anorthite),
Z= zeolite (Hul = heulandite)



Figure 58 Photographs of soils within the upper Hamilton and upper McDowell drainage. Sample site 36 (top left) is
a road cut with fresh exposed saprolite in the upper Hamilton drainage. Sample site 34 (top right photo) is
a headwall of a debris flow in theupper Hamilton drainage, above sample site 36. Sample site 38 (botom
photo) is a stream cutbank in the headwaters of McDowell Creek. Note: arrow points to quarter which
shows scale of prominent clay films and colluvial materials.
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was dominated by dehydrated halloysite along with minor vermiculite and cristobalite,

but lacked smectite(sample 34; Table 21; Figure 57; Appendix III). This deep

halloysitic soil probably reflects long term Pleistocene (or older) soil development. The

clay mineral assemblage is characteristic of lateritic soils developed on volcanic rocks in

the sub-tropical environments (Abbott, 1958). Remnants of these very old soils occur on

stable uplands surrounding the Willamette Valley (Glasmann, 1982).

B. 6.2.3 Clay Mineralogy of Suspended Sediments in Hamilton Creek

Hamilton Creek was sampled during three different storm events (i.e., January 18,

February 7 and May 18, 1999) near the confluence with the Lower South Santiam River

(sample T) and from an upstream site (sample R) (Figures 50, 57 and 59). Turbidity was

moderately low during the January 18 and February 7, 1999 storm events (30, 34 ntu and

16,17 ntu, respectively) (Figure 57). The May 18, 1999 storm event was not as intense as

the two previously sampled events, and predictably turbidity was lower (21 ntu and 14

ntu) (Figure 57). In addition, turbidity was higher during all three storm events at the

confluence sample site when compared to the upstream site (sample R; Figure 57). The

clay mineralogy from sample site T (Hamilton Creek confluence) contained a dominant

smectite component and minor amounts of kaolinite, zeolite, quartz, cristobalite and

plagioclase (Figure 57; Appendix III). This same clay mineral assemblage was evident

several miles upstream from sample site 33 (Figure 54 and 57; Appendix III). Thus,

suspended clays do not include significant clay from stable upland soils

(kaolinite/halloysite rich) but instead show similarities to deeply altered smectitic



Figure 59 Photographs of upper Hamilton Creek (top: sample siteR)
and lower Hamilton Creek (bottom: S) during the May 18,
1999 peak-flow event.
Note: Surrounding soils at Sample site S are poorly drained.
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saprolite that is incised by stream channels. Erosion of upland smectite and redeposited

smectite from lowland soils is the dominant source of suspended clay in Hamilton Creek.

The clay mineralogy from sample site R also differed between storm events. The January

18, 1999 event contained a smaller portion of smectite compared to subsequent storm

events. Because of the low turbidity (16 ntu) and associated low SSC (<lmg/L), very

little clay was obtained from the suspended sediment sample. Consequently, the XRD

sample was very thin and yielded a broad, low-intensity, smectite peak with a major

amorphous component. The amorphous material is likely influenced by the underlying

glass slide of the XRD mount. The low concentration of smectite (<lmgIL) also suggests

that the January 18, 1998 event was not associated with significant sediment delivery to

streams from clay rich sediment sources. This particular sample also had a strong zeolite

component in the <1 5tm silt fraction, which reflects weathering of bedrock affected by

zeolitic alteration. The February 7, 1999 event contained abundant smectite with strong

dehydrated halloysite and zeolite components. This clay mineral assemblage is related to

both, stream downcutting through deeply weathered tuff/breccias associated with zeolitic

alteration, as well as reworking of debris flow sediments associated with lateritic soils.

The suspended sediment mineralogy of the May 18, 1999 storm event was similar to that

of the February 7, 1999 event, but with a stronger smectite component (Figure 57). This

was a weak storm event characterized by low stream-flow and an absence of surface

runoff or debris flow activity. Thus, only the deeply incised stream channel was

contributing sediment derived from saprolite tuffs/breccias.



