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Holocene hemipelagic deposition of terrigenous silts and clays

dominates sedimentation on most of the Oregon and Washington continental

slope. The sources of these sediments, the mechanisms causing sediment

dispersal, and the relative contributions of the various continental

sources to the marine deposits have been investigated using quantitative

mineral and geochemical data for the 2-20 pm and the <2 rn size fractions.

In the 2-20 pm size fraction, material derived from the Kiamath

Mountains and the California and Washington Coast Ranges contains

chlorite and illite, but only Klamath material contains hornblende.

Columbia River material lacks chlorite, and the Oregon Coast Range

source is dominated by smectite. In the <2 pm fraction, source area

compositions are less distinctive due to the ubiquity of smectite, but

the northern and southern sources again contain both chlorite and

illite. Regional and local mineralogic and textural variations in the

fluvial sediments reflect geologic and geographic changes between

drainage basins. Amorphous material is a minor component in the 2-20 urn

fraction of the fluvial sediments, but may form 25-50% of the <2 m

fraction in some source areas.
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Sediments derived from all source areas are transported north

and northwestward across the margin, either by a poleward-flowing

undercurrent along the slope, by wind-driven surface currents on the

shelf and associated turbid layers on the slope, or by a combination

of the two processes. Columbia River <2 pm material may also be carried

southward along the shelf and upper slope by summer surface currents.

The poleward undercurrent (an eastern boundary undercurrent) appears to

have limited sedimentological significance when compared to the role

of the western boundary undercurrent in sediment transport and deposi-

tion on the continental slope and rise of the eastern United States.

Linear programming has been applied successfully to estimate source

area contributions to the 2-20 pm marine sediments. The influence of

each source is largest in proximal environments, and the contribution

estimates indicate that material derived from each source area is

transported northward along the margin. Similar estimates for the

<2 pm material are considered unreliable because of internal inconsis-

tencies and the uniform nature of the <2 pm compositions used in the

modelling. The contributions have been used to calculate a sediment

budget for the 2-20 pm fraction. This budget indicates that the mass

accumulating on the entire slope within the study area contains 47%

Columbia River, 32% Kiamath Mountain, and 21% California Coast Range

material in the 2-20 pm fraction, and demonstrates the importance of

multiple sediment sources and sediment mixing in the formation of

hemipelagic sediments on the continental margin.
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INTRODUCTION

A common approach to the study of fine-grained terrigenous sedi-

ment dispersal in the marine environment has been to examine spatial

variations in semiquantitative clay mineral abundances (smectite,

chlorite, illite, kaolinite) away from a continental source region

(Griffin and Goldberg, 1963; Biscaye, 1965; Griffin et al. , 1968;

Kolla and Biscaye, 1973; Kolla etal., 1976; Griggs and Hem, 1980).

From the offshore abundance patterns, the composition of material

derived from the continental source, its dispersal mechanisms in the

marine environment, and the relative contribution from that source

to the marine sediments are then inferred. This approach is generally

limited by the following: 1.) the mineral data used are semiquanti-

tative; 2.) they apply to only the <2 pm fraction; 3.) no samples are

obtained directly from the continental source as a check on the

inferred source area composition; 4.) no process-oriented measurements

or samples (current meter measurements, sediment trap and/or water

samples) are collected to identify the processes and timing of sedi-

ment dispersal; and 5.) contributions to the marine sediments are

inferred in only a qualitative manner for a single source area.

Studies of the geology and processes of sedimentation on the

Oregon and Washington continental margin and adjacent deep-sea envi-

ronments (Maloney, 1965; Carison, 1968; Chambers, 1968; Duncan and

Kuim, 1970; Duncan etal., 1970; Griggs and Kuim, 1970; White, 1970;

Scheidegger etal., 1971; Harlett, 1972; Sternberg and McManus, 1972;

Baker, 1973; Kulm etal., 1975; Stokke etal., 1977) have investigated

the continental shelf and deep-sea canyon, channel, fan and abyssal
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plain systems. Only work by Spigai (1971) on the southern Oregon

margin and by Karlin (1980) on the entire Oregon margin have

considered sedimentation on the continental slope, but both of

these studies were based on semiquantitative clay mineral data from

limited sample suites. These studies (Spiqai, 1971; Karlin,

1980) conclude that sediments are transported northward on the

Oregon margin. Spigai (1971) concluded tnat material was carried

northward by wind-driven winter surface currents on the continental

shelf, with subsequent downslope transport in turbid layers. Karlin

(1980) emphasized the role of a poleward undercurrent along the slope

in the northward transport of sediments. Because of the types of

samples and data used for these studies, however, both are subject

to the limitations discussed above.

Previous studies of the sand fraction mineralogy from beaches

and the continental shelf (Kuim et al., 1968; Scheidegger et al.

1971) and a fluvial suspended sediment discharge budget constructed

by Karlin (1980) indicate that several major continental source

areas can be delineated in the Pacific Northwest. From south to

north, these are the California Coast Range, Klamath Mountains,

Oregon Coast Range, Columbia River, and Washington Coast Range.

None of these studies, however, determined either the composition

of the fine-grained material derived from each source or the effects

of mixing sediment from several sources in the formation of any

type of sediment on the continental margin.

With these previous studies providing a framework of dispersal

models, the study described in this thesis was designed to more



3

completely investigate the pattern.s and processes of hemipelagic

sediment formation on the Oregon-Washington continental slope using

quantitative chemical and mineral data. The study focused on the

2-20 urn and the <2 i.im fractions because these two size classes form an

average of approximately 81% of the slope sediments. A suite of samples

was collected from 52 of the major streams entering the Pacific Ocean

in northern California, Oregon, arid Washington and was used to charac-

terize the material derived from each source area. The mineral compo-

sitions of these samples indicate that the five source areas have

distinctive signatures in the 2-20 urn fraction, but that the <2 urn

mineralogies are less distinctive tracers of sediment source-area.

Changes in source area composition do reflect the regional and local

geology.

By knowing the source-area compositions directly, it is then

possible to closely examine the relation of mineral abundances in

marine samples to the continental sources and identify sediment sources

and dispersal patterns. Surface samples from 78 cores taken in open

continental slope environments were analyzed using quantitative chemical

and mineral techniques. Biostratigraphic data indicated that these

sediments were deposited in the late Holocene; their chemical and

mineral compositions were used to establish recent dispersal patterns

and to evaluate the role of the poleward-flowing, eastern boundary

undercurrent (Karlin, 1980) in sediment dispersal along the continental

margin. While these data do indicate northward transport of material

on most of the slope, they do not uniquely identify the process (pole-

ward undercurrent and/or wind-driven winter surface circulation

followed by turbid layer transport) causing such dispersal.
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Consequently, it appears that the eastern boundary undercurrent within

this study area plays a less dominant role in sedimentation than the

western boundary undercurrent does on the eastern United States conti-

nental slope and rise.

The fluvial and mineral data sets were used in linear programming

to estimate source area contributions to the slope sediments. Chemical

data sets from deep-sea samples have been successfully modelled by

Dymond and Eklund (1978), Dymond etal. (1980), Dymond (1981), and

Heath and Dymond (1981), but this study describes the first application

of such modelling to continental margin sediments. Because this study

dealt with recent sediments in high sedimentation rate margin environ-

ments, diagenetic modifications of the material appear to be minor.

Modelling of the 2-20 pm fraction was successful, and these results

demonstrate the importance of multiple sediment sources and sediment

mixing in the formation of hemipelagic sediments on the continental

margin. In the <2 pm fraction, however, the modelling was not success-

ful because of uniform slope sediment and source area compositions.

The chemical results may provide more reasonable estimates than the

mineral analysis, but the calculated contributions for the <2 pm data

could not be taken with any confidence.

The use of 1.) quantitative mineral and chemical data in the <2

and 2-20 pm size fractions, 2.) fluvial samples taken directly from

the source areas of interest, and 3.) linear programming to estimate

source area contributions in this study, removes four of the five

limitations on sediment dispersal studies listed above. This

study was initially designed to include process-oriented water-column



measurements so that the question of poieward undercurrent vs. surface

current and turbid-layer transport could be directly addressed. However,

this portion of the study was eliminated due to financial constraints,

and the actual process or processes active in the northward transport of

material remain unknown. The acquisition of such process-oriented data

is the next logical step in the study of hemipelagic sediment formation

on the Oregon-Washington continental slope.



CHAPTER 1

COMPOSITION OF FINE-GRAINED FLUVIAL SEDIMENTS

OF THE PACIFIC NORTHWEST



ABSTRACT

Samples of bank and suspended material from 52 of the major streams

entering the Pacific Ocean along the Pacific Northwest coast have been

used to characterize the mineral composition of 2-20 pm and <2 pm

material derived from major continental source areas using quantitative

and semi-quantitative x-ray diffraction techniques. In the 2-20 pm

fraction, the southerly sources (Kiamath Mountains and the California

Coast Range) and the Washington Coast Range contain chlorite and illite,

but only the Klamath source contains hornblende. Columbia River material

lacks chlorite, and the Oregon Coast Range source is dominated by srnec-

tite. Plagibclase feldspar compositions are distinctive for the northern

and southern source areas, but all chiorites appear to be type lib

polytypes. In the <2 pm fraction, source area compositions are less

distinctive due to the ubiquity of smectite. However, the northern and

southern sources again contain both chlorite and illite, while the

Columbia lacks chlorite and the Oregon Coast Range contains neither

phase.

These regional differences, as well as local variability within

the Washington Coast Range and Klamath Mountain sources, can be explain-

ed by regional and local changes in drainage lithologies. Differences

in the grain size of material derived from the various source areas

reflect geographic and geologic changes between basins. Repeated

sampling of fluvial material over time indicates that mineral abundances

within a given grain size vary by less than a factor of 2. Amorphous

material is a minor component in the 2-20 pm fraction, but may form

as much as 25-50% of the <2 pm fraction in some source areas.



INTRODUCTION

One of the classical approaches to the study of fine-grained sedi-

ment dispersal in the marine environment has been to examine areal

patterns in semi-quantitative clay mineral abundances away from known

or inferred continental sediment sources. Such studies are numerous,

ranging from world or ocean-wide (Griffin and Goldberg, 1963; Biscaye,

1965; Griffin etal., 1968; Kolla and Biscaye, 1973; Kolla etal., 1976)

to local or regional scales (Russell, 1967; Duncan etal., 1970; Spigai,

1971; Olmstead, 1972; Baker, 1973; Pinet and Morgan, 1979; Griggs and

Hem, 1980; Karlin, 1980; Rosato and Kuim, 1981). Most of these

investigations contain little or no data on samples of the fluvial

material within each continental source area. As a result, the postu-

lated source area compositions are tentative, and relationships to the

onshore geology are general in nature. Equally troublesome is the

possibility that, because different clay mineral groups have different

grain-size distributions (Gibbs, l967a; Arcaro, 1978), lateral varia-

tions in clay mineral abundances may reflect distance-of-transport

effects more than source area influences (Arcaro, 1978). Such situa-

tions can only be recognized by actually determining the composition

and grain-size distributions of material derived from each continental

source region.

Previous work on the Oregon and Washington margins (Russell, 1967;

Duncan etal., 1970; Spigai, 1971; Olmstead, 1972; Baker, 1973; Karlin,

1980) has identified five major continental areas which act as sediment

sources. From north to south, these are: the Washington Coast Range,

the Columbia River, the Oregon Coast Range, the Klamath Mountains, and



the Northern California Coast Range (Fig. 1, Karlin, 1980),. Of these,

only the fine-grained sediments carried by the Columbia River have been

investigated in any detail (Knebel etal., 1968; Whetten etal., 1969;

Glenn, 1973). Single samples have been analyzed from the Rogue

and Umpqua rivers of Oregon (Griffin etal., 1968; Duncan etal., 1970;

Spigai, 1971) and the Eel, Mad, Kiamath, and Smith rivers and Redwood

Creek of the California Coast Range (Griffin etal., 1968). Nearly all

of these data are semi-quantitative in nature, and therefore, can be

used in only a qualitative manner (Heath and Pisias, 1979; Krissek

and Scheidegger, 1982a).

I have attempted to obtain basic quantitative compositional data

for Pacific Northwest fluvial sediments through an extensive sampling

and analysis program. The results of this project, concentrated on

the 2-20 itm and <2 size fractions, are presented here. The basic

questions addressed by this study include: 1.) Can key mineral signa-

tures be recognized that are distinctive for each source area? If so,

these signatures can act as sediment tracers in offshore areas. 2.)

Do these signatures (i.e., mineral compositions) change significantly

with sediment grain size? If so, then the signature for each source

area in each grain-size fraction of interest must be kown before

contributions to offshore deposits can be estimated. In addition,

some grain sizes may prove to be easier to trace than others. 3.,)

Does the mineral signature which characterizes a source area change

with time? Such temporal variability may reflect seasonal responses

to climate within portions of a drainage basin and limit the usefulness

of the mineral signature as a long-term sediment tracer. Large
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Figure I-i. Major streams of the American Pacific Northwest,

showing approximate channel locations, and boundaries of the major

drainages (dotted). Inset shows the Columbia River Basin (from

Karlin, 1980). A full listing of the streams sampled, sample

types, and source areas is given in Table 1-1.
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drainaqes, where sub-sections of the basin can be influenced by

different climatic regimes, may be more susceptible to such temporal

variation than small drainages. 4.) What is the grain-size distribu-

tion of material derived from each source area? Since such information

is commonly not available, an assumption of uniform grain size for all

source areas is generally made. However, the grain size of fluvial

sediments can reflect the rock type and weathering regime within a

source area so that, for example, material derived from one source area

is rich in clay-sized sediments, while material from another source is

silt rich. Such differences can strongly influence the mechanisms and

directions of transport for the fluvially-derived material in the

marine environment. In addition to the basic knowledge of fluvial

sediments which results from this study, the sediment compositions have

been used for a detailed and quantitative examination of fire-grained

terrigenous sediment dispersal and deposition on the Oregon and

Washington continental slope (Krissek, 1982a; Krissek and Scheidegger,

l982b).
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SAMPLING AND AIIALYTICAL TECHNIQUES

Samples were obtained from 52 of the major rivers and streams which

drain into the Pacific Ocean between 4°3ON and 48°OON. The rivers

which were sampled, the types of samples taken, arid the source area

each drains are listed in Table 1. Drainages of the major rivers are

shown in Figure 1. The four samples from the Chehalis River in Washing-

ton were collected during January and February, 1978, by Jim Phipps of

Grays Harbor Cornunity College. The two Columbia River samples were

obtained by Tom Beasley of Oregon State University. All other samples

were collected in February and March, 1980, during high discharge

events. Samples were taken at distances of 5-10 miles inland from the

coast to avoid marine material which may be brought into the estuaries.

In addition, work by Peterson etal. (1982) in several of these estu-

aries has shown that fluvially-transported fine-grained material

passes directly through the estuaries, especially during high discharge

events; as a result, I am confident that the samples are representative

of the fine-grained material which enters the Pacific Ocean from each

drainage basin. Bank material samples were taken by hand at waterline

at each site and stored in sealed plastic bags. Suspended material

was obtained by collecting a 50 z water sample, allowing it to settle

for 8-12 hours, and decanting the overlying water. Sufficient suspend-

ed material for all analyses was obtained only from the Chehalis,

Umpqua, Rcaue, Kiamath, Mad, and Eel rivers.

in the laboratory, the samples were disaggregated with 30% H202

(neutralized to pH 7.0), wet sieved at 63 urn, and the fine fraction

was separated into 20-63 pin, 220 urn, and <2 plfl components by repeated
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Table I-i. Samples and sample types (B = bank material, S = suspended
material) used in this study. Source areas as distinguished
by Karlin (1980), with WCR = Washington Coast Range, CR =
Columbia River, OCR = Oregon Coast Range, KM = Kiamath
Mountains, CCR = Northern California Coastal Range. Samples
are arranged from north to south.

Number River Name Samples Taken Source Area

1 Soleduck River B + S WCR
2 Bogachiel River B + S WCR
3 Hoh River B + S WCR
4 Queets River B + S WCR
S Quinault River B + S WCR
6 Humptulips River B + S WCR
7 Chehalis River 4S WCR
8 North River B + S WCR
9 Willapa River B + S WCR

10 Columbia River 2B CR
11 Necanicum River B + S OCR
12 Nehalem River B + S OCR
13 Miami River B + S OCR
14 Kilchis River B + S OCR
15 Wilson River B + S OCR
16 Trask River B + S OCR
17 Tillamook River B + S OCR
18 Nestucca River B + S OCR
19 Little Nestucca River B + S OCR
20 Neskowin Creek B + S OCR
21 Salmon River B + S OCR
22 Siletz River B + S OCR
23 Yaquina River B + S OCR
24 Alsea River B + S OCR
25 Yachats River B + S OCR
26 Big Creek B OCR
27 Cape Creek B OCR
28 Siuslaw River B + S OCR
29 Siltcoos River B + S OCR
30 Smith (OR) River B + S OCR
31 Umpqua River B + S OCR
32 Coos River B + S OCR
33 Millicoma River B + S OCR
34 Coos River (below Coos! B + S OCR

Millicoma junction)
35 Coquille River B + S OCR
36 Fourmile Creek B + 5
37 Floras Creek B + S

continued
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Table I-i, continued

Number River Name Samples Taken Source Area

38 Sixes River B + 5 KM
39 Elk River B + S KM
40 Brush Creek B KM
41 Euchre Creek B KM
42 Rogue River B + S KM
43 Hunter Creek B + S KM
44 Pistol River B + 5 KM
45 Chetco River B + S KM
46 Wirichuck River B + S KM
47 Smith (CA) River B + S KM
48 Klamath River B + 5 KM
49 Redwood Creek B + S CCR
50 Little River B + S CCR
51 Mad River B + S CCR
52 Eel River B + 5 CCR
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settling and decantation. Oriented X-ray diffraction slides of the
<2 j.m material were prepared on pre-pressact Ag backings placed over

gentle suction (Karlin, 1980; Krissek and Scheidegger, 1982a). The

remaining <2 irn material and the 2-20 ;aterial were then freeze-
dri ed.

Random X-ray diffraction mounts were constructed for the 2-20 im

and <2 m fraction using 10% by weight boehrnite (A100H) as an internal

standard according to the technique described in Krissek and Scheideg-

ger (1982a). The use of an internal standard and the generation of

calibration curves from known mineral standards allow the calculation

of quantitative mineral abundances for both phyllosilicate and non-

phyllosilicate minerals (Gibbs, 1967b; Scheidegger and Krissek, 1982).

All slides were solvated with warm ethylene-glycol vapor for 8-12

hours immediately preceding analysis on a Norelco diffractometer.

Slides were scanned at a step size of 0.02° 20 per step and scan time

of 3 seconds per step with monochromatic Cu K radiation. The raw data

were smoothed with a 17-point Gaussian algorithm and then plotted on

a strip chart recorder. The 15-18 A smectite (001), 10 A illite (001),
and 7 A chlorite (002) + kaolinite (001) peak areas were measured for

all samples using a polar planimeter. In addition, the hornblende
9.03 A (020), boehmite 6.11 A (020), quartz 4.26 A (100), and plagio-
clase feldspar 4.02 A (201) peak areas were measured on diffracto-

grams from the random mounts. Since I found no evidence for the

kaolinite (002) peak, the entire 7 A peak was assumed to represent the

chlorite component on all mounts.
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Calibration curves were constructed by using known mixtures of

standard minerals and glass-rich pumice (a non-diffracting material with

mass absorption coefficients similar to those of naturally-occurring

aluniinosilicates) with 10% boehmite by weight added. These curves then

allow calculation of mineral abundances from the mineral/boehmite

peak-area ratios. Standard minerals used to produce the calibration

curves were: smectite, naturally-occurring material isolated from the

Kilchis River and Cape Creek samples; chlorite, Source Clay Minerals

Repository, CMS-CCa-l; illite, Wards 46W0315; hornblende, naturally-

occurring material isolated from the Klamath River sample; quartz,

Wards 46W6560; and plagioclase feldspar, Wards oligociase 46W5800.

The chlorite, illite, quartz, and plagioclase standards all produced

diffraction patterns similar to those of the naturally-occurring phases.

The semi-quantitative method proposed by Biscaye (1965) was used

to calculate clay mineral abundances from the peak areas of the

oriented mounts. In spite of the errors and limitations inherent in

this type of estimate (Heath and Pisias, 1979; Krissek and Scheidegger,

1982a), I performed these analyses to compare my results to previous

work done in the study area using the same technique (Griffin et al.,

1968; Duncan etal., 1970; Spigai, 1971; Baker, 1973; Griggs and Hem,

1980; Karlin, 1980).

For the quantitative determinations, accuracy is estimated from

calculations of known abundances to be ±5% for smectite, ±2% for

chlorite and illite, and ±1% for quartz and plagioclase feldspar

(Krissek and Scheidegger, l982a; Scheidegger and Krissek, 1982).

Precision is estimated from replicate slides and analyses to be ±15%
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for smectite, ±9% for illite, ±3% for chlorite, quartz, and plagio-

clase, and ±1.5% for hornblende. Detection levels are estimated from

the calibration curve determinations to be approximately 15% for smec-

tite, 2% for chlorite, illite, and plagioclase, 1% for quartz, and 0.5%

for hornblende. The semi-quantitative analyses are more precise (Karlin,

1980) but less accurate (Krissek and Scheidegger, l982a) because of

the assumptions made in the semi-quantitative calculations.
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DATA AND RESULTS

Mineralogy of the Bank vs. Suspended Samples

Because of insufficient material in the suspended samples from all

rivers but the Chehalis, Umpqua, Rogue, Klamath, Mad, and Eel, I was

forced to assess the use of bank material to represent the sediments

carried by these rivers. For the latter five rivers listed above (no

bank sample was available from the Chehalis), mineral abundance data

were obtained for the bank and suspended material in both the 2-2Oii m

and the <2 iim fraction. The results for all minerals from all samples

are plotted in Figure 2, and the regression line has the equation y =

l.00x + 0.49, with r2 = 0.78. This slope value of 1.00 indicates that

the mineral abundances within a size fraction are approximately equal

for the bank and suspended material. The <2 im data points with

suspended sample abundances >10% and bank sample abundances <10% are

illite and smectite measurements. The quantification of these minerals

has relatively poor precision and accuracy at low abundances (close to

their detection limits), which may explain the lack of agreement between

the measured values. While mineral abundances may be different for

the bulk bank and suspended samples (owing to differences in their size

composition), I feel justified in using the bank material to represent

the fluvially transported sediments within restricted size fractions

(i.e., 2-20 m and <2 pm intervals).



Figure [-2. Plot of mineral abundances in corresponding bank and

suspended fluvial samples in

fractions from five rivers.

stars are <2 m data points.

y = l.00x + 0.49, 0.78,

within each size fraction ar

and suspended sediments.

20

the 220 'him and <2 .m-size

Dots are 2-20 data points;

Regression line has equation

indicating that mineral abundances

approximately equal for the bank
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Continental Provenance and Within-Source Variability

The mineral compositions of material derived from each of the five

major continental source areas shown in Fioure 1 are summarized in

Figures 3, 4, 5, and 6 and in Tables 2, 3, and 4. 1 will first consider

the 2-20 urn fraction data, then the <2 urn fraction quantitative data,

and finally, the <2 urn fraction semi-quantitative data.

Figure 3a is a graphical representation of the mean values listed

in Table 2. The range about each mean value is also given in Table 2.

Figure 3b shows the discharge-weighted source area abundance of each

mineral , calculated as:

%MT

(%M)

E

where

%MT = mineral abundance for source area (Fig. 3b and Table 2),

%Mn = mineral abundance in. sample from river n,

= average annual suspended sediment discharge from river n,

= total average annual suspended sediment discharge from the

source area of interest,

n = number of rivers in the source area of interest.

Values for and
T
were taken from Karlin (1980, Table 3). Thus, in

the discharge-weighted average, the rivers with highest suspended sedi-

ment discharges are most important, while all samples are weighted

equally in the mean values. The individual data points (recalculated

so that % smectite + quartz + plagioclase + chlorite + illite = 100%)

are shown in Figure 4; hornblende contents are not included because



Table 1-2. Summary of mineral composition of the 2-20 pm size fraction derived from the five major
source areas of the Pacific Northwest. Discharge-weighted province average calculated as
described in the text.

Source Area
Smectite

(%)

Chlorite
(%)

Illite
(%)

Hornblende
(%)

Quartz
(%)

Feldspar

(%)

Washington Coast Range 2-20 pm
Mean 9.7 6.2 16.0 0 18.4 26.7
Range 0-57.2 1.3-14.6 5.3-42.1 0 9.6-35.6 17.8-47.4
Discharge-Weighted Average 9.6 9.3 27.4 0 25.5 30.9

Columbia River 2-20 pm
Mean 0 1.9 24.2 1.0 15.5 33.5
Range 0 1.6-2.2 23.1-25.3 0.7-1.3 15.0-16.8 31.1-36.5
Discharge-Weighted Average 0 1.9 24.2 1.0 15.5 33.5

Oregon Coast Range 2-20 pm
Mean 72.1 1.8 6.9 0.2 14.1 16.2
Range 18.8-137.0 0-5.2 0-26.0 0-1.3 5.6-26.0 7.7-28.2
Discharge-Weighted Average 63.5 2.5 8.2 1.3 18.9 17.4

Kiamath Mountains 2-20 pm
Mean 19.7 18.4 23.0 6.5 18.0 18.9
Range 0-84.2 6.3-41.2 0.4-69.8 0-18.5 10.7-31.3 11.2-37.0
Discharge-Weighted Average 1.6 15.3 26.3 9.3 21.5 26.0

California Coast Range 2-20 pm
Mean 0 19.0 26.8 0 18.1 21.6
Range 0 9.8-32.0 10.0-68.2 0 11.7-21.7 12.8-25.0
Discharge-Weighted Average 0 17.3 20.3 0 17.6 32.1
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Figure 1-3. Mineral abundances in the 2-20 pm material derived from

the five major source areas of the Pacific Northwest. Note

chlorite presence to north and south, hornbiende in Kiamath

Mountain source, smectite in Oregon Coast Range, and chlorite

absence in Columbia River.

a) Mean values (each stream given equal weight).

b) Discharge-weighted values (see text for calculation

procedures).
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Figure 1-4. Mineral compositions of Pacific Northwest fluvial

sediments, recalculated so that % smectite + (quartz + plagio-

clase) + (chlorite + illite) = 100%.

A.) Composition of Washington Coast Range and Columbia River

samples. Columbia River samples are relatively uniform

while Washington Coast Range samples forii three sub-groups

in the 2-20 m and two sub-groups in the <2 'm fractions.

Labels for individual data fields (e.g., WCR I) are used

in the text.

B.) Composition of Oregon Coast Range samples, showing broad

but continuous ranges in composition with low abundances

of chlorite and illite.

C.) Composition of Kiarnath Mountain samples, showing two sub-

groups in both size fractions. Compositions vary from

smectite-rich to quartz + plagioclase/chlorite + illite

rich.

D.) Composition of California Coast Range samples. The 2-20

urn fraction is compositionally uniform while the <2 pm

fraction ranges between smectite-rich and chlorite ± illite

rich.
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hornblende is only a distinctive tracer of the Klamath Mountain 2-20 rn

material (Fig. 3).

A comparison of Figure 3a and Figure 3b shows that the mean and

discharge-weighted values agree quite well except when intra-source

variability becomes large, as indicated in Figure 4 and by large

ranges in Table 2. These results show that 2-20 m material derived

from:

1) the Washington Coast Range is illite-, quartz-, and plagio-

clase-rich, and three subgroups can be identified (Fig. 4a;

WCRI is smectite-rich, WCRII is chlorite- and illite-rich,

and WCRIII is quartz- and plagioclase-rich).

2) the Columbia River is illite- and plagioclase-rich, with

lesser quartz, and the two Columbia River samples have uniform

compositions (Fig. 4a; CR1)

3) the Oregon Coast Range is smectite-rich with lesser quartz

and plagioclase. Though the Oregon Coast Range material has

a wide compositional range (Fig. 4b; OCRI), the samples form

a continuum instead of distinct groups.

4) the Kiamath Mountains is illite-, quartz-, and plagioclase-

rich, with lesser chlorite and a significant hornblende

component. Two groups of Klamath Mountain samples (Fig. 4c;

KMI and KMII) can be distinguished; one is smectite-rich,

the other lies on the quartz + plagioclase and chlorite +

illite join.

and, 5) the California Coast Range is enriched in plagioclase, with

lesser but equal chlorite, illite, and quartz abundances.
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These samples form a continuous series (Fig. 4d; CCRI) on

the quartz + plagioclase and chlorite + illite join.

In summary, the major changes in mineral abundances within the 2-20 pm

fraction are chlorite enrichment in the south relative to the north,

horriblende enrichment in the Klamath Mountain source, and smectite

enrichment in the Oregon Coast Range source.

The quantitative mineral data for the <2 fraction are summarized

in Figure 4 and Figure 5 and Table 3. Quartz and plagioclase contents

are lower in the <2 pm fraction than in the 2-20 pm fraction (compare

Figures 3 and 5), and hornblende is absent. Smectite is present in

all source areas, however, and dominates the material derived from the

Columbia River and the Oregon Coast Range (Figure 4a; CR11; Figure 4b;

OCRII; Figure 5). The compositional ranges of the Washington Coast

Range (Figure 4a, WCR IV, WCR V), Kiamath Mountain (Figure 4c, KM III,

KM IV), and California Coast Range (Figure 4d, CCR II, CCR III)

sediments overlap with each other and with the Columbia River and

Oregon Coast Range sediments. As a result, the material derived from

these five source areas is not as distinctive in the <2 jim fraction as

it was in the 2-20 pm fraction. At best, it appears that three sources

may be distinguished California Coast Range and Kiamath Mountains

(southern chlorite- and illite-rich), Oregon Coast Range and Columbia

River (central smectite-rich), and the Washington Coast Range (northern

chlorite- and illite-rich).

The semiquarititative clay mineral abundances (Figures 6a, 6b, and

Table 4) are included here to allow a comparison of these results to



Table 1-3. Summary of mineral composition of <2 pm size fraction of material derived from the five major
source areas of the Pacific Northwest. Abundances calculated using a quantitative X-ray
diffraction technique. Discharge-weighted province average calculated as described in text.