B. 6.2.4 McDowell Drainage Characteristics

The McDowell Drainage is generally west aspect, with north and south aspect

tributaries, ranging in elevation from 140 m (460 ft) at the confluence to 1244 m (4080 ft)

at Bald Peter (Table 19). The bedrock geology and soils of the McDowell drainage are

similar to Hamilton Creek, except in the headwaters. The ridge along Green Peter and

Bald Peter in the headwaters of McDowell sub-watershed is mapped as the Sardine

Formation (Tba unit), and consists of hypersthene andesite and basalt (Beaulieu &

Hughes, 1974; Walker & Duncan, 1989) (Figure 53). The contact between the Sardine

Formation and Little Butte Volcanics, just below Bald Peter, has a headscarp marking the

upper limit of a deep-seated earthflow (Beaulieu & Hughes, 1974). Many streams in the

upland areas of McDowell Creek have been mapped as flash flood channels (i.e., debris

flows) that are characterized by steep, narrow canyons, lack of floodplain, and poorly

sorted stream bed deposits (Beaulieu & Hughes, 1974). The south side of the McDowell

drainage contains a high elevation bench (Marks Ridge) that consists mostly of ridge

capping basalts and basaltic andesite, which have similar ages to the High Cascade

volcanic sequences (4.5 ma) (Walker & Duncan, 1989) (Figure 53). The north face of

Marks Ridge contains a headscarp of a deep-seated earthflow near the contact between

the High Cascade basalt flow and Little Butte Volcanics series (Beaulieu & Hughes,

1974).

165



B. 6.2.5 Clay Mineralogy of Soils in the McDowell Drainage

Sample 37 is located in recent sediment from the main channel of McDowell

Creek, below McDowell Creek Falls. This recent sediment sample has a clay mineral

assemblage dominated by smectite, a less abundant halloysite, cristobalite, plagioclase,

zeolite and quartz (Table 21; Figure 57). The smectite and zeolite components indicate

that the sediment was derived in part from erosion of zeolitically altered tuffaceous rocks.

Such rocks underlie the older deep-seated earthflow near Green Peter! Bald Peter Ridge.

Sample 38 is from a deep soil exposed in a roadcut in the upper reaches of the

watershed (Figure 53). This contained prominent clay films and colluvial fragments,

which indicates strong pedogenic alteration and well drained conditions. Debris

avalanches associated with road failures were present near the sample location. The clay

mineralogy of this sample is dominated by dehydrated halloysite along with a strong opal

CT (cristobalite-tridymite) component (Table 21; Figure 57; Appendix III). The

halloysite and opal-CT components suggest an older stable landscape. The underlying

bedrock of sample site 38 consists mostly of tuff/breccia flows. The mineralogical

character of the soil at site 38 is highly similar to that of site 34 in the upper Hamilton

Creek drainage. These strongly halloysitic soils represent remnants of former lateritic

weathering profiles that developed over prolonged weathering (Plio-Pleistocene?). These

stable upland soils are not major contributors to suspended sediments exiting the

watershed as evidenced by the absence of significant halloysite in suspended sediments.
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B. 6.2.6 Noble Drainage Characteristics

Noble Drainage is generally north aspect and ranges in elevation from 122 m (400

ft) at the confluence to 652 m (2140 ft) at Scott Mountain (Table 19). Similar to

Hamilton and McDowell drainages, it also contains poorly drained soils in broad

lowlands and well drained soils in steeper uplands. The poorly drained soils in the broad

lowlands overlaying Pleistocene terrace deposits (Walker & Duncan, 1989; O'Connor, in

press). The bedrock geology in the upland areas is dominated by basaltic and andesitic

flows and tuff/breccias with inclusions of clastic sedimentary rocks (Walker & MacLeod,

1989) (Figure 53). The upland areas include older earthflow terrain, located on the

northeast face of Bald Peter, in the headwaters of Noble Creek (Beaulieu & Hughes,

1974).

B. 6.2.7 Clay Mineralogy of Soils in Noble Creek Drainage

Two different soils were sampled adjacent to Noble Creek (Figure 53). Sample

site 39 was taken 60 to 90 cm deep from a stream cutbank that is represented as the

Bashaw soil series, next to the Mountain Home Road bridge. The clay mineralogy of this

soil was dominated by smectite and kaolinite (sample 39; Figure 57). The clay

mineralogy of this sample was very similar to that of other poorly drained soils from

Hamilton and Ames Creek drainages (Figure 57; Appendix III), except for the absence

of zeolite. Sample 40 was obtained 120 tol5O cm deep from the Cr horizon of a soil

mapped as the Philomath soil series, which contained weathered basaltic and tuffaceous

colluvial materials. The clay mineralogy of this sample site included a mixture of

167



168

dehydrated halloysite and regular interstratified illite/smectite (Table 21; Appendix III).

The interstratified illite/smectite phase is uncommon in soils and must be inherited from

argillic alteration of the geologic bedrock.