Source Area Smectite Chlorite Illite Quartz Feldspar

Washington Coast Range
Quantitative <2 pm
Mean (Range) 18.1(0-100.5) 4.3(0-11.1) 8.7(0-33.4) 6.0(5.0-9.7) 8.2(0.9-13.1)
Discharge-Weighted Average 23.2 4.3 15.4 5.9 5.3

Columbia River
Quantitative <2 pm
Mean (Range) 60.4(52.1-68.8) 0(0) 2.1(0-4.2) 4.2(3.8-4.5) 3.5(3.0-4.0)
Discharge-Weighted Average 60.4 0 2.1 4.2 3.5

Oregon Coast Range
Quantitative <2 pm
Mean (Range) 66.3(20.7-131.5) 0.3(0-5.7) 0.4(0-2.2) 4.8(2.6-8.9) 4.1(0.6-12.6)
Discharge-Weighted Average 74.8 0.3 0 3.9 1.9

Kiamath Mountains
Quantitative <2 pifi
Mean (Range) 28.4(0-65.1) 6.0(1.4-14.4) 10.5(0-33.9) 5.8(3.5-9.8) 3.9(0.8-4.3)
Discharge-Weighted Average 18.0 8.6 14.5 8.7 10.9

California Coast Range
Quantitative <2 pm
Mean (Range) 21 .8(0-49.7) 10.0(5.5-13.8) 23.2(7.1-64.1) 4.5(3.3-7.0) 2.2(0-4.4)
Discharge-Weighted Average 20.0 12.9 19.2 6.4 4.0
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Figure 1-5. Quantitative mineral abundances in the <2 tm material

derived from the five major source areas of the Pacific Northwest.

Note that smectite occurs in all sources, chlorite is present in

the northern and southern sources, and smectite is predominant

in the Columbia River and Oregon Coast Range.

a) Mean values.

b) Discharge-weighted values.
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Table 1-4. Summary of semiquantitatively-determined mineral composition of the <2 pm size fraction
of material derived from the five major source areas of the Pacific Northwest. Discharge-
weighted province average calculated as described in the text.

Smectite Chlorite Illite
Source Area (%) (%) (%)

Washington Coast Range
<2 pm Semiquantitative
Mean (Range) 16.7 (0-88.1)
Discharge-Weighted Average 21.6

Columbia River
<2 pm Semiquantitative
Mean (Range) 52.8 (42.8-62.7)
Discharge-Weighted Average 52.8

Oregon Coast Range
<2 pm Semiquantitative
Mean (Range) 68.8 (31 .9-100)
Discharge-Weighted average 71.3

Kiamath Mountains
<2 pm Semiquantitative
Mean (Range) 15.0 (0-35.2)
Discharge-Weighted Average 9.2

California Coast Range
<2 pm Semiquantitative
Mean (Range) 6.9 (0-12.0)
Discharge-Weighted Average 10.5

54.7 (5.3-62.0)
39.6

22.0 (18.0-26.0)
22.0

19.4 (0-48.8)
20.6

51.9 (26.8-64.5)
47.0

49.5 (41.0-57.1)
49.5

28.5 (6.5-53.4)
35.0

25.2 (19.3-31.1)
25.2

11.7 (0-23.6)
7.8

33.1 (14.3-52.3)
43.5

43.7 (38.6-58.9)
39.9
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Figure 1-6. Semiquantitative clay mineral abundances in the <2 im

material derived from five major source areas of the Pacific

Northwest. Abundances calculated according to the method of

Biscaye (1965). Note chlorite presence in northern and southern

source areas, smectite abundance in Columbia River and Oregon

Coast Range.

a) Mean values.

b) Discharge-weighted values.
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data published from previous studies of fluvial and marine sediments

within the study area. Although the abundance values are different,

both sets of data for the <2 urn fraction show chlorite and illite

enrichment in the Washington Coast Range, Kiamath Mountains, and Cali-

fornia Coast Range, while the Columbia Rver and Oregon Coast Range are

smectite-rich. In neither case is the mineralogy as distinctive between

source areas as it was in the 2-20 urn fraction.

These semiquantitative data agree well with the few analyses of

Pacific Northwest fluvial material found in the literature. Samples from

the Columbia River were analyzed previously by Griffin etal. (1968),

Knebel etal. (1968), Baker (1973), and Glenn (1973). Knebel etal.

(1968) and Glenn (1973) report relative values from bottom samples of

50-60% montmorillonite, 10-25% chlorite, and 20-35% illite. Griffin et

al. (1968) and Baker (1973) list suspended material relative compositions

of 30-40% smectite, 15-30% chlorite, and 40-50% illite. Data from

this study (Table 4) give abundances of 53%, 22%, and 25% for smectite,

chlorite, and illite, respectively, in the Columbia River samples,

in close agreement with the bottom sample data and slightly more

smectite-rich and illite-poor than the suspended material. Such vari-

ations may reflect seasonal and grain size differences (Knebel etal.,

1968; Baker, 1973) in the samples which were analyzed. Samples from

the Rogue (Duncan etal., 1970), Umpqua (Spigai, 1971), and the Umpqua,

Rogue, Smith (CA), Klamath, Mad, and Eel Rivers and Redwood Creek

(Griffin etal., 1968) have also been analyzed previously. These

earlier results agree well with data obtained during this study,
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showing high smectite content for the thnpqua, less smectite and more

chlorite and illite for the Rogue, and low smectite (<20%)/high

chlorite + illite for the Kiamath Mountain and California Coast Range

streams. The analyses performed during this study provide quantita-

tive mineral abundances for the 2-20 pm and <2 im fraction which

complement the regional provenance framework described by previous

workers in the study area. In addition, these data add detailed

information on variability within each source area.

Temporal Variability within a Source

To investigate temporal variations in fluvial sediment composition

four samples of suspended material were obtained from the Chehalis

River in January and February, 1978. Each was taken following a major

storm. The quantitative mineral data and semiquantitative clay mineral

abundances are plotted in Figure 7. These samples appear to contain

no smectite. In all three sample sets, the mineral abundances are

constant to within a factor of 2 variations for the less-abundant

components are commonly within the analytical uncertainty. Feldspar

abundances are subject to the largest variation over time. While the

causes for these changes are unknown, they may include local conditions

which control contributions from various areas within the drainage

basin (localized heavy rains, localized mass wasting, etc.). As a

result, it appears that the temporal variability in the composition of

fluvial material is small (changes by less than a factor of 2), at

least during high flow events. Since high flow transports t signifi-

cant fraction of the total annual sediment load (Karlin, 1980), such

constancy over time implies similar annual constancy.
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Figure 1-7. Time series of mineral abundances in the 2-2Om and

<2 m fraction of four samples from the Chehalis River. All

abundances remain constant within a factor of 2 or less.
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Less detailed results of semiquantitative analyses of suspended

material from the Columbia River (Baker, 1973; J. L. Glenn, unpublished

data) also suggest that the composition varies by less than a factor

of 2 on a seasonal to annual basis. Baker (1973) reported that the mean

relative smectite content changed from 27% in summer to 39% in winter,

while relative chlorite abundance varied from 19% to 16% in the same

period. Samples taken at Astoria from October through December, 1969

(J. L. Glenn, unpublished data) have essentially constant relative

smectite content (40-50%). On the basis of these data and the Chehalis

River results, I conclude that a single fluvial sample can adequately

represent the material carried within a given size fraction (i.e.,

2-20 pm, <2 pm) over a longer time period (annually or longer),

especially when the sample is taken during high flow conditions.

Schneider and Angino (1980) and Ongley etal. (1981) reached similar

conclusions from year-long studies of suspended materials in streams of

eastern Kansas and of Ontario.

Textural Variability Between Source Areas

In addition to carrying a distinctive mineralogic signature

within each size fraction, the grain size of suspended material derived

from a source area may yield insights into the relative amounts of

different size fractions available for transport and the weathering

and erosion regimes active within that region. Textural controls also

determine the distance that the fluvially derived material can be

transported away from its source. To investigate such variability

within the study area, we have compiled the available textural data
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for suspended fluvial material sampled from Pacific Northwest streams

during high flow events. These data are listed in Table 5. Detailed

analyses are only available for four rivers, and these are graphed

in Figure 8. Material derived from the Klamath Mountains (Kiamath

and Rogue River samples) is the coarsest found in the study area in

terms of both percent fines (<62 pm) and the entire size distribution

<62 pm (Fig. 8). The Eel River, the major stream draining the Cali-

fornia Coast Range, is most enriched in the finest (<2 pm) fraction,

but has intermediate abundances of material in the 14 pm-62 pm size

range. Redwood Creek, another large stream in the California Coast

Range, has intermediate abundances for all grain sizes. The Columbia

River material appears as an inverse of the Eel River sample, with

intermediate abundances of the finer components (<14 pm) and relatively

enriched in the medium to coarse silts. In terms of the fraction of

material <62 pm in these and all other samples for which data are

available, the areas rank as follows: Washington Coast Range, 89%;

Columbia River, 86%; California Coast Range, 79%; Oregon Coast Range,

78%; and Klamath Mountains, 67%.



Table 1-5. Grain-size distribution of fluvial suspended materi1.
Values listed are mean and range of data. Columbia River
values are unpublished U.S.G.S. data provided by D. W.
Hubbell. All other values are from the U.S.G.S. Water
Quality Reports for California, Oregon, and Washington,
1977-1980.

River 2 pm 4 pm

Weight

8 pm

% Finer

16 pm

Than:

31 pm 62 pm

Chehalis River
@ Porter 89

Columbia River 24 34 48 64 79 86

@ Astoria (1-45) (9-55) (8-76) (13-92) (19-99) (24-100)

Nehalem River 82

@ Foss

Alsea River 68

@ Tidewater

Siuslaw River 71

@ Mapleton

Umpqua River 82

@ Elkton

Rogue River 73

@ Agness

Klamath River 17 25 34 44 54 63

@ Kiamath (14-23) (24-29) (32-37) (43-47) (52-57) (32-77)

Redwood Creek 25 33 45 58 70 79

@ Orick (19-38) (20-38) (30-49) (39-64) (49-79) (57-88)

Eel River 31 40 52 62 71 80

@ Scotia (21-37) (30-46) (41-62) (54-74) (63-80) (46-85)
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Figure 1-8. Grain-size frequency distributions for the -62 m

fraction of suspended samples from four major Pacific Northwest

streams, showing coarse nature of Kiamath River sample.

Textural data are listed in Table I-S.
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DISCUSSION

From the data presented above, combinations of single bank material

samples have been shown to represent the material derived from a

continental source area over time; however, some of the fiuvial sedi-

ments (i.e., from the Washington Coast Range and Kiamath Mountains)

have significant within-source variability. The factors which cause

variations in the bulk mineral composition and texture of the trans-

ported material can be identified by examining the geology, physiography,

and climate of the continental source areas. Such relations have been

discussed by Kulm et al. (1968) and Scheidegger et al. (1971) for the

sand-sized heavy mineral suites derived from the drainages of the

northern California and Oregon coast.

The Washington Coast Range fluvial sediments contain abundant

plagioclase, quartz, and illite in the 2-20 pm fraction (Figure 3b)

and relatively high abundances of non-smectite phases in the <2 urn size

range (Figure 5). The 2-20 pm fraction can be subdivided into 3 groups

(Figure 4), one each with abundant smectite, chlorite + illite, and

quartz + plagioclase, while two groups with intermediate composition

are distinguishable from the <2 pm data. According to the geologic

map of Washington (Weissenborn, 1969), the sniectite-rich streams all

drain Miocene or pre-Miocene volcanic rocks; smectites are known

to be alteration products of volcanic material (Griffin etal., 1968),

so their presence in rivers draining such terranes is reasonable.

Illite, on the other hand, is thought to be derived by physical erosion

or a mica or feldspar component in the source area (Griffin etal.,

1968). The illite-rich streams drain both pre-Pleistocene sedimentary
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units and adjacent Cretaceous and Paleocene continental sedimentary depo-

sits, while the illite- and smectite-poor drainages lie predominantly on

the former. Therefore, the illite enrichment may be caused by recycling

of an illite or mica component within the Cretaceous and Paleocene rocks.

Material carried by the Columbia River in the 2-20 pm fraction is

distinguishable by its high plagioclase and illite contents, with abun-

dant associated quartz and little or no chlorite (Figure 3). Provenance

characteristics within the Columbia River have been discussed in detail

by Kuim etal. (1968), Knebel etal. (1968), Whetten etal. (1969), and

Scheidegger et al. (1971). These studies conclude that a wide variety

of rock types contribute to its fluvial load -- sedimentary, granitic, and

and coarse-grained metamorphic rocks in its upper reaches, and basaltic

to andesitic volcanic and sedimentary rocks in its lower reaches. Whet-

ten etal. (1969) found that the ratio of quartz to "unstable" constitu-

ents in bottom sediments decreased downstream, indicating that much of

the sediment has undergone relatively little chemical weathering.

Thus, the quartz and illite in the 2-20 pm fraction may have been de-

rived by physical and/or chemical weathering in the acidic terranes

of the upper Columbia, while the plagioclase feldspar is supplied by

physical erosion of the more mafic rocks of the lower Columbia. In

the finest (<2 pm) fraction, the Columbia river sediment is dominated

by smectite (Figures 3 and 5), indicating the importance of volcanic

material throughout the Columbia basin, especially its lower reaches.

Because smectite-rich tributaries of the lower Columbia obtain their

water directly from winter rains, the relative smectite content of

suspended sediment in the Columbia is higher in the winter than the

summer (Baker, 1973).



Material derived from the Oregon Coast Range is dominated by

smectite in both the 2-20 urn and the <2 urn fractions (Figures 3, 4,

and 5), reflecting the dominant influence of basic igneous source rocks

in the river drainages. Studies of the heavy mineral suites of the

sands transported by these streams (Kuim etal., 1968; Scheidegger

etal., 1971) have distinguished several sub-groups within the Oregon

Coast Range, with the northern rivers containing relatively simple,

basic-igneous-dominated suites. Southern rivers, especially the Umpqua,

also drain portions of the metamorphic Kiarnath Mountains and the

volcanic Cascade Mountains, and the heavy minerology of their sand-

sized fraction reflects this more diverse provenance. Such a difference

is not seen in the data for either the 2-20 urn or <2 urn size fraction

of these fluvial sediments; instead, the fine-grained material examined

here reflects the predominance of volcanic material throughout the

entire Oregon Coast Range. Only a Columbia River/Oregon Coast Range

distinction can be made in the 2-20 urn size fraction, and even that

distinction is difficult in the <2 urn fraction due to the predominance

of smectites.

Material derived from the Kiamath Mountains in the 2-20 urn fraction

is distinguished by its hornblende component and by the relatively

equal abundances of the other minerals examined here (Figure 3). This

material can be subdivided into two groups (Figure 4c, KMI and KMII),

one which is smectite-rich and one which lies along the quartz

plagioclase/chlorite + illite join. In the <2 urn fraction, Klarnath

Mountain material contains subequal amounts of smectite, chlorite,
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illite, quartz, and plagioclase (Figure 5), again with variation from

smectite-rich samples to those dominated by chlorite and illite (Figure

4c, KMIII and KMIV).

Rock types in the Kiamath Mountains include Paleozoic and Mesozoic

metasedimentary, matavolcanic, and sedimentary rocks intruded by grani-

toid and untramatic bodies (Baldwin, 1964); heavy-mineral assemblages

of these streams are dominated by high-rank metamorphic minerals (Kulm

etal., 1968; Scheidegger etal., 1971). The high chlorite and illite

abundances of the samples in groups KMII and KMIV (Figure 4c), along

with the high hornblende content in the 2-20 1.im size fraction, also

indicate the strong metamorphic influence. The samples of groups KMI

and KMIII were obtained from relatively short streams which drain

the south end of the Cenozoic sedimentary and minor volcanic rocks of

the Oregon Coast Range (Walker and King, 1969), so that the metamorphic

influence is reduced and smectite, the volcanic alteration product,

dominates the fluvial sediments.

Material derived from the California Coast Range contains subequal

(20-30%) amounts of chlorite, illite, quartz, and plagioclase in the

2-20 m fraction (Figure 3), and covers a limited range of compositions

(Figure 4d, CCRI). In the <2 im fraction, sediments contain more

phyllosilicate minerals (smectite, chlorite, and illite) than quartz

and plagioclase (Figure 5), and can be subdivided into smectite-rich

(Figure 4d, CCRII) and smectite-poor (Figure 4c, CCRIII) groups.

Illite and chlorite are abundant in the Franciscan shales of northern

California (Griggs and Hem, 1980), providing a ready source of these

minerals, while smectite may originate from weathering of localized

volcanic terranes.
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In addition to the distinctive mineral abundances described

above, the composition of the plagioclase feldspar derived from each

source area also provides a tool for distinguishing between the northern

(Columbia River + Oregon Coast Range) and southern (Klamath Mountain +

California Coast Range) sources. The composition of these plagioclases

are summarized in Table 6. The data show that samples from the Oregon

Coast Range and the Columbia River contain plagioclase with >30%

anorthite, while plagioclase derived from the Klamath Mountains and the

California Coast Range is relatively albite-rich, reflecting the impor-

tance of volcanic terranes to the north and metamorphic source rocks

to the south. The (002) plagioclase diffraction (3.18 A) also changes

along the margin, from a single sharp, well-defined peak for the south-

ern samples to a broader doublet peak for Columbia River sediments.

This change provides an easily-recognized qualitative means of distin-

guishing between the northern and southern source areas.

Both regional and local variations in fluvial sediment composition

can be explained in terms of changes in provenance and weathering

regime. However, the total mineral abundance accounted for by the

quantitative XRD technique does not always sum to 100%, and the dif-

ference between the total and 100% may provide information on the

relative amounts of crystalline and amorphous material derived from

each source area. Total mineral abundances for each source area are

summarized in Table 7. Values significantly >100% (such as the Oregon

Coast Range 2-20 and <2 .im and Kiamath Mountain 2-20 m maximum

totals) indicate some difficulty with the quantification calculation;

in the case of the Oregon Coast Range samples, smectite abundances

alone are extremely high (>100%), due to better crystallinity of the
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Table 1-6. Composition of plagioclase feldspars in river samples
calculated from X-ray diffraction lattice parameters (after
Smith, 1956). Plagioclase composition is distinctive for
northern and southern sources within the study area.

2e(lll) 2e(l1l) Approximate Plagioclase Composition
Sample (degrees 2e) %(An/Ab+An)

Columbia River 0.78 >30

Nehalem River 0.80 >30

Nestucca River 0.80 >30

Siletz River 0.76 >30

Alsea River 0.81 >30

Umpqua River 0.70 30

Rogue River 0.60 18

Klamath River 0.61 19

Mad River 0.56 13

Eel River 0.57 14
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Table 1-7. A summary o-F the total mineral abundances calculated by

quantitative XRD. Mean values less than 100% indicate that

a portion of the sediments was not quantified and may

represent an amorphous or poorly crystalline phase.

Mean Standard

Source Area and Size Fraction Total Deviation Max. Mm.

Washington Coast Range 2-20 pm 73.5 28.3 122.7 32.9

Washington Coast Range <2 pm 43.7 32.4 114.7 19.7

Columbia River 2-20 pm 76.1 4.4 79.2 73.0

Columbia River <2 pm 70.2 7.6 75.6 64.8

Oregon Coast Range 2-20 pm 110.4 19.5 162.1 63.2

Oregon Coast Range <2 pm 74.4 29.4 141.7 28.8

Kiamath Mountains 2-20 pm 104.1 29.2 150.6 53.3

Klamath Mountains <2 pm 55.1 17.3 82.1 25.6

California Coast Range 2-20 pm 85.5 16.2 114.7 64.8

California Coast Range <2 pm 61.7 23.3 85.8 23.3



smectites in these samples than of the mineral used to generate the

smectite calibration curve. The Klamath Mountain maximum of 150% is

from a sample with an anomalously high illite abundance which also

reflects a difference in crystallinity between the natural mineral and

the standard used to generate our calibration curves (Gibbs, l967b).

These examples illustrate the difficulty of selecting proper standard

minerals for the generation of calibration curves, since local mineral

variability (which is impossible to avoid) can increase the errors

associated with mineral abundance determinations. However, the calcu-

lated smectite and illite abundances are reasonable for all other

samples, indicating that, with caution, these calibration curves can be

applied to regional studies.

Mean total abundances of the minerals quantified in the 2-20 pm

fraction range from 73.5% to 110.4%, indicating that, within the analy-

tical uncertainty, essentially all of these sediments are accounted for

by the mineral determinations. Therefore, I conclude that amorphous

material forms a minor component of the 2-20 pm size fraction. In the

<2 pm fraction, however, the mean values range from 43.7% to 74.4%,

indicating that amorphous material may form a significant portion

(25-50% or more) of the sediments derived from some of these source

areas. Such material may be especially important in the Washington

and California Coast Ranges and Kiamath Mountains, where high rainfall,

relatively steep slopes, and acidic soils could combine to leach Fe and

Al rapidly from the soil and leave amorphous or poorly-crystalline Si02

frameworks behind (Leeper, 1952) for subsequent erosion and transpor-

tation in the fluvial load.
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The data compiled in Table 5 indicate that suspended fluvial

sediments from each source area have a characteristic grain-size dis-

tribution; such between-source variability implies that source-area

contributions to offshore sediments can be size dependent. The textural

variations are also interrelated with the mineral compositions discussed

above. For example, Kiamath Mountain sediments are both coarser-

grained (Table 5) and enriched in quartz + plagioclase ± hornblende

(Figs. 3 and 5) relative to California Coast Range material. These

compositional characteristics may reflect the cycling of coarse-grained

non-phyllosilicate phases from the Kiamath Mountain marine sedimentary,

metamorphic, and granitic rocks which are not present in the Franciscan

shales of the California Coast Range (Griggs and Rein, 1980). The data

compiled in Table 5 can also be combined with annual total suspended

sediment discharges (Karlin, 1980) to calculate contributions from

each sburce area to the total regional discharge of fine-grained sedi-

ments. These results are listed in Table 8 and show that the input of

California Coast Range material is more important, in a regional sense,

in the <2 im fraction than in the coarser grain size. Subtle dif-

ferences such as these are important in the calculation of sediment

budgets for adjacent marine environments.

It should be stressed that, with decreasing grain size, source

areas cannot be distinguished very well. As discussed above in relation

to the Oregon Coast Range, studies of the sand-sized heavy mineral

suites have outlined two (Scheidegger etal., 1971) or three (Kulm

etal., 1968) subgroups which cannot be identified in either the

2-20 pm or the <2 pm size fractions of the fluvial sediments. This



Table 1-8. Contributions from the Columbia River, Klamath Mountains,
and California Coast Range to the annual discharge of
suspended material in the <2, 2-20, and 20-63 pm-size
fractions. Note that the "% of total" value for each
source area varies with grain size. Average suspended
sediment discharge values from Karlin (1980).

Source Area

Columbia Klamath California
River Mountains Coast Range

Average suspended sediment discharge 14282 16901 30753
(l0 tonnes/year) 61936

% <2 pm 23.8 19.0 28.2

Discharge <2 pm (10 tonnes/year) 3400 3210 8670
15280

% 2-20 pm 44.0 27.0 34.0

Discharge 2-20 pm (l0 tonnes/year) 6280 4560 10460
21300

% 20-63 pm 18.1 16.8 17.3

Discharge 20-63 pm (10 tonnes/year) 2580 2840 5320
10740

% of total discharge 23.0 27.2 49.6

% of <2 pm discharge 22.0 21.0 56.7

% of 2-20 pm discharge 29.5 21.4 49.1

% of 20-63 pm discharge 24.0 26.4 49.5
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loss of sensitivity is a result of the decreasing number of identifiable

minerals in the finer grain sizes, and it presents a real problem in

the <2 1.lm fraction where distinctions are difficult to make between

even the Columbia River and Oregon Coast Range source areas. In addi-

tion, it is impossible to distinguish between sediments derived from the

Washington Coast Range, Kiarnath Mountains, and California Coast Range

sources in the <2 m fraction because of their similar (smectite-poor)

compositions. Hayes (1973) identified the chiorites derived from the

Kiamath Mountains as the lIb polytype, but our data indicate that

chlorites derived from the California and Washington Coast Ranges are

also lib polytypes. Therefore, the polytype signature is not a distinc-

tive tracer for chiorites derived from these source areas. As a result,

coarser-grained fractions contain the most distinctive signatures, but

these tracers are limited by the areal distribution of the sands. Fine-

grained sediments, on the other hand, carry less distinctive signatures

but have greater areal distributions; any fine-grained tracers which

can be developed, therefore, have the potential of describing sediment

dispersal over much larger areas. This large-scale applicability

provides a major justification for the extensive analyses needed to

develop fine-grained sediment tracers.

In summary, this study has defined the distinctive mineral compo-

sition of material in the 2-20 m and <2 rn size fractions derived from

the major continental source areas of northern California, Oregon, and

Washington, and has showed that single river-bank samples can adequate-

ly represent the mineral composition of material carried over a longer

time in a given size fraction. Both regional and local changes in

mineralogy can be related to changes in drainage basin lithology, and
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the grain size characteristics of material derived from each source

area can be explained in terms of geologic and geographic factors active

in each setting. The grain size of the fluvial material carried in

suspension varies with source area so that source area contributions

are not constant over the entire size range. Amorphous material is a

minor component in the 2-20 im fraction, but it may comprise 25-50%

of the <2 um material derived from the Washington Coast Range, Klamath

Mountains, and California Coast Range. The ability to discriminate

between sediment sources on the basis of mineralogy appears to decrease

in finer grain sizes as a result of increased compositional homogeneity

of the finer sediments. Any source area distinctions which can be made,

however, have broad areal applicability due to the regional extent of

fine-grained sediment dispersal. Such detailed knowledge of source

area composition and variability is necessary before quantitative

estimates of source area contributions to offshore sediments and,

therefore, sediment budgets, can be made.
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CHAPTER II

SEDIMENTOLOGICAL SIGNATURE OF AN EASTERN

BOUNDARY UNDERCURRENT AND ITS ROLE

IN CONTINENTAL MARGIN SEDIMENTATION
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ABSTRACT

Surface sediment samples from 78 cores taken in open slope environ-

ments on the Oregon and Washington continental slopes have been analyzed

for sediment texture and quantitative mineralogy of the 2-20 pm and

<2 pm size fractions. These data have been used to infer dispersal

pathways and mechanisms and to compare the role of eastern and western

boundary undercurrents in sediment dispersal

Material derived from all sources within the study area are

transported north and northwestward across the margin. Two mechanisms

may be active in this dispersal: transport within a weak (<10 cm/sec.)

poleward flow along the continental slope and transport to the north-

west across the shelf by wind-driven winter currents followed by turbid-

layer and fine-grained suspensate transport down the slope. Available

data do not allow a distinction between the two processes to be made,

and some combination of the two may actually be occurring. Columbia

River material in the <2 pm fraction may also be transported southward

along the shelf and upper slope by summer surface currents.

The continental slope off Oregon and Washington is subject to

large sediment contributions from several proximal sources and the

eastern boundary undercurrent is sluggish and variable. Characteristic

mineral signatures can Only be traced for several hundred kilometers,

mean silt grain size does not record current activity, and the relative

importance of down-slope and along-slope processes is difficult to

assess from bottom sediment data. In contrast, the continental slope

and rise of the eastern United States are effectively shielded from
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from proximal sediment sources and subject to the vigorous and persis-

tent circulation of the western boundary undercurrent. As a result,

along-margin processes dominate sedimentation, characteristic mineral

assemblages can be traced for thousands of kilometers, and the mean

silt grain size is a sensitive indicator of current velocity. Process-

oriented studies within the water column are needed to adequately evalu-

ate the relative roles of along-slope and down-slope transport in

sediment dispersal in eastern and western boundary undercurrent systems.
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INTRODUCTION

Detailed studies of recent fine-grained terrigenous sediment

deposition have not been performed on the Oregon and Washington conti-

nental slopes. Previous investigations in the region have concentrated

on the continental shelf (Maloney, 1965; Chambers, 1968; White, 1970;

Scheidegger j., 1971; Harlett, 1972; Sternberg and McManus, 1972;

Kuim etal., 1975) and deep-sea canyon, channel, fan and abyssal plain

systems (Royse, 1964; Russell, 1967; Carison, 1968; Duncan and Kulm,

1970; Duncan etaL, 1970; Griggs and Kuim, 1970; Baker, 1973; Stokke

etal., 1977). Each of these studies emphasized either nearshore

(continental shelf) deposition or the processes, especially active in

submarine canyons, which allow material to bypass the continental slope.

While the dominant process within a canyon may be depositional over a

long time interval (Kuim and Scheidegger, 1979), these features occupy

only a small portion of the slope. Therefore, in order to understand

the processes of transport and deposition which influence most of the

continental slope, detailed sedimentological studies of open slope

environments are needed.

Pt preliminary study of sedimentation on the Oregon margin,

including the continental slope, has been presented by Karlin (1980).

The portion of that study which addressed slope sedimentation was

based on semiquantitative clay mineral abundances in 37 cores taken at

42.5°, 44°, and 45° to 47° N. He identified five major continental

source areas (Washington Coast Range, Columbia River, Oregon Coast

Range, Kiamath Mountains, and California Coast Range; Figure



Figure IT-i. Bathymetry of the Oregon-Washington continental slope

and location of the cores used in this study. Contours are in

meters. The five major source areas identified by Karlin

(1980) are indicated along the coast.
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1), and concluded that material derived from the California Coast

Range and the Kiamath Mountains is carried northward as far as the

Washington continental slope. He proposed the California Under-

current system (Hickey, 1979) as the agent for such transport and

suggested that much of the continental slope is influenced by the

undercurrent flow. While along-margin transport for long distances

has been shown to dominate sedimentary processes under western

boundary undercurrents (WBUC; Heezen etal., 1966; Hollister and

Heezen, 1972; Zimmerman, 1971, 1972; Tucholke etal., 1973; Tucholke,

1975; Johnson and Damuth, 1979; Camden-Smith etal., 1981), the

role of relatively weaker eastern boundary undercurrents in sediment

dispersal and deposition has not been demonstrated.

In the present study Karlin's (1980) preliminary model of pole-

ward transport by an eastern boundary undercurrent is tested by

examining textural and quantitative mineral abundance data from a

set of 78 additional slope cores (Figure 1). Relations between

the mineralogy of slope sediments and adjacent continental source

areas are rigorously examined to establish the transport patterns

and mechanisms effective on the Oregon-WasMngton continental slope.

These data provide evidence for the poleward transport of silts and

clays along the margin, but available current and sediment grain

sizedatado not indicate the existence of a well-developed core

in the eastern boundary undercurrent. This study demonstrates

that the relative importance of a poleward undercurrent along the

Oregon-Washington continental slope is also significantly minimized

by surface current and downslope processes and by dilution from



1
/

several prominent continental sediment sources. This study presents

greater insight into the relative importance of eastern and western

boundary undercurrents in the transport and deposition of fine-

grained sediments along continental margins.
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SAMPLING AND METHODS

Sixty large-diameter gravity cores and six piston cores were

taken in 12 transects across the Oregon continental slope and these

were supplemented with 12 cores taken previously on the Washington

slope by University of Washington personnel (Figure 1). All cores

were specifically chosen to avoid known submarine canyons and

channels. The samples used in this study are from the core tops

(0-5 cm.), thereby providing the most recent material available at

each site. Following disaggregation in 30% H202 (buffered to pH

7.0 to preserve carbonates), textural analyses were performed by

sieving and pipette techniques (Folk, 1980). The <63 pm fraction

of each sample was then separated into <2, 2-20, and 20-63 pm

components by repeated settling and decantation. Oriented mounts

of the <2 pm fraction were made on pre-pressed Ag backings placed

over a gentle suction (Karlin, 1980; Krissek and Scheidegger, l982a),

and the 2-20 pm and the remainder of the <2 pm material were then

freeze-dried.