B. 6.2.8 Clay Mineralogy of Suspended Sediments
in Noble Creek Drainage

Noble Creek was sampled for suspended sediments at the Highway 20 bridge

during the May 18, 1999 storm event (Figure 53). Turbidity for this particular sample

was 43 ntu (sample Q; Figure 57). The clay mineralogy of the suspended sediment

contained only smectite and kaolinite This assemblage is highly similar to that of sample

39, which was obtained from a stream cut in the Bashaw soil (sample 39; Figure 57).

This suggests that bank erosion of poorly drained soils was the dominant geomorphic

process during this particular storm event. In addition, similar to Hamilton Creek,

sediments representative of the stable upland areas were not reflected in the lower parts

of the drainage (Figure 57).

B. 6.2.9 Ames Drainage Characteristics

The Ames Creek drainage has many similarities to the Noble Creek drainage,

sharing tributaries with north aspect, poorly drained soils overlying Pleistocene terrace

deposits, and well drained, highly weathered soils in the upland areas. The elevation

ranges from 149m (490 ft) at the confluence to 762 m (2500 ft) at Chandler Mountain

(Table 19). Pleistocene terrace deposits are common throughout the city of Sweet Home

and typically outcrop as rounded boulders and cobbles enclosed by silty clay matrix.
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Large portions of the upland areas have broad benchy areas and gentle side slopes (10 to

25%) (Beaulieu & Hughes, 1974). The dominant bedrock geology in the uplands consists

of tuffaceous sedimentary rocks of the Little Butte Volcanics with basaltic/andesitic

flows along the Chandler Mountain ridge (Beaulieu & Hughes, 1974; Walker & Duncan,

1989) (Figure 53). The dominant sediment delivery in Ames Creek drainage is stream

entrenchment and bank erosion of poorly drained soils.

B. 6.3.0 Ames Clay Mineralogy of Soils

Two soil samples were taken from poorly drained soils at stream cutbanks along

Ames Creek (Figure 53). Sample site 31 was obtained from a clay rich soil horizon that

was strongly kaolinitic with less abundant smectite and a trace zeolite component (Table

21; Figure 57; Appendix III). The strong kaolinite component was probably derived

from erosion of Jory or Honeygrove soils that are developed on the upper isolated

benches in the upland areas of Ames drainage. The presence of zeolite indicates that the

sediment source of this wetland soil includes deep saprolitic material from below the

zone of acid pedogenic alteration. Zeolitically altered tuff/breccias occurs beneath the

Jory soils in the watershed. Stream entrenchment occurs beneath the Jory soils in this

watershed. Stream entrenchment in the upland must have resulted in exposure and

erosion of these zeolitically altered tuffs.

Sample 30 was obtained from a stream cutbank about 1 mile upstream from

sample 31 (Figure 53). The clay mineral assemblage of this sample contained dominant

smectite with minor halloysite and kaolinite (sample 30; Table 21; Figure 57). This

particular sample site, containing dominant smectite, is mineralogically similar to other
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poorly drained soils in Noble and Hamilton drainages. Though the suspended sediment

mineralogy of Ames Creek was not determined, it is highly probable that the creek

delivers sediment similar in character to that delivered by Noble and Hamilton Creeks.

This is suggested by the similarities in wetland soil mineralogy, watershed

geomorphology and alteration character of the underlying Little Butte volcanics.



V. DISCUSSION

A. Sub-watershed Clay Mineralogy

Clay mineral-soil-sediment relations on the sub-watershed scale are strongly

influenced by the dominant type of geologic alteration (i.e., zeolitic, argillic, propylitic,

or pedogenic), dominant sediment delivery mechanism (i.e., earthflow, debris flow,

channel scour) and individual storm characteristics (i.e., intensity, duration, rain-on-

snow). Sub-watersheds characterized by regional zeolitic alteration of tuffaceous

volcanics exhibit deep smectitic soils that often are associated with active earthflows

(e.g., upper South Mainstem, Canyon, Moose, upper Middle Santiam drainage and

Wiley). These sub-watersheds deliver a suspended sediment suite that is dominated by

smectitic clay. Episodic debris flow components in soil materials characterized by

advanced pedogenic or propylitic alteration are generally not represented in the "average"

suspended sediment escaping the watershed.

Zeolitically altered volcanic rocks (i.e., tuff/breccias or tuffs) were the main

source of smectite in the Upper South Mainstem, Canyon, Moose and Upper Middle

drainages as well as in the Wiley sub-watershed. Based on the prevalence of smectite in

the suspended sediment samples, there is evidence that active unstable earthflows within

these sub-watersheds are the main source of persistent turbidity in water treatment plants.

Other potential sources of smectite within these sub-watersheds, such as Pleistocene

terrace deposits and argillic alteration zones, are of such limited distribution that they

form only a minor source of persistent turbidity and downstream clay mineralogy.

Compared to erosion of active earthflows/slump features, deposits from debris flows
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(associated with earthflows) have their fine clays washed away during and following the

storms in which they were formed. The absence of gibbsite in suspended sediment

samples indicates that highly weathered glacial deposits and old stable soils are not a

source of persistent turbidity and downstream clay mineralogy.

The soil mapping units (Soil Resource Inventory landtypes) are limited to

drainages that are primarily administered by the Willamette National Forest and include

the Upper South Mainstem, Canyon, Moose and Upper Middle drainages. This makes it

difficult when determining overall contributions of downstream suspended sediment for

the entire watershed. However, the unmapped sub-watersheds most likely mimic the

same soil landtype amounts.

Even though active earthflows represent the smallest soil landtype throughout the

entire South Santiam municipal watershed, active earthflows appear to play the greatest

role in downstream suspended sediments clay mineralogy and persistent turbidity

following storm events. The concentration of smectite in reservoir outflow is influenced

by settling of coarse clays (chlorite, kaolinite and illite) and results in further accentuation

of smectite abundance in reservoir outflow. Active earthflows are the long-term

contributor to persistent turbidity.

Hydrothermal alteration zones or post-eruptive intrusion areas also strongly

influence downstream clay mineralogy. Quartzville sub-watershed soil mineralogy is

affected by propylitic and argiflic alteration, which results in soils with chiorite-illite-

kaolinite mineralogy. The absence of widespread smectitic alteration is reflected in the

low occurrence of earthflows in this watershed. Because of the abundant hydrothermal

alteration and steeper topography, debris flows are likely the most common sediment
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delivery process associated with major storm events. These debris flow/hydrothermal

alteration relationships were also common in the lower Middle Santiam drainage of the

Middle Santiam sub-watershed and in the area surrounding Green Peter Reservoir.

The lower South Santiam sub-watershed contains some of the oldest bedrock

geology and soils in the watershed. The clay mineralogy of well-drained soils contained

abundant dehydrated halloysite, which reflects intense pedogenic alteration under highly

stable conditions. The clay mineralogy of lowland alluvial soils characterized by poorly

drained conditions is generally smectitic, and is apparently sourced from erosion of deep

saprolite weathering zones developed during lateritic weathering. The abundance of

smectite in poorly drained soils along the valley floor margins indicates that they could

be a major source of persistent turbidity and downstream suspended sediment clay

mineralogy. However, these low-lying wetlands are typically sites of sediment deposition

during flood events, as evidenced by their fan-like morphology and deposition upon older

Pleistocene terrace deposits. Stream channels are heavily vegetated and stream gradients

are very low in these wetlands. Therefore, erosion and sediment delivery from these areas

is apt to be insignificant compared to the steep, unstable earthflow terrain in sub-

watersheds above the reservoirs.

Pedogenic clay sources are typically not represented in persistent turbidity

released from reservoirs. Reservoir bounding soils are often halloysitic, gibbsitic, or

contain chloritic integrades. These clays do not persist in suspension and are not a

significant component of reservoir outflow, nor are they commonly supplied by below-

dam watersheds. The absence of major halloysite, kaolinite, or chloritic integrades at the

three water treatment plants indicate that the stable soils in which these minerals develop
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are not contributing to stream turbidity. This is especially apparent in the lower South

Santiam sub-watershed where deep, strongly developed kaolinitic/halloysitic weathering

profiles cover large areas of the landscape. In spite of these widespread old soils,

suspended sediments from these watersheds do not contain major kaolinite Thus,

sediments exiting the watershed are not representative of the dominant geomorphic

setting, but instead reflect a very minor portion of the watershed characterized by deep

channel incision.