Random powder X-ray diffraction mounts were prepared for the

2-20 pm and <2 pm fraction of each sample using 10% boehmite (A100H)

as an internal standard according to the technique described in

Krissek and Scheidegger (1982a). By using an internal standard and

generating calibration curves from known mineral standards, it is

possible to calculate quantitative mineral abundances for both

phyllosilicate and non-phyllosilicate minerals in any size fraction

(Gibbs, l967b). All slides were solvated with warm ethylene glycol
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vapor for 8-12 hours immediately preceding analysis on a Norelco

diffractometer. Slides were scanned at a step size of 0.02° 2e per

step and scan time of 3 seconds per step with monochromatic CuK

radiation. The raw data were smoothed with a 17 point Gaussian

algorithm and then plotted on a strip chart recorder. Peak areas

were measured with a polar planimeter. For the random mounts,

abundances of smectite, chlorite, illite, hornblende, quartz and

plagioclase feldspar were quantified using the techniques discussed

in Krissek (1982b). Relative abundances of clay minerals were calcu-

lated for the oriented mounts by the method of Biscaye (1965), and

confirmed that our samples had the same relative composition as those

analyzed by previous wcrkers.

For the quantitative determinations, accuracy is estimated to

be 5% for smectite, 2% for chlorite and illite, and + 1% for

quartz and plagioclase feldspar (Krissek and Scheidegger, l982a;

Scheidegger and Krissek, 1982). Precision is estimated to be +

15% for smectite, + 9% for illite, + 3% for chlorite, quartz, and

plagioclase, and + 1.5% for hornblende. Detection levels are

approximately 15% for smectite, 2% for chlorite, illite, and play-

ioclase, 1% for quartz, and 0.5% for hornblende.

The composition of the plagioclase feldspar was also investi-

gated as a potential sediment tracer using the lattice parameters

discussed by Smith (1956). This technique relates the separation

(in °20) of the (111) and (111) plagioclase peaks to the anorthite/

anorthite + aibite content of the feldspar for low temperature

forms. Although the plagioclase derived from the Columbia River
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and the Oregon and Washington Coast Ranges may be slightly less

ordered than that from the southern two source areas, this easy and

direct analysis provides an additional indicator of plagioclase

composition throughout the entire study area.

The <2 m fraction was examined using Mg and K saturation and

differential thermal techniques (Brindley, 1961; Carroll, 1970) to

discriminate between smectite, chlorite, and smectite-chiorite

intergrades. Representative results are shown in Figure 2; sample

122G is a lower slope core at
450 20' N and water depth of 1651 m. The

similarty of diffractogràñis from the original and the Mg-saturated

samples indicate that the original untreated smectites expand uniformly

in the presence of ethylene glycol. The absence of the 17 A peak in

the K-saturated, 105° C. pattern indicates collapse of the smectites

under conditions of gentle heating, implying that these components

contain little or no chlorite interlayering (Brindley, 1961;

Harward, 1969; Carroll, 1970). There is little change in the

patterns at higher temperatures (Figure 2), reinforcing the inter-

pretation that the material represented by the 17 peak in the

untreated samples is a smectite form with little or no chlorite

interlayering. In addition, the low intensity of the chlorite (001)

peak (l4) relative to the chlorite (002) peak (7) in the K-

saturated 105° and 300° C. patterns indicates that chlorites

throughout the study area are Fe-rich forms (Brindley, 1961;

Carroll, 1970).
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Figure 11-2. Diffractograms of the 3-13° 2 range of Mg and K-

saturated and heat-treated samples from core 122G. Smectites

collapse at 105° C., indicating a relatively pure smectite

structure with limited intérgraded chlorite.
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DATA AND RESULTS

Sediment Age and Distribution

Despite the fact that all samples used in this study were from

core tops, it is still possible that Pleistocene or older deposits were

exposed at the surface. To verify that most of the samples are late

Holocene in age, the relative abundances of radiolaria and planktonic

foraminifera in the <63 fraction were used as a biostratigraphic

indicator (Duncan, 1968; Barnard, 1978). For deep-sea environments

off Oregon, Duncan (1968) established that a change from a foraminifera-

rich to a radiolaria-rich assemblage occurred at stratigraphic levels

approximately 12,500 ybp in age. The same transition occurred between

11,500 and 5,000 ybp on the Washington slope below 1500 m. (Barnard,

1978). Spigai (1971) investigated the microfossil composition of a

suite of cores taken on the southern Oregon slope, and found that

radiolaria-rich assemblages occurred in most of the surface sediments.

Radiocarbon dating and tephrachronology of these sediments indicated

that they were deposited at or after approximately 6600 ybp.

With only three exceptions (all just north of the Columbia River

mouth), the samples used in this study have radiolaria/radiolaria +

planktonic foraminifera ratios of 0.8 or greater, and 67% of the

samples had ratios larger than 0.9. No areally-consistent changes

in the ratio occur in either the along-slope or the down-slope direc-

tions. Thus, with three exceptions, the assumption that these samples

represent middle to late Holocene (i.e., recent) deposits is reasonable.

The combination of numerous structural benches, hills, ridges,

and steep escarpments on the Oregon continental slope with along-margin



changes in sediment supply and dispersal result in non-uniform sediment

accumulation along the slope of this active margin (Kuim and Scheideg-

ger, 1979). Kulm and Scheidegger (1979) described three types of

morphotectonic settings on the slope. The first, which extends from

the California border to the Umpqua River, consists of marginal plateaus,

benches, and intervening escarpments, and show thin sediment cover on

the upper slope and minor sediment ponds behind topographic highs on the

lower slope. The second setting, from the Umpqua River to Cascade

Head (45°OO' N), is a region of steep escarpments and small equidimen-

sional hills and basins with thick, ponded sediments on the upper slope

and thin cover on the lower slope. The third setting contains a large

structural bench on the upper slope and a series of linear, N-NW

trending ridges and intervening basins which form the lower slope from

Cascade Head to the southern Washington margin. Sediments in this

setting form a thick cover on the broad upper slope with minor ponds

deposited in the lower slope basins. Examples of the characteristic

topographies and deposits from these three regions are shown in Kuim

and Scheidegger (1979).

Sediment Mineralogy

Major patterns of the quantitative mineral abundances in the <2 pm

slope sedimetts are suriiiarized in Figure 3. Smectite abundances >90%

are found off the mouth of the Columbia River and extend southward along

the upper continental slope (Figure 3a). Major continental smectite

sources, the Columbia River and the Oregon Coast Range, only contain

60-75% smectite; therefore, some process or processes must be acting to
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Figure 11-3. Quantitative mineral abundances in the <2rn fraction

of the slope sediments. Boundaries of the continental source

areas are shown, and the values given along the coast are mineral

abundances in material derived from each source area (after

Krissek, l982a). The California Coast Range source lies

entirely south of 42° N.

a.) Smectite abundance; major source is apparently the

Columbia River, with subsequent southward transport during

the summer.

b.) Chlorite abundance; major sources are to the south (Kiamath

Mountains and California Coast Range), with subsequent

transport northward.
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further enrich the marine sediments in sinectite. One possible

explanation is that fluvially-derived smectite particles (aggregates)

coarser than <2 1jrnare disaggregated by oceanic water motions, diluting

the original <2 m fluvial material with a pure smectite signal. Because

the 2-20 m sediments derived from the Oregon Coast Range are smectite-

rich (Krissek, 1982b), this mechanism appears reasonable for our study

area. A second cause of the smectite enrichment may be size-selective

transport of the fluvial material (Gibbs, 1967a). However, smectites

are concentrated in the finest portion of the sediments (Gibbs, 1967a;

Arcaro, 1978) so that they should be transported farthest from their

source. Instead, smectite maxima occur near the sources and concentra-

tions decrease offshore, making this mechanism appear unlikely. Finally,

local variations in smectite composition can cause errors in the abun-

dances calculated using a single calibration curve (Krissek and Schei-

degger, l982a). Such errors are extremely difficult to eliminate,

undoubtedly influence our results to an unknown extent, and may be the

major source of uncertainty in the smectite quantification.

While magnitudes differ because of analytical techniques, Karlin's

(1980; Figure 3) montmorillonite (smectite) data indicate highest

abundances on the entire Washington margin and the Oregon margin north

of 44°N and shallower than 500 m. His zone on the Oregon margin corre-

sponds to the smectite-rich region shown by our data (Figure 3a), but

our data indicate no corresponding smectite enrichment off Washington.

Karlin (1980) analyzed no samples from the Washington continental shelf

and his Washington slope samples were located both in and between canyons.



In contrast, our data are limited to non-canyon samples (Figure 1).

Both Baker (1973) and Karlin (1980) demonstrated that Washington upper

canyon samples are enriched in montmorillonite relative to the rest of

the slope. Therefore, KarlirYs (1980) montmorillonite-rich zone on the

Washington margin may reflect the combined influences of sample location,

analytical technique, and extrapolation of slope results onto the

Washington continental shelf.

The abundance pattern shown in Figure 3a indicates that smectite

dominates the <2 pm mineral assemblage over the entire study area,

forming >40% of the finest sediment fraction. Both semiquantitative

(Karlin, 1980) and quantitative data indicate zones of smectite enrich-

ment along the upper continental slope north of 44°N and extending

downslope directly offshore from the Columbia River. This material may

be derived either from the Columbia and transported southward or from

the Oregon Coast Range and transported northward and offshore. Neither

data set by itself allows a distinction between the two possibilities.

The smectite abundance decreases downslope (Figure 3a), perhaps reflect-

ing dilution by material transported northward along the middle to lower

slope from the southern source areas as proposed by Karlin (1980).

However, our smectite data provide no direct evidence in support of his

model.

Chlorite abundances in the <2 urn fraction of the slope sediments

(Figure 3b) decrease from south (>5%) to north (<3%); the highest conti-

nental chlorite values are found in the Kiamath Mountain and California

Coast Range source areas. Hays (1973) identified chiorites found off-

shore from the Kiamath Mountains as type lib polytypes; our data indicate



that the chlorites found on the continental slope throughout the entire

study area are type lib polytypes, similar to material derived from

the Kiamath Mountains and the California and Washington Coast Ranges

(Krissek, 1982b). Although the chlorite abundances shown in Figure 3b

seem suspiciously low and the smectite abundances in Figure 3a appear

quite high, the results of Mg and K saturation and differential thermal

analyses of the <2 pm fraction indicate that the diffraction peaks used

for the quantitative mineral estimates do represent only chlorite and

smectite components (Figure 2). Chiorite-smectite intergrades do not

appear to form a significant portion of the <2 pm fraction.

Because we have no samples at water depths less than 200 m, there

is no data control on the location of the 5% contour south of 430 N.

Karliri (1980) shows semiquantitative chlorite abundances >50% for the

entire margin south of 43°20'N, but five of his nine shelf samples from

this region had contents below 50%. Therefore, the exact relationship

of the offshore chlorite high to the continental source areas remain

unknown. Northward transport of material by some mechanism does appear

to influence most of the Oregon continental slope and the Washington

slope south of 47°N and deeper than 500-1000 m.

The major features of the mineral abundance patterns for the 2-20

pm fraction are summarized in Figure 4. Smectite was not detected in

the 2-20 pm fraction of the marine sediments (though Oregon Coast Range

rivers did contain smectite in their 2-20 pm fraction; Krissek 1982b),

the quartz abundance pattern is similar to that exhibited by plagio-

clase feldspar (Figure 4a), and illite abundances show limited along-

margin structure.
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Figure 11-4. Mineral data in the 2-20 pm fraction of the slope

sediments. Source area boundaries are shown and values given

along the coast are mineral data for material derived from each

source area (after Krissek, 1982a). The California Coast Range

source lies entirely south of 420 N.

a.) Feldspar abundances; the major source appears to be the

Columbia River, with transport to the northwest.

b.) Separation of the plagioclase (ill) and (111) diffraction

peaks (°29), which is related to the relative albite/

anorthite content ofthe feldspar (Smith, 1956). Piaqio-

clase composition indicates northward transport of material

along the margin.

c.) Hornblende abundance; the major source is the Klamath

Mountain area, with both downslope and along-margin

transport.

d.) Chlorite abundance; the major sources are the Kiamath

Mountains and the California Coast Range, with subsequent

northward transport.
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Feldspar contents of the 2-20 p.m fraction (Figure 4a) are highest

(>40%) on the Washington margin to the north-northwest away from the

Columbia River. Slightly lower values (30-40%) occur southward and

seaward of this zone, and extend furthest southward along the uppermost

continental slope. A zone with contents >30% also trends northward and

downslope from the southern boundary of the study area. The plagioclase

(lll)-(lil) peak separation increases from south to north (Figure 4b),

paralleling a similar trend which occurs in the composition of the

continentally-derived plagioclase. This change indicates a shift from

relatively albite-rich to relatively more anorthite-rich feldspars from

south to north (Smith, 1956). Maximum relative northward transport

appears to occur on the middle to lower slope (1500-2000 m), with

moderate transport below 2000 m. and weakest transport on the upper

continental slope. The apparently weak northward transport on the

upper slope, however, may reflect dilution either by Columbia River

material which is transported southward on the continental shelf and

upper slope or by Oregon Coast Range material which is transported

offshore and to the northwest. While some northward component of

transport does appear to occur on most of the slope, the actual process

involved cannot be determined from our sediment data.

Hornblende abundances (Figure 4c) have a maximum (10-15%) in the

upper slope samples at 43°-44°N, and decrease both downslope and along-

slope to the north. Hornblende-poor samples seaward of this maximum

are thought to be strongly diluted by material derived from the Cali-

fornia Coast Range (Krissek, l982a). In agreement with the plagioclase

compositional data (Figure 4b), maximum northward transport appears
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to occur below approximately 1000 m, but the hornblende distribution

pattern also indicates a significant westerly (downslope) component

of dispersal, especially close to the Klamath Mountain source area.

Chlorite abundances decrease from south to north in the 2-20 pm fraction

(Figure 4d) as they do in the <2 pm fraction (Figure 3b), with the

southern source areas (Kiamath Mountains and California Coast Range)

containing relatively high chlorite abundances in their fluvial sedi-

ments. All chiorites are type lib polytypes. As before, however,

while northward transport of material appears to influence most of the

continental slope, no direct evidence indicates the connection between

source area and site of deposition. The dispersal mechanism, therefore,

remains open to question, especially in view of the downslope transport

which occurs proximal to the continental source areas (Figures 3b, 4c,

and 4d).

Sediment Texture

The textural composition, both bulk and fine (<62 pm) fraction,

of the slope sediments is summarized in Figure 5. The slope has been

divided into four depth ranges, and results from two transects each

from the northern (46°20' and 45°50'N.), central (44°40' and 44°30'N.),

and southern (430101 and 42°40'N.) Oregon slope have been averaged

within these depth ranges. The data show a general trend of grain size

decreasing downslope by a drop in sand content, increase in weight

percent in the >9 (<2 pm) size fraction, and shift of the silt size

distribution toward smaller grain size. In an along-margin sense, the

sediments become firie-grained from south to north at all depth intervals
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Figure 11-5. Grain-size frequency distributions of the <63 m

fraction of slope samples from four water depth ranges. The

north, central , and south profiles are averages of data from

two transects each. Sand contents are also listed. Sediments

become finer-grained both downslope and alongslope from south

to north.
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as evidenced by increasing weight percent in the <2 im (>9 ) fraction

and subtle shifts in the silt size distribution toward smaller grain

size. The presence of a channel on lower Astoria Fan near the deepest

northern samples may indicate that downslope processes dominate depo-

sition in this region and explain the relatively coarse nature of these

samples. The regional pattern of decreasing grain size from south to

north is overlain with much local variability. No distinctive textural

signature appears consistently along the slope at any depth to indicate

the presence or effects of an eastern boundary undercurrent. Instead,

the local and regional variations may reflect the input of relatively

silt-rich material from the southern source areas and the clay-rich

nature of Columbia River sediments (Krissek, l982b), combined with the

localized influence of the other continental sources. In addition, the

relatively weak nature of an eastern boundary undercurrent may limit

its capacity to distinctly modify sediments derived from many proximal

source areas.
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DISCUSSION

Sediment Dispersal and the Poleward Undercurrent

The data presented herein indicate that northward transport of

material does occur along the Oregon and Washington continental margin.