B. Reservoir Regulation

Reservoir regulation may play a role in the type of clay mineral assemblage and

turbidity of the outflow seen at Green Peter and Foster Reservoirs. Reservoir filling

periods allowed inflowing tributary sediments to settle within the reservoirs, probably

forming new delta deposits in the upper part of the reservoir bays. Consequently, below-

dam tributaries were the main source of turbidity during filling periods. Resuspension of

fine clays in the reservoirs is probably only a minor contribution to downstream turbidity

as most of the fine clays are derived from upstream sources that then remain in

suspension and pass through the reservoir during the same storm events in which they

were delivered (Figure 60). Resuspension of coarser clay particles and silt within the

reservoirs may be only a minor contribution to downstream suspended sediment during

smaller storm events. Amber (in review(b) showed a similar finding within Dorena Lake,

Oregon where all coarser sand and silt was deposited on the lake bottom, and fine clay

and silt remained in suspension and released below the dam.
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Figure 60 Illustration showing clay mineral transport abundance, clay mineral settling and clay mineral passage within Green Peter
and Foster Reservoirs. Shadings of gray (top portion of the water colunm in reservoirs) indicate relative abundance of
homogenization. Curved lines indicate clay settling.
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Differential settling of clay particles from inflowing tributaries during storage in

the reservoir is also a common process within the reservoirs and influences the suspended

sediment clay mineralogy sampled at the Foster outflow (Figure 60). The decrease in

chlorite and kaolinite in the Foster outflow relative to its inflowing tributaries indicates

that settling of these coarser clays is common. Stokes law relates the settling velocity of a

particle to its diameter (Boggs, 1987). Clay particles tend to settle very slowly (a 2 tm

particle settles 10 cm in about 7 hours), where larger particles (>2tm) settle faster (a 15

tm particle settles in 10cm in about 20 minutes). Smectite has a very small particle size

(<0.05 j..tm) and an extremely slow settling rate of only 1.2 cm/day or about 8.6 cm/week

(Figure 61). Clay minerals with higher densities typically settle faster (i.e., hematite

settles 62 cm/day and 436 cm/week). Therefore, aggregates of clay and silt or coarse clay

particles, such as chlorite and kaolinite settle more rapidly than smectite within the

reservoir. After the peak of any given flood event, sorting of clay particles would

generally cause the lower portion of the water column within reservoirs to be enriched

with kaolinite and chlorite. The top portion of the water column within the reservoirs

would remain mostly smectitic. Therefore, the location of the draw down point for the

outflow would strongly affect the abundance of clay minerals that are passed through the

reservoirs. In addition, spring reservoir filling periods was also related to low turbidity in

inflowing tributaries, which caused most suspended clays to settle within the reservoirs.

Flocculation of suspended clays may also be an important factor during these program

filling periods.

The December 28, 1998 storm event (i.e., largest storm event in water year 1999),
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caused turbidity in all three water treatment plants to be the highest in all other sampling

periods (Figure 4). The asymmetric turbidity peak shapes with their rapid rise and slow

decline is related to the slow release of smectite rich waters from the Foster Reservoir

(Figure 12). This slow decline of turbidity (i.e., persistent turbidity) can be inferred from

other studies when reservoirs are filled and drained in response to a flood event

(Heinemann, 1984; Ambers, in review: b). The slow decline of turbidity in water

treatment plants was also evident during other peak flow periods (December 3, 1998,

January 18, 1999 and February 7, 1999), and was related to the release of turbid water

from Foster Reservoir (Figure 62). The larger December 28, 1998 storm event may have

caused some resuspension to occur within the reservoirs, but downstream suspended

sediments was more influenced by debris flow activity in the Quartzville sub-watershed

and the lower Middle Santiam drainage. Resuspension of reservoir sediment is probably

more common during and following major flood events, such as the February 1996 flood.

At the Detroit Reservoir during the February 1996 flood, most inflowing tributaries

exceeded a greater than 50-year recurrence interval. The result was that reservoirs were

completely filled in a relatively short time. Water was first released several days

following the peak flood stage (Bates et al., 1998). Unlike the results of this study,

resuspension of reservoir recent sediment was considered a significant source of turbidity

in the Detroit Reservoir during and following the February 1996 flood event (Bates et al.,

1998).



Porliand

December28, 1998

January 18, 1999

February 28, 1999

May 18, 1999

liustrated by Bernard Garcia

179

Figure 62 Conceptual view of turbidity cycles throughout the South Santiam Municipal
Watershed during different storm events of the 1998/1999 peak flow season.
Shades of gray illustrate general sources and pulses of turbidity.

A December 3, 1998

D February 7, 1999



C. Relationships Between Storm Intensity, Clay Mineralogy, and Turbidity

Storm intensity showed a strong relationship to elevated turbidity in most

suspended sediment samples. Even though the suspended sediment clay mineralogy in

reservoir inflowing tributaries was similar during all sampled storm events, the Foster

outflow showed a change in mineralogy between the December 3, 1998 and January 18,

1999 storm events. This change in clay mineralogy may be directly related to the

December 28, 1998 storm event. The December 28, 1998 event (return period (Tr) = 2.0-

5.0 years on Quartzville Creek) caused suspended sediment clay mineralogy of the Foster

outflow during subsequent peak flow periods (January 18 and February 7, 1999 storm

events) to be enriched in chlorite and kaoljnite relative to earlier December outflow

(Figure 42 and 62). The chlorite and kaolinite components probably resulted from

reworking of debris flow deposits that were generated during the December 28, 1998

event. Low turbidity at the Foster outflow during the February 28, 1999 and May 18,

1999 storm events was mostly related to controlled reservoir filling periods. All water

treatment plants also had very low turbidity during these two storm events associated

with reservoir filling.