However, no evidence directly indicates the processes involved in such

transport. One mechanism, proposed by Karlin (1980), is that a north-

ward-flowing undercurrent influences sedimentation on most of the conti-

nental slope, carrying material into the system from the southerly

(Kiamath Mountain and California Coast Range) source areas. Another

mechanism, proposed by Spigai (1971) from a study limited to the conti-

nental margin off southern Oregon, emphasizes the importance of more

direct downsiope transport of silts and clays during winter in low-

density turbid layers and fine-particle suspensate. These bottom turbid

layers are thought to be generated predominantly by long-period swell

on the continental shelf, and then move north and west across the shelf,

past the shelf break, and down the slope in both canyon and open slope

environments. In order to assess the importance of these two mechanisms

to slope sediment dispersal and deposition, the data presented above

must be examined in light of present knowledge of the physical oceano-

graphy and seasonal ity of sediment input on the Oregon-Washington

continental margin.

Maximum discharge from the Columbia River occurs during the

late spring and early summer (33-50% of the total annual discharge is

released in April, May, and June; Whetten etal., 1969) because



the discharge is derived from mountain snowmelt. Peak discharges of

streams in the other source areas occur as a result of winter storms,

and are concentrated in December, January, and February. However,

because of the influence of storm runoff on tributaries of the lower

Columbia, its winter sediment discharge is not negligible.

The oceanographic conditions of the region also vary seasonally.

In spring (March to June), currents flow southward across the entire

continental shelf at all depths, but speeds at the surface are

about twice those near the bottom (Huyer etal., 1975). From July

to October, surface flow is southward and deep flow is northward;

a southward coastal jet occurs 12-18 km offshore while the deep

northward velocity increases with distance offshore. Mean monthly

surface speeds are on the order of 20-40 cm/sec. (Huyer et al.,

1975). In fall and winter (October to March), the current is to

the north at all points across the shelf and speeds are relatively

independent of depth, with maxima of approximately 20 cm/sec.

(Huyer etal., 1975).

Calculations using dynamic topographies and the geostrophic

assumption indicate northward subsurface flow, termed the California

Undercurrent (Hickey, 1979), over the continental slope in May

and November (Ingraham, 1967), September (Reed and Halpern, 1973),

September and October (Reed and Halpern, 1976), and July (Halpern

etal., 1978). The calculated velocities are generally less than

10 cm/sec. , and the strongest flow is commonly located inshore of

the 2000 m. isobath, i.e., overlying the continental slope.
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Short-term direct measurements of near-bottom current speeds in water

depths of 725 m to 1700 m off central Oregon range from 5-20 cm/sec

with maxima from 20 to 40 cm/sec (Korgen etal., 1970). The speed shows

a systematic and significant increase with decreasing depth. However,

neither the current directions nor the time of this study are given by

Korgen etal. (1970). Measurements on the Oregon and Washington slope

have been interpreted as indicating the presence of a relatively high-

speed core within the undercurrent from May through September (Huyer

and Smith, 1976), with a maximum speed of 16 cm/sec. (averaged over six

weeks). Data on the lateral and vertical extent of the flow are limited,

but the core appears to migrate seasonally, shoaling from deeper than

400 rn in May to the shelf edge (200 m) by June (Huyer and Smith, 1976).

However, more recent direct current measurements from the Oregon and

Washington continental slope (A. Huyer, 1982, personal communication)

show weak mean southward flow along the bottom at water depths below

700 m. during the period 1 February to 31 March 1978. During the

interval from 25 May to 10 July 1978, mean currents along the bottom

were to the north, with speeds of >5 cm/sec. above 500 m, 2-5 cm/sec

between 500 m- and 700 rn, and <2 cm/sec. below 700 m water depth.

In summer, northward subsurface flow on the continental slope is well-

documented for the spring and summer seasons, but available data

indicate weak subsurface flow over the slope during the winter.

Inter-annual variability in the winter flow regime, however, is unknin.

In light of these most recent current measurements, the role of

the poleward undercurrent in the northward transport of material
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derived from the southern source areas (Klamath Mountains and California

Coast Range) during their peak winter discharge appears open to question.

If the deep-water flow is indeed southward at this time, then northward

dispersal of material is not occurring within the poleward undercurrent

because the poleward undercurrent does not exist! The wind-driven

surface currents and associated turbid layers proposed by Spigai (1971)

must then dominate the transport activity. Such turbid layers and fine-

grained suspensates may act as the near-shore and shelf-break sources

for horizontally-advected, intermediate-depth nepheloid layers observed

off Oregon and Washington in October and November (Pak eta]., 1980).

Because wind-driven northerly surface currents exist over the entire

length of the Oregon-Washington shelf during the winter (Hickey, 1979),

their activity could influence material derived from all source areas.

In addition, any relatively coarse-grained components brought out of the

Columbia during its summer discharge and temporarily deposited near its

mouth can be resuspended by the long-period winter storm waves and

transported north-northwesterly across the margin (Sternberg and McManus,

1972). Such a sequence of episodic transport events would produce the

pattern exhibited by the feldspar abundance of the 2-20 3.lm fraction

(Figure 4a).

Inter-annual variability in the deep water flow over the slope is

unknown. If the flow is actually northward during most winters, then

these data do not allow distinction between transport within the under-

current and transport across the shelf in turbid layers followed by

downslope processes. Under these conditions, some combination of the

two transport mechanisms may cause sediment dispersal to the north-



northwest, as exhibited by the chlorite and hornblende abundance

patterns (Figures 3b, 4c, and 4d). Karlin (1980) does not discuss how

the poleward undercurrent obtains its sediment load; the model proposed

by Spigai (1971) provides a mechanism for the introduction of such

material to the undercurrent which is consistent with both the winter

current pattern and the bottom sediment data.

During the late spring and early summer, circulation is southward

across the entire shelf (Huyeretal., 1975). As a result, the

Columbia River effluent at its time of peak discharge forms a plume

in the surface waters which has been traced using temperature, salinity,

and light scattering (Pak etaL, 1970). This plume moves to the

south-southwest, so that at 44°40'N. its axis lies 80 km off the coast

(40 km seaward of the shelf break). The axis can be traced for 100 km

by its particle content (McCave, 1979).

Since the Columbia River is the only source with a spring/summer

discharge peak, only material derived from the Columbia should show

the effect of southward transport within the surface waters. In this

case, the strength and location of the poleward undercurrent has

limited influence on sediment dispersal because the Columbia River

effluent generally remains confined to the wind-driven upper 20-30 m

of the water column (Pak etal., 1970). The zone of high (>90%)

smectite abundance along the Oregon upper continental slope (Figure 3a)

lies beneath the summer position of the Columbia River plume; however,

our data do not eliminate the Oregon Coast Range as a source of these

smectites, implying winter discharge and subsequent northwesterly

transport by wind-driven surface currents. On the basis of his
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suspended sediment budget calculations, Karlin (1980) estimated that

the Columbia River contributes three times as much material as the

Oregon Coast Range, but he was also unable to distinguish the source

of these smectites. If these smectites are derived from the Columbia

River, the poleward undercurrent may limit their southern-most

occurrence by acting on particles settling from the surface waters to

the sediment-water interface. In such a case, particles with the

lowest settling velocities would be transported furthest back to the

north during their transit time through the water column, allowing

the poleward undercurrent to exert a secondary control on the southern

limit of Columbia River sediment distribution,

Relative Importance of Eastern and Western Boundary Undercurrents on
Sediment Dispersal

Investigations of the sediments beneath western boundary under-

currents (WBUC), especially those of the eastern United States conti-

nental slope and rise, have identified mineralogic (Heezen etal.,

1966; Hollister and Heezen, 1972; Zimmerman, 1972; Kiasik and Pilkey,

1975; Tucholke, 1975), palynmorphic (Needham, 1969; Habib, 1972),

and textural (Ledbetter, 1979; Ledbetter and Ellwood, 1980; Ledbetter

etal., 1981; Bulfinch and Ledbetter, 1981) characteristics which

reflect the predominant role of the WBUC in sediment dispersal and

deposition. Low fluvial suspended sediment discharge, trapping of

fine-grained sediments within the coastal estuaries, and the location

of the strong Gulf Stream current between the coast and the conti-

nental slope/rise limit the amount of terrigenous material which moves
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directly downslope from the continental source areas (Heezen etal.,

1966; Zinnierman, 1972). This effectively reduces the number of sources

which contribute to the slope/rise deposits, making it easier to pre-

serve and recognize distinctive mineral signatures in the sediments.

The major sources of material for sediments beneath the WBUC in the

last glacial period were the Triassic and Paleozoic redbeds of the

Gulf of St. Lawrence (Heezen etal., 1966), while Holocene deposits

appear to be derived from Labrador Sea sediments (Zimmerman, 1972).

These sediments can be traced for distances of 1000-3000 km by their

mineralogy alone. In addition, the WBUC itself is a strong and persis-

tent feature (Zimmerman, 1971, 1972; Hollister and Heezen, 1972;

Stanley etal., 1981), with average velocities from long-term near-.

bottom current meter moorings of 10-20 cm/sec. and maximum values of

40 cm/sec. or greater (Stanley etal., 1981). This vigorous circu-

lation winnows the underlying sediments, so that coarsening of the mean

silt grain size in a transect of samples across the WBUC has been used

to locate its high velocity core (Bulfinch and Ledbetter, 1981).

If the poleward undercurrent is the dominant process in the north-

ward transport of material along the Oregon-Washington slope, it should

also leave a distinctive signature in the underlying sediments. The

mineral data presented above do not provide such a distinctive signa-

ture because of the presence of several large sediment sources within

the study area and their apparent influence on adjacent slope deposits.

Pacific Northwest estuaries do not trap fine-grained fluvial sediments

(Peterson etal., 1982), and winter circulation on the shelf (during

peak fluvial discharge) may transport the resultant turbid layers and
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fine-grained suspensates to the shelf break (Spigai, 1971). Ps a

result, the slope is not isolated from proximal source areas, and

distinctive mineral signatures can only be traced for several hundred

kilometers along the margin. The undercurrent itself is also relatively

weak, with average velocities of approximately 2-7 cm/sec. and maximum

of 16 cm/sec. (F1uyer and Smith, 1976; A. Huyer, 1982, unpublished data).

Because of both the weak circulation and grain size variability between

sources (Krissek, 1982b), mean silt grain size shows no pattern along

the Oregon continental slope which indicates the position of the under-

current or any high velocity "core (Figure 6). The location of the

poleward undercurrent, if it is indeed the major transport mechanism

for the northward dispersal of material, is therefore not recorded

either texturally or mineralogically in the underlying sediments.

Although the sediment mineralogy indicates that northward trans-

port influences the entire slope, our data do not allow distinction be-

tween material transported by the poleward undercurrent and that carried

across the shelf and downslope in turbid layers and fine-grained sus-

pensate. The lack of a distinct record of along-margin flow beneath

the eastern boundary undercurrent, however, implies that it plays a

less dominant role in sediment dispersal than a western boundary under-

current. Further fieldwork is needed to more clearly outline the

processes involved in sediment transport within our study area. The

behavior of the poleward undercurrent during the winter must be studied

more extensively, and suspended particulate and sediment trap samples

from the continental shelf and slope waters must be obtained and

analyzed. Only such process-oriented studies will allow the relative
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Figure 11-6. Mean silt grain size plotted against water depth for

six transects (two each from the northern, central, and southern

Oregon slope) across the slope. No recognizable pattern of

sediment coarsening occurs at depth on the slope to indicate the

location of a high-speed core" of the eastern boundary under-

current.
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and seasonal importance of along-margin vs. down-slope sediment

transport to be determined within an eastern boundary undercurrent

system.
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CHAPTER III

CONTINENTAL SOURCE AREA CONTRIBUTIONS TO

FINE-GRAINED SEDIMENTS ON THE OREGON AND WASHINGTON CONTINENTAL SLOPE

AS CALCULATED BY LINEAR PROGRAMMING



ABSTRACT

Chemical and quantitative mineral abundance data for the 2-20 pm

and the <2 pm fractions of 78 samples from the Oregon-Washington

continental slope have been modelled using linear programming to

estimate sediment contributions from continental source areas. In the

2-20 pm fraction, the mineral data distinguish three source areas

while the chemical data define only two. Results from the two data

sets indicate similar patterns and magnitudes of source area influence

on the continental margin. In the <2 pm fraction, the mineral results

indicate very high Columbia River influence on the entire mar-

gin and the chemical results do not agree with single mineral abun-

dance patterns. The difficulties with the calculation in the <2 m

fraction may be caused by the uniform nature of the <2 m data.

Both sets of results for the <2 pm fraction are therefore considered

of limited usefulness.

The contributions are used to construct a sediment budget for

2-20 pm-sized sediments on the continental slope. The slope sedi-

ments contain approximately 47% Columbia River, 32% Klamath Mountain,

and 21% California Coast Range material. Approximately 25-50% of the

Columbia River, 29-46% of the Klamath Mountain, and 7-12% of the

California Coast Range annual suspended sediment input is retained

on the slope, indicating that the slope acts as a more effective trap

of 2-20 pm material from proximal than distal source areas. This

study also demonstrates the importance of multiple sediment sources

and sediment mixing in the formation of hemipelagic sediments on a

continental margin.
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INTRODUCTION

Past studies of fine-grained sediment dispersal in marine environ-

ments have benerally inferred the relative importance of multiple

source areas on the basis of the abundance of single minerals (especial-

ly the clay minerals smectite, chlorite, illite, and kaolinite; Biscaye,

1965; Griffin etal., 1968; Kolla and Biscaye, 1973; Kolla etal.,

1976; Pinet and Morgan, 1979; Griggs and Hem, 1980; Karlin, 1980).

However, the proposed contributions cannot be quantified by such a uni-

variate approach, particularly if a sedimentary deposit receives contri-

butions from two or more sources. Heath and Dymond (1977) applied

normative analysis to a data set of elemental abundances from deep-sea

sediment samples in order to describe the sediments as mixtures of

hydrothermal, detrital, hydrogenous, and biogenous material end-members.

Dymond and Ekiund (1978) used a lihear programming solution of elemental

abundances to estimate constituent abundances in metalliferous sediments.

Heath and Pisias (1979) also used linear programming to convert X-ray

diffraction analysis results to mineral abundances using talc as an

internal standard. Cobler and Dymond (1980), Dymond etal. (1980),

Dymond (1981), and Heath and Dymond (1981) have continued to expand the

application of linear programming to deep-sea chemical data, and

Heath and Dymond (1981) and Leinen and Pisias (1982) have incorporated

Q-mode factor analysis as an objective technique for the determination

of end-member compositions from the data set.

The dispersal of hemipelagic sediments on the Oregon and Washing-

ton continental slope has been discussed previously in a qualitative

manner by Russell (1967), Duncan etal. (1970), Spigai (1971),
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Olmstead (1972), Baker (1973), Karlin (1980), and Krissek and

Scheidegger (1982b). Only the work by Krissek and Scheidegger (1982b),

however, has involved both analyses of material coarser than 2 pm and

the use of quantitative X-ray diffraction techniques (Gibbs, 1967b).

The first point is important because particles in the 2-20 pm size

range form approximately 40% of the hemipelagic surface sediments on

the continental slope; the second is important because only quantita-

tive mineral abundances can be compared with other absolute (e.g.,

geochemical) data from the same samples (Heath and Pisias, 1979;

Krissek and Scheidegger, 1982a).

On the basis of their recent work, Karlin (1980) and Krissek and

Scheidegger (1982b) concluded that the major continental sources of

sediments found on the Oregon-Washington continental slope are the

California Coast Range, Kiamath Mountains, and the Columbia River

(Figure 1). Both studies indicated that material derived from the

southerly sources is transported northward on the margin for distances

of hundreds of kilometers. While Karlin (1980) emphasized the role of

a poleward undercurrent, Krissek and Scheidegger (l982b) concluded

that the transport could be attributed to either the poleward under-

current, wind-driven winter circulation on the continental shelf and

subsequent downslope transport of turbid layers (Spigai, 1971), or a

combination of the two. In addition, it is known that Columbia River

sediments in the <2 pm fraction are transported southward along the

margin by surface water flow during spring and early summer (Pak etal.,

1970; Karlin, 1980; Krissek and Scheidegger, 1982b). Krissek (l982b)

demonstrated that fluvial sediments derived from each of these source

areas have recognizable mineral signatures in the 2-20 pm size



111

Figure 111-i. Bathymetry of the Oregon-Washington continental slope

and location of the samples used in this study. Contours are

in meters. The location of the major continental source areas

of the Pacific Northwest is shown.
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fraction, but a distinction in the <2 pm fraction can only be made

between the northern (Columbia River) and the southern (Kiamath

Mountain + California Coast Range) sources. The quantitative mineral

data used by Krissek (l982b) and Krissek and Scheidegger (i982b) present

an excellent opportunity for the application of the linear programming

technique to continental margin sediments.

The application of linear programming to quantitative mineral and

elemental abundances from each sample makes it possible to uniquely

address several basic questions related to fine-grained sedimentation

in the marine environment. First, the effects of mixing sediment de-

rived from several source areas on the formation of hemipelagic sedi-

ments are investigated and found to be especially important in regions

of the slope away from a major source. Second, the mineral and chemical

data are modelled independently, and their results indicate that the

mineral data set provides more distinctive sediment tracers. Because

of the relatively uniform composition of the <2 pm fraction, this study

also provides a test of the response of the technique to subtle compo-

sitional differences, and suggests that such modelling has limited

usefulness under these constraints. Finally, the source area contri-

butions calculated during the modelling are used to construct a sedi-

ment budget for the slope. This budget indicates that proximal sources

contribute more sediment to the slope than distal sources, and that

the slope traps a higher proportion of the material discharged each

year from proximal than from distal sources.
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SAMPLING AND ANALYTICAL METHODS

Surface sediment samples from 78 cores taken on the Oregon and

Washington continental slope were used in this study (Figure 1).

Samples from 14 streams entering the Pacific Ocean were used to

characterize the mineral composition of material derived from the

three major continental source areas. Because of the greater time

involved in chemical analyses, only six of these stream samples were

used to characterize the chemical composition of the fluvial sediments.

Because these six streams (Eel and Mad Rivers, Redwood Creek, Klamath,

Rogue, and Columbia Rivers) carry approximately 88% of the total

annual suspended sediment discharged from the three major source areas

and approximately 80% of the total annual sediment discharged from the

entire Pacific Northwest (Karlin, 1980), 1 am confident that these

samples are representative of the material entering the Pacific

Ocean within the study area.

Samples were disaggregated and size-separated into >63, 20-63,

2-20, and <2 .im fractions using standard techniques (Krissek, l982b;

Krissek and Scheidegger, 1982b). The 2-20 im and<2 urn size fractions

were freeze-dried, and sub-samples of each were analyzed using a

quantitative X-ray diffraction technique (Gibbs, l967b). Results

were presented by Krissek (1982b) for the fiuvial samples and by

Krissek and Scheidegger (1982b) for the marine samples. Elemental

abundances of Si, Al, Fe, Ca, Na, K, Mg, Ti , Ba, Sr, Cu, and Mn were

determined by atomic absorption spectrophotometry and colorirnetric

techniques (Krissek etal., 1980).

End-member compositions, representing the material derived from



115

each source area for the four data sets (2-20 m mineral , 2-20 m

chemical, <2 m mineral, <2 m chemical), were calculated using a

discharge-weighted approach (Krissek, 1982b;). Mineral data from 14

streams and chemical data from six streams were used in constructing

the end-members. Annual suspended sediment discharge values were

taken from Karlin (1980).

The end-member compositions were then used in linear mixing equa-

tions which include the weight fractions of each end-member as unknowns.

Linear programming was used to calculate the weight fractions, which

estimate source area contributions to the slope sediments. This tech-

nique is applicable when the system can be expressed as an overdeter-

mined series of simultaneous equations (i.e., the number of individual

mineral or chemical abundances is equal to or greater than the number

of source areas). The general form for each equation is:

%Ms = %MCR(XCR) + %MKM(XKM) %MCCR(XCCR)

where %Ms is the mineral or element abundance in the slope sample,

%MCR, %MKM, %MCCR are the mineral or element abundance in the

Columbia River, Klamath Mountain, and California Coast

Range end-members, respectively.

and XCR, XKM XCCR are the weight fraction of the sediment contributed

by the respective source areas.

Five such equations were used for the mineral calculations and six

equations were used for the chemical data because Q mode factor

analysis of the mineral and chemical abundances indicated that five
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minerals and six elements accounted for most of the variance in the

data sets.

In a three end-member system, each combination of three equations

from the five or six that are available provides a unique solution.

Therefore, criteria must be provided for the selection of a "best"

solution. In the present study, two criteria were established: 1)

all contributions must be non-negative, since negative contributions

have no physical interpretation; and 2) the "best" solution is the one

which minimizes the residual (i.e., the sum, for all minerals or

elements, of the absolute value of the difference between the calcu-

lated and the known abundance).

As discussed by Heath and Pisias (1979), a major unknown in linear

programming is the "stability" of the calculated contributions, i.e.,

how the contributions respond to changes in the initial abundance data.

If the contributions change rapidly with small variations in the

initial data, then the modelling results must be viewed with caution.

If the contributions change only slightly with small fluctuations in

the initial data, then the results can be viewed with greater confi-

dence. Because linear programming is a modelling and not a truly

statistical technique, confidence intervals commonly are not

assigned to the calculated contributions. The residual for these

calculations (i.e., the portion of the initial data unaccounted for

by the modelled composition) ranges from 10% to 15%. Therefore, I

roughly estimate that the uncertainty associated with the calculated

contributions is ±15% (absolute). The uniformity of the chemical data
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may cause larger uncertainties for those results, especially in the

<2 m fraction. Changes in end-member compositions away from each

source area due to size-selective transport (Gibbs, l967a; Arcaro,

1978) may also be a major source of error in the calculated contribu-

tions.



DATA AND RESULTS

THE 2-20 pm FRACTION
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Mineral end-members (Columbia River, Klamath Mountains, and

California Coast Range) for the 2-20 pm fraction are presented in

Figure 2 (Krissek, 1982b). Material derived from the Columbia is

rich in plagioclase feldspar, illite, and quartz, while California

Coast Range sediments also contain chlorite; Klamath Mountain detritus

includes a distinctive hornblende component.

The calculated contributions are mapped in Figure 3. The Columbia

River contribution (Figure 3a) is largest (>75%) to the north-northwest

away from its mouth, with a weaker contribution southward on the

Oregon margin. The southward influence has its maximum extent along

the uppermost slope. The Klamath Mountain contribution (Figure 3b)

is strongest (>75%) immediately offshore from this source region

(compare with Figure 1), and decreases both downslope and alongslope.

The California Coast Range contribution (Figure 3c) is strongest

(generally 25-50%) in a lobe-like feature extending northward along

the middle to lower slope as far as 46.5° N., with slightly lower

contributions outside this feature.

The abundance patterns of plagioclase and hornblende in the 2-20

pm fraction are shown in Figure 4 (Krissek and Scheidegger, l982b) for

comparison with the linear programming results. The Columbia River

is the major plagioclase source (Figure 4a) and plagioclase shows a

large-scale dispersal pattern to the northwest similar to that

exhibited in Figure 3a. South of 46° N., however, the linear

programming results provide a clearer and more detailed picture of
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Figure 111-2. Mineral composition of the discharge-weighted end-

members in the 2-20 pm size fraction (from Krissek 1982b).

The California Coast Range material is chlorite-rich, and the

Klamath Mountain sediments contain a distinctive hornblende

signal.
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Figure 111-3. Linear programming-calculated source area contrIbutions

to the 2-20 m fractiot of the slope sediments based in mineralogy.

a.) Columbia River contribution.

b.) Kiamath Mountain contribution.

c.) California Coast Range contribution.
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Figure 111-4. Mineral abundances in the 2-20 pm fraction of the

slope sediments (from Krissek and Scheidegger, 1982b).

a.) Feldspar abundances. Note similar pattern for the modelled

Columbia River contributions (Figure 3a).

b) Hornblende abundances. Note similar pattern for Klamath

Mountain contributions (Figure 3b).
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Columbia River influence than the single mineral abundance pattern

because equivalent feldspar concentrations can be contributed to this

region from other source areas. Hornblende (Figure 4b) is a distinc-

tive tracer of the Kiamath Mountain material, and provides an excellent

indicator of Kiamath Mountain influence on the upper slope close to the

source (compare to Figure 3b). Because hornblende is unique to the

Kiamath Mountains, its abundance provides a relatively detailed and

sensitive indicator of the Kiamath Mountain influence even at greater

distances from the source. These two examples indicate that single

mineral abundance patterns can provide relatively good indicators of

source area influence when a single source dominates the sediment. In

distal environments material from several sources is mixed, and only

unique mineral tracers (e.g., hornblende for the Klamath Mountains)

can indicate source area contributions. Non-unique tracers (e.g.,

feldspar) are poor indicators of source area influence in distal environ-

ments. In areas where sediment is supplied by several sources (as on

the central Oregon slope), the niultivariate approach of linear program-

ming provides better indicators of source area contributions than the

univariate approach of mineral abundance patterns.

The chemical compositions of the three major end-members in the

2-20 fraction are listed in Table 1, and abundances for the Klamath

Mountain and California Coast Range sources are normalized to the

Columbia River source and plotted in Figure 5. The two southerly

sources show similar patterns relative to the Columbia River abundances

with enrichment in Mg and Fe and depletion in Ca, Ti, and Sr. Mean



Table 111-1. Discharge-weighted source area chemical compositions.

ELEMENTAL ABUNDANCES (weight % of the oxides)

AREA Si Al Fe Ca Na K Mg Ti Ba Sr Cu Mn

Columbia River 58.76 14.75 6.76 2.71 2.14 1.79 2.30 1.45 0.079 0.030 0.004 0.109

2-20 pm

Kiamath Mountains 55.59 15.65 8.55 2.40 2.08 1.48 6.02 0.84 0.071 0.015 0.005 0.113

2-20 pm

California Coast 56.26 16.65 8.24 1.06 2.10 1.89 4.61 0.90 0.065 0.010 0.004 0.108

Range, 2-20 pm

Columbia River 50.40 12.88 8.48 1.24 0.52 1.40 2.14 0.92 0.064 0.015 0.010 0.218

<2 pm

Klamath Mountains 44.32 17.25 10.39 1.54 1.16 1.93 7.08 0.99 0.080 0.012 0.016 0.177

<2 pm

California Coast 45.36 19.80 10.19 0.69 0.82 3.02 6.29 0.82 0.090 0.006 0.010 0.142

Range, <2 pm
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Figure 111-5. Chemical composition of the discharge-weighted end-

members in the 2-20 m size fraction normalized to the Columbia

River source. Fe, Ca, K, Mg, Ti, and Sr were used in the linear

programming model 1 ing.
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elemental abundances for the 2-20 pm fraction of the marine samples

are given in Table 2, and the small standard deviations about these

mean values indicate that the slope sediments have relatively uniform

compositions throughout the study area. Results of a Q-MODE factor

analysis with elements normalized to equal means but before varimax

rotation (Leinen and Pisias, 1982) support this conclusion. The first

principal factor identified by the analysis indicates that 96.6% of the

data variance is explained by the mean chemical composition. Only 3.4%

of the variance is associated with changes from that mean value.

As a result of subsequent varimax rotation in the Q-MODE factor

analysis, six elements were identified as best explaining the varia-

bility in the data set (Leinen and Pisias, 1982). These elements were

Fe, Ca, K, Mg, Ti, and Sr. The factor analysis also identified only

two terrigenous-related factors in the data set. The first, which

accounted for 44.5% of the data variance, was dominated by Fe and Mg

and corresponded to the general composition of material derived from

the southern source areas (Kiamath Mountains + California Coast Range).

The second factor, which accounted for 36.5% of the data variance, was

dominated by Ca and Sr (probably associated with anorthite-rich plagio-

clase (Krissek and Scheidegger, 1982b)), and corresponded to the

general composition of material derived from the Columbia River. The

third factor, which accounted for 17.9% of the data variance and was

dominated by K, had highest loadings offshore and could not be related

to any continental source area.

Because of the results of the factor analysis and the data

presented in Figure 5, the 2-20 pm fraction was modelled by linear



Table 111-2. Chemical composition of Oregon-Washington slope sediments.

SIZE FRACTION MEAN ELEMENTAL ABUNDANCE ± 1 STANDARD DEVIATION (weight % of the oxide)

Si Al Fe Ca Na K Mg Ti Ba Sr Cu Mn

2-20 m 60.67 14.51 6.50 1.98 2.35 1.96 3.93 0.98 0.084 0.021 0.004 0.070
±3.27 ±0.89 ±0.80 ±0.53 ±0.25 ±0.59 ±0.78 ±0.09 ±0.026 ±0.008 ±0.001 ±0.010

<2 jim 48.16 16.56 8.91 1.15 0.88 2.08 4.88 0.88 0.081 0.014 0.011 0.087

±2.34 ±0.65 ±0.52 ±0.33 ±0.33 ±0.26 ±0.67 ±0.06 ±0.020 ±0.004 ±0.003 ±0.030

()
C.)
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programming using only six elements (Fe, Ca, K, Mg, Ti, and Sr) and two

end-members (a northern [Columbia River] and a southern [Klamath Moun-

tains + California Coast Range] source). However, the analysis was

performed twice, using different weighting schemes for the elemental

abundances in each case. In the first analysis, all elements were given

a weight of 1.0, so that the most abundant elements have the greatesf

influence on the model. In the second analysis, elements were assigned

unequal weights such that all elements had equal means and therefore all

had an equal influence on the model. Mean residual for the calculation

with equal weights was 6.5% and K consistently had the maximum residual.

This reflects the importance of K in explaining the variance within

the slope data set while K contents of the end-members are relatively

uniform (Figure 5). Mean residual for the calculation with equal

elemental means was 11.0%. Iron consistently showed the maximum resi-

dual, refleting the decreased influence of the most abundant element

when non-constant weighting factors are used to produce equal elemental

means. Results of the two analyses generally agree within ±15% (abso-

lute), but because the model with equal elemental weights gave a better

agreement of the calculated and measured abundances, its results are

presented here.