The February 7, 1999 storm event (Tr = 1.01-1.05 years on the South Santiam

River) featured snow accumulation above 1,500 feet, reducing runoff, erosion and

turbidity in higher elevation tributary segments. Runoff and erosion were concentrated in

areas of the watershed unaffected by snow. The areas below the snow-accumulated zone

had higher runoff and greater erosion than the uplands and were the main source of

downstream suspended sediments. The clay mineralogy of Canyon Creek during the
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February 7, 1999 storm event (i.e., with abundant smectite) identified that the areas with

high runoff and greater erosion were within active earthflow terrain.

Erosion of Missoula Flood deposits was also evident in the suspended sediment of

the Albany Santiam Canal during the February 7, 1999 storm event, where the clay

mineralogy contained a mixture of smectite, vermiculite, chlorite, and illite. The erosion

of these soils was in response to local intense storms that caused flooding in streams

adjacent to the canal. The erosion of Missoula Flood deposits produced repeated, short-

duration turbidity episodes in the Albany water treatment plant (Figure 13). Slumping of

canal banks is probably the main source of this sediment. At other times when turbidity

peaks were asymmetric (January 18, 1999 event), the mineralogy at the Albany water

treatment plant was more smectitic and related sediment was delivered from the South

Santiam River (Figure 13 and 57).

The February 28, 1999 storm event (Tr = 1.11-1.25 years on both the South

Santiam River and Quartzville Creek) produced a rain-on-snow event, where rainfall

dominated the entire watershed and caused significant runoff in the upper landscapes.

This storm event caused greater erosion and higher turbidity in most inflowing tributaries

compared to below-dam tributaries. The clay mineralogy of these inflowing tributaries

was similar to previous storm events.

The May 18, 1999 storm event (Tr = 1.0-1.01 years on the South Santiam River)

was related to spring snow melt in upper landscapes (i.e., mostly north aspect slopes), and

was associated with moderately high runoff of generally low turbidity. The high

snowmelt discharge contributed to minor erosion of channel-margin earthflow toes at

lower elevations. However, stream turbidity was very low throughout the watershed,
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implying an absence of pronounced erosion. The clay mineralogy of most suspended

sediments during the May 18, 1999 storm event was similar to that of previously sampled

storm events, but contained a greater abundance of smectite. Below-dam tributaries (i.e.,

Lower South Santiam sub-watershed) were not influenced by additional spring snowmelt

and exhibit moderate stream-flow with low turbidity. The absence of a "bank full" storm

event during late spring runoff limited the area of potential erosion to incised stream

channels (i.e., no rilling, gullying, debris flows, or shallow sources of soil erosion).

Return periods for the South Santiam River and Quartzville Creek were relatively

similar during each storm event of the 1998/1999 peak flow season (Figure 63; Table

22; Appendix V). The higher return period in South Santiam during the December 28,

1999 storm event is possibly due to localized storm cells occurring mostly in South

Santiam and not as much in the Quartzville. However, the return period during the

December 1964 storm on Quartzville Creek was much greater than the South Santiam

River (Figure 63; Table 22). Even though the South Santiam River has a longer period

of record than Quartzville Creek, (64 years versus 34 years), the higher return period on

Quartzville Creek may be associated with a greater hydrologic response compared to the

South Santiam River. Many factors may cause variable return periods such as differences

in watershed area, topography, slope, and soil types, all of which lead to differences in

runoff responses as well as sediment yields. Quartzville sub-watershed has a much

smaller drainage area (99 mi2) than the South Santiam sub-watershed ('1 74 mi2).

Quartzville sub-watershed also contains very little earthflow slump topography and a

steeper and stable topography, which probably promotes increased runoff compared
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Table 22 Date of storm events and discharge values used for establishing return periods.
Refer to Chapter III: Methods of Investigation, D. Flood Frequency Analysis Methods

South Santiam River Number of years on record = 64
Date Instantaneous flow (cfs) Return Period (range) Drainage area = 174 square miles

12/2/98 10030 142-2.0
12/28/98 17388 5.0-10.0
1/18/99 6071 1.05-1.11
2/7/99 3571 1.01-1.05
2/28/99 6196 1.11-1.25
5/18/99 3293 1.0-1.01
2/7/96 31700 50-60

12/22/64 27600 20-50

Quartzville Number of years on record = 34
Date Instantaneous flow (cfs) Return Period (range) Drainage area = 99.2 square miles

12/2/98 9223 1.42-2.0
12/28/98 12760 2.0-5.0
1/18/99 5681 1.05-1.11
2/7/99 3424 <1.0
2/28/99 7167 1.11-1.25
5/18/99 3021 <1.0
2/7/96 23700 20-50

12/22/64 36500 >100
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to watersheds that have higher infiltration rates in earthflow slump topography (e.g., the

upper South Santiam sub-watershed). Even though the South and Middle Santiam Rivers

contribute the largest portion of smectite to the entire South Santiam watershed, the

Quartzville sub-watershed contributes the largest portion of chlorite and kaolinite The

contribution of chlorite and kaolinite from the Quartzville sub-watershed occurred after

the return period of Quartzville Creek exceeded a 2 year return period during the

December 28, 1998 event, when there was significant debris flow activity. Subsequent

erosion of debris flow deposits that were formed during the December 28, 1998 storm

event caused downstream suspended sediment mineralogy to be similar during the

remainder of the 1998/1999 sampling period. The contribution of smectite from

earthflows in the South Santiam River seems to be a chronic process and is not as

dependent on higher return periods as episodic chlorite/kaolinite inputs from debris flows

in the Quartzville sub-watershed. These return period! erosion mechanism relationships

should be examined further during future storm events to understand the periodicity of

failure occurrences.



VI. CONCLUSIONS

Water quality within the South Santiam municipal watershed and other

watersheds that depend on Western Cascade streams is ultimately affected by the erosion

of many soil or bedrock types that contain a variety of colloidal components. Smectite

clay is the dominant colloidal component exiting the watershed in suspended sediments.

Smectite is often derived from erosion of the toes of unstable deep-seated earthflows,

rotational slumps and poorly drained soils.

Suspended clays from earthflows and slumps along major inflowing tributaries to

the Green Peter and Foster Reservoirs (i.e., upper Middle Santiam and upper South

Santiam Rivers) are the major sources of turbidity above the reservoir and below the

dams through release of smectite-enriched reservoir water. Smectite clays from poorly

drained soils along below-dam tributaries (i.e., Hamilton Creek) are minor sources of

turbidity. The mineralogical character of storm-generated turbidity varies as a function of

storm intensity. Major storms (>2 year recurrence) are typically associated with active

debris flows and deliver increased amounts of chlorite and/or kaolinite to reservoirs.

More "average" storms are associated with highly smectitic runoff Spring "snowmelt"

turbidity was more short-term and did not pass through the reservoirs. Thus spring snow-

melt during water year 1999 was not a major contribution of downstream suspended

sediments. The reservoirs themselves influence turbidity cycles throughout the rainy

season. Settling of coarse clay particles in Foster and Green Peter Reservoirs enriches

reservoir outflow in colloidal smectite relative to inflowing sediment sources. The winter

"flood-filling" reservoir management results in fairly rapid release of high turbidity water
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that extends the period of high below-dam turbidity above that associated with

unregulated stream flow. This results in sustained high turbidity at downstream water

treatment plants. Spring "program-filling" periods caused the reservoir outflows to have

very low suspended sediment loads and turbidity. Resuspension of reservoir sediments

may be a source of turbidity during low pooi periods or major flood events, but was

probably only a minor source during most of the sampling periods. During the late winter

and early spring sampling periods, when reservoir pool elevations were high, most

smectite and other clay/non-clay components settled within the reservoirs. During the

spring "program-filling" periods, below-dam tributaries were the main source of

downstream suspended sediments.

Water treatment facilities in the South Santiam municipal watershed are subjected

to various turbidity sources related to water intake location. Sweet Home is immediately

downstream of the Foster Outflow and Wiley Creek, both of which deliver persistent

turbidity during higher flows, such as during the February 1996 flood. Foster Reservoir

may buffer turbidity during some peak-flow events and release sustained high turbidity at

other times. At the same time Wiley Creek may produce considerable short-duration,

episodic turbidity. Lebanon is not as susceptible to storm-generated turbidity as Sweet

Home since it draws water out of the Albany Santiam Canal with significantly lower

flows and few additional runoff inputs. The Albany Santiam Canal causes turbidity at

Lebanon to decrease, compared to corresponding turbidity from the lower South Santiam

River. Albany, which also draws water from the Albany Santiam Canal, frequently

experiences episodic pulses of high turbidity due to canal bank slumping or local erosion

of Missoula Flood deposits. Suspended sediments related to erosion of the Missoula
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Flood deposits are easily distinguished from Santiam-sourced clays on the basis of their

vermiculite-illite clay mineral assemblage. These illitic clays are not a component of

persistent turbidity.

In conclusion, turbidity sources at water treatment intakes are highly variable and

no single turbidity source is responsible for observed elevated ntu's. Though the South

Santiam watershed encompasses a large geographic area, only a very small component of

the landscape apparently contributes sediment to the stream system at any given time.

Active earthflows, which occupy <1-3% of the total river bank area, contribute the

dominant share of suspended sediment, whereas >90% of the landscape is not represented

by clays exiting the watershed.



VII. RECOMMENDATIONS FOR FURTHER RESEARCH

The quantitative amount of upland sediment from the different landtypes or soil

series contributing to downstream suspended sediment regimes is not well defined. The

few individuals who have experience in this arena have a good intuitive understanding of

the sediment sources, but little work has been done on the absolute amounts that the

various landforms contribute. Monitoring suspended sediment concentration and

turbidity, as well as better defining sediment budgets and dynamics during various storm

sizes and types, could lead to a more thorough understanding of the contributions of the

various components and storm characteristics. Monitoring the dynamics of earthflows

would be important for showing the relative amounts of erosion needed in order to

influence water quality and fish habitat.

In a similar manner, remobilization of reservoir-stored sediment may be a critical

source of downstream suspended sediment during some flood events. However, the

quantitative amounts during various times of the year and from different parts of the

reservoir bottom are not well defined. Major tributary mudflats are often heavily used for

recreational activities. It is important to monitor the scale of effects of these recreational

activities in conjunction with the timing of reservoir releases. Additional analysis of the

clay mineralogy and particle size characteristics of various core samples throughout the

various lake bays tributaries would be necessary in order to characterize the clay types

and amounts on the mudflats.

The interaction between stream sediment regimes and the biological communities

living in the stream are little understood Timing and location of earthflows may have
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either beneficial effects by inputting nutrients and structure into the stream, or the event

may destroy critical habitat components, or each may occur in different stream or river

segments. Certain turbidity or SSC levels at various points in the life history of salmonids

can have either detrimental or beneficial impacts to individuals and cohorts of fish.

Perhaps my data set could be employed to explore these questions.
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VIII. RECOMMENDATIONS TO LANDMANAGERS AND MUNICIPALITIES

Persistent turbidity that occurs as a non-point source throughout the South

Santiam municipal watershed during peak-flow periods results from complex interaction

of events. This complexity makes it very difficult to monitor and study because of the

different geology and/or soil types occurring throughout the watershed, so cooperation

between municipalities, federal, state, and private agencies is necessary. The South

Santiam Watershed Council would be an excellent group to facilitate such a cooperative,

as the Council could transcend jurisdictional boundaries with relative ease. Turbidity

should be monitored at specific stream locations during storm events (i.e., Hamilton

Creek, Noble Creek, Wiley Creek, Canyon Creek, Moose Creek and the upper South

Santiam River above the U.S. Forest Service boundary), as well as certain locations along

the Albany Santiam Canal. Permanent water quality stations that collect hourly flow-

related turbidity should also be installed at Green Peter Dam, Foster Dam, upper South

Santiam River gaging station, Quartzville gaging station, upper Middle Santiam River,

Wiley Creek gaging station and the lower South Santiam River at the Waterloo gaging

station.

With this information we could better predict appropriate reservoir release times

after turbidity from inflowing or below-dam tributaries has peaked for any given storm

event. This monitoring would also help municipalities predict the amount of coagulants

to be added to raw water during certain peak-flow intensities to achieve turbidity and

other water quality standards. Installation of a regulatory tower in Foster Reservoir could

also facilitate water withdrawal from different levels within the reservoir in order to help
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improve turbidity management. If monitoring reveals significant management-related

sources, onsite improvements on both forested and agricultural lands could include

improvements in road drainage, culverts, and stream crossings, removing or improving

logging roads, controlling water on slumps, establishing riparian buffer strips along

streams. These recommendations can also be applied to other municipal watersheds

throughout Western Oregon and the Pacific Northwest where geology, climate, and

hydrology are similar.
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