The calculated contributions show areal patterns similar to those

from the mineral-calculated contributions. The Columbia River end-

member is shown as an example (compare Figure 3a and 6). Highest

Columbia River influence again occurs to the northwest of its mouth,

with lower contributions extending southward on the slope. The zone

of relatively low (<25%) contributions on the middle slope at
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Figure 111-6. Columbia River contributicri calculated by linear pro-

gramming of the chemical data. flote similarity of the pattern

to Figures 3A and 4A.
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approximately 45°N. in the chemical results may reflect a change in

the stability of the calculated contributions between the two data

sets (Table 3). Small changes in the chemical data produce a large

change in the calculated contributions, while the mineral results

change only slightly with larger data fluctuations. The relatively

uniform chemical data appear to produce more unstable results than the

mineral modelling.

The magnitudes of the Columbia contributions calculated from the

two data sets also agree reasonably well (Figure 7). Mineral contri-

butions tend to be higher than the chemical results, especially on the

central and southern Oregon slope, but the reason for this is unknown.

I speculate that this difference arises because a Columbia-type minera-

logy can be obtained by diluting the southern source mineralogies with

some non-quantified component (opal, carbonate, or locally-important

Oregon Coast Range material). The Columbia contribution may therefore

be exaggerated whenever a non-quantified mineral component is present.

Alternately, the uniformity of the chemical data may cause those results

to respond much more quickly and unstably to compositional changes,

decreasing the calculated Columbia contribution. Such explanations,

however, are purely speculative.

THE <2 in1 FRACTION

The <2 im mineral end-members (Krissek, l982b) are shown in Figure

8. Columbia River material is dominated by smectites. Klamath Moun-

tain and California Coast Range sediments have a more diverse



Table 111-3. Mineral and chemical composition of the 2-20 urn fraction of adjacent samples used for
the linear programming modelling, listed with the modelling results.

Sample Mineral Abundance (wt.%) Source Area Contributions (%)

Chlorite Illite Hornblende Quartz Feldspar Columbia R. Klamath Mtns. Calif. Coast Range

122 11 25 3 21 26 32.6 67.4 0

123 9 30 4 19 26 44.7 55.3 0

Sample Elemental Abundance (%) Source Area Contributions (%)

Fe Ca K Ti Sr Col umb i a R. Kl ama th Mtn s. Calif. CoatR
120 6.26 1.76 1.94 3.76 1.06 0.02 25.8 57.7 16.5

121 6.22 1.59 1.94 4.08 1.00 0.02 6.3 72.9 20.8
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Figure 111-7. Comparison of the Coiumbi River contributions cal-

culated using mineral and chemicai data. Line shown has slope =

1 with uncertainty estimates of ±15%. Equation of the regression

line is given.
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Figure 111-8. Mineral composition of the discharge-weighted end-

members in the <2 1.im size fraction (Krissek, 1982b). Columbia

River material is smectite-rich, while the southerly sources

have more diverse mineralogies.



COLUMBIA
RIVER

KLAMATH
MOUNTAINS

NORTHERN
CALIFORNIA %

COAST RANGE

60

40

20

0

WI-

Figure 111-8

DISCHARGE WEIGHTED
END MEMBER
COMPOSITION

S SMECTITE
C CHLORITE
I ILLITE
Q QUARTZ
F PLAGIOCLASE FELDSPAR



143

mineralogy, containing equal to subequal amounts of all five measured

minerals. A Q-mode factor analysis of the mineral data identified only

two distinguishable sources. The first source, indicated by a factor

rich in illite and chlorite which accounted for 47.4% of the data

variance, was a combined Klamath Mountain-California Coast Range source;

the second, indicated by factors rich in feldspar and smectite which

accounted for 38.5% and 12.7% of the data variance respectively, was

the Columbia River. Therefore, the <2 i.im mineral data were modelled

using only two end-members (Columbia River and Klamath Mountain +

California Coast Range).

Results of this calculation are shown in Figure 9. These data

suggest that the contribution of fine-grained Columbia River material

is extremely high (>90%) off its mouth and southward on the slope,

especially the uppermost slope (Figure 9a). The Columbia River influ-

ence is estimated to be greater than 50% over the entire study area.

This value seems quite high in view of the available sediment source

data which indicate that both the California Coast Range and the Kiamath

Mountains discharge more suspended sediment annually than the Columbia

(Karlin, 1980). In addition, the fine-grained silt data indicate a

predominant northerly transport, contrasting strongly with the pattern

shown for the <2 jim fraction (Figure 9a). The contribution from the

southern source (Figure 9b) is the inverse of the Columbia River

pattern, with decreasing influence from south to north but an isolated

zone of contributions greater than 25% on the Washington slope. This

zone of increased influence on the Washington slope may be caused

either by the local input of Washington Coast Range material , with a
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Figure 111-9. Linear programming-calculated source area contribu-

tions to the <2 m fraction of the slope sediments.

a.) Columbia River contribution.

b.) Southern source (Kiamath Mountain California Coast

Range) contribution.
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mineralogy similar to that from the southern source (Krissek, 1982b),

or by dilution of the southern influence on the northern Oregon slope.

If southern source material is transported northward along the entire

Oregon-Washington slope (Karlin, 1980; Krissek and Scheidegger, l982b;

Figure lOa), but the Columbia River influence is strongest on the

northern Oregon slope, then the relative influence of the southern

source will be reduced on the northern Oregon slope. North of the

mouth of the Columbia, where the input of Columbia-derived sediments

is low, the relative influence of southern source components will

again increase.

Because of the predominance of smectite in the <2 i.im fraction of

the marine sediments and of the Columbia River end-member (Figure 8),

the offshore smectite abundance pattern closely resembles the Columbia

River contribution map on the northern and central Oregon margin

(compare Figures 9a and lob). On the Washington and southern Oregon

margin, however, where the sediments appear to be a mixture of material

from the two sources, the magnitude of the Columbia River contributions

appears quite high in light of the regional suspended sediment dis-

charge data of Karlin (1980). The essentially monominerallic nature

of the Columbia River source (Figure 8) allows its contribution to be

adjusted to fit the smectite abundance quite well without influencing

the modelled abundance of the other minerals. Thus, any factor which

increases the smectite abundance (localized Oregon Coast Range input,

size-selective transport on the Oregon slope; Krissek and Scheidegger,

l982b) will cause a concomitant increase in the calculated Columbia

River contribution. As a result, the Columbia River results may
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Figure 111-10. Mineral abundances in the <2 m fraction of the

slope sediments (after Krissek and Scheidegger, 1982b).

a.) Chlorite abundanceS Note weak similarity with Figure 9b.

b.) Smectite abundance. Note weak similarity with Figure 9a.
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reflect transport and depositional processes rather than source area

effects and these results should be viewed with caution.

The chemical compositions of the three major end-members in the

<2 pm fraction are listed in Table 1, and abundances for the southern

two sources are normalized to the Columbia River source and plotted in

Figure 11. The two southern sources show similar patterns relative to

the Columbia River abundances except fdr Ca and Cu, but both are

enriched in Na, Mg, Al, K, and Ba and mildly depleted in Mn and Sr.

Mean elemental abundances for the <2 pm fraction of the slope sediments

are listed in Table 2, and the small standard deviations about these

mean values again indicate compositional uniformity throughout the study

area. The first principal factor extracted by Q-mode factor analyses of

the <2 pm chemical data, weighted to equal means and prior to varimax

rotation (Leinen and Pisias, 1982), accounts for 96.5% of the data

variance. Thus, most of the data variance can be explained by the mean

elemental abundances, and only a small portion (3.5%) is associated

with variations about the mean. The <2 pm fraction of the slope sedi-

ments is enriched in Al, Fe, and Mg and depleted in Si, Ca, and Na

relative to the 2-20 pm fraction, reflecting the increased importance

of phyllosilicate and amorphous phases in the finer material (Krissek

and Scheidegger, l982b).

Results of a subsequent varimax rotation in the factor analysis

identified two distinguishable sources, with Ca, Na, Mg, Ba, Sr, Cu,

and Mn as the important elements. The first source, indicated by a

factor rich in Mg, Cu, and Mn which accounted for 43.2% of the data

variance, was the combined Kiamath Mountain-California Coast Range

source. The second, indicated by a factor rich in Ca, Na, and Sr
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Figure 111-li. Chemical composition of the discharge-weighted

end-members in the <2 -urn size fraction normalized to the

Columbia River source. Ca, Na, K, Mg, Sr, and Mn were used

in the linear programming modelling.
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which accounted for 38.1% of the data variance, represented the

Columbia River source.

Because of the results of the factor analysis and the data pre-

sented in Figure 11, the <2 pm fraction as modelled using only six

elements and two end-members. The analysis was performed using both

equal weights and unequal weights (equal means) for all elements. The

calculated contributions generally agree within ±15%, except for samples

from the Washington slope which the unequal weight (equal mean) analysis

classifies as 100% southern source material. The mean residual is 2.3%

for the equal weight model and 4.2% for unequal weight (equal mean)

calculation. Because the equal weight model has a lower mean residual

and gives more reasonable contribution estimates for the Washington

slope, its results are presented here.

The Columbia River contributions are shown in Figure 12 as an

example of these results. While the chemical and mineral results have

similar patterns on the northern and central Oregon slope (compare

Figure 12 and Figure 9a), the patterns on the Washington slope and the

magnitudes over the entire slope are quite different. The chemical

results show strongest Columbia River influence on the Washington slope,

while most of the Oregon slope contains less than 50% Columbia River

material. The lack of agreement in the magnitude of the Columbia River

contributions is clearly indicated in Figure 13. The chemical results

also show little agreement with the smectite abundance pattern (Figure

lob). Since the 2-20 pm fraction data showed good agreement between

single mineral abundances and calculated contributions close to each

source, the lack of agreement in the <2 pm fraction may indicate that

the end-members are not consistently able to evaluate contributions
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Figure 111-12. The Columbia River contribution to the slope sediments

in the <2 m fraction calculated by linear programming modelling

of the chemical data. Note lack of similarity with Figures 9a

and lOb.
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Figure 111-13. Comparison of the Columbia River contributions calcu-

lated using mineral and chemical data, Lthe shown has slope =

1. Equation of the regression line is given.
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to the compositionally-uniform slope sediments. An alternate explana-

tion is that the chemical results provided better sediment tracers than

the mineralogy.

While the chemical contributions appear more reasonable than the

mineral results in view of Karlin's (1980) sediment discharge data, the

chemical results are extremely unstable (Table 4). Therefore, one set

of the <2 TAm results contains stable but very high values, while the

second contains reasonable but unstable coefficients. For these reasons,

any sediment budget for the <2 3Am fraction must be viewed as tentative.



Table 111-4. Mineral and chemical composition of the <2 pm fraction of adjacent samples used for
the linear programming modelling, listed with the modelling results.

Sample Mineral Abundance (wt.%) Source Area Contribution (%)

Smectite Chlorite Illite Quartz Feldspar Columbia River Southern Source

163 82 6 9 5 3 78.2 21.8

164 98 6 8 3 1

Sample Elemental Abundances (%)

164 1.00 0.64 2.19 6.19 0.01 0.08

165 1.14 0.61 2.34 5.84 0.01 0.08

F:W4 13.3

Source Area Contributions (%)

Columbia River Southern Source

0.0 100.0

21.0 79.0
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DISCUSSION

The processes controlling the dispersal of hemipelagic sediments

on the Oregon-Washington continental margin have been

detail by Krissek and Scheidegger (1982b). Agreement

mineral abundance and mineral contribution patterns (

9 and 10), especially near each source, indicate that

programming results are consistent with the dispersal

in that work and will not be discussed further here.

RELATIONSHIPS BETWEEN CHEMICAL AND MINERAL COMPOSITION

discussed in

between the

igures 3 and 4,

the linear

processes proposed

The data set presented here is one of the first to contain both

elemental and quantitative mineral abundances for hemipelagic sediments.

As such, it provides an excellent opportunity to examine the relation-

ships between the chemical andmineral composition of fine-grained

marine sediments, and the variation of those relationships with sediment

grain size.

The relationship between contributions calculated using chemical

data and those calculated using mineral data in the 2-20 pm fraction

appears reasonable (Figure 7), indicating that the elemental abun-

dances are dominated by mineral components which have been quantified.

Non-quantified components may include carbonates, opal, non-diffracting

or poorly crystalline detrital or authigenic phyllosilicates, or non-

diffracting or poorly crystalline hydrogenous iron oxides and hydroxy-

oxides (Lisitzin, 1972; Cronan, 1974). in the 2-20 pm fraction, the

mineral data account for an average of 84.3% of the sediment (Krissek
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and Scheidegger, 1982b), further supporting the conclusion that other

components exert only a minor influence.

Contributions calculated using the two <2 urn data sets (Figure 13)

show no agreement. Two possible explanations for this lack of agreement

are: 1) sediment phases which were not quantified in the mineral data

may exert a strong influence on the sediment chemistry, and 2) the

linear programming technique may not consistently estimate source area

compositions when the end-members and slope sediments are relatively

uniform. In order to determine the possible influence of non-diffracting

or poorly-crystalline phases (especially aluminosilicates and iron

oxyhydroxides) on the sediment chemistry, eight samples were analyzed

with a selective acid ammonium oxalate leach (Wang, 1978). Of the

eight samples, four had relatively good agreement for the mineral and

chemical results; it was hypothesized that these four samples contained

little or no non-diffracting or poorly-crystalline material. The other

four samples showed very poor agreement between the calculated contri-

butions; it was hypothesized that these four samples contained much

non-diffracting and/or poorly-crystalline material.

The acid ammonium oxalate leach is a standard soil analysis

technique (Wang, 1978) which dissolves amorphous inorganic Fe and Al

and organic-complexed Fe and Al. The leach solutions were analyzed

by atomic absorption spectrophotometry for the extracted Fe and Al,

and results (mean ±1 standard deviation) are summarized in Table 5.

The results indicate that no difference exists in the extractable Si,

Al, and Fe contents of the <2 'him fraction of these two groups. There-

fore, I conclude that the abundance of non-diffracting material is
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Table 111-5. Chemical composition of acid ammonium oxalate leach
from samples initially believed to contain little
(Group 1) and much (Group 2) non-diffracting material
in the <2 size fraction.

Sample group Elemental Abundances (%

Si02 Fe203 A1203

Good agreement between 0.71 0.06 1.51 0.34 1.22 0.16
calculated contributions
(?little non-diffracting material?)

Poor agreement between 0.69 0.03 1.42 0.14 1.26 0.07
calculated contributions
(?much non-diffracting material?)
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similar for the two sample groups and does not cause the differences

observed in the mineral and chemical results.

The second possibility is that limitations within the modelling

technique cause the observed differences. The data shown in Tables 3

and 4 indicate that the calculated contributions are very sensitive to

small changes in the original data. As a result, the compositional

uniformity of the <2 pm chemical data set and the relative uniformity

of its end-members may have a major influence on the modelling results.

Because of these uncertainties, the <2 urn linear programming results

appear to be of limited value. The qualitative indicators (single

mineral abundances) provide a reasonable picture of sediment dispersal

on the margin, but the uncertainties associated with the source area

contributions limit their usefulness in further calculations for the

<2 pm fraction.

SEDIMENT BUDGETS

The source area contributions calculated above can be used to

construct a sediment budget for the slope within our study area. The

2-20 pm budget can be presented in detail because the 2-20 pm source

area contributions appear to be reasonable, but the uncertainties

associated with the <2 pm modelling results limit consideration of that

fraction. Other uncertainties also affect the parameters used in the

sediment budget calculation, and will be discussed here. Sedimentation

rates were obtained from an assortment of radiocarbon, biostratigraphic,

and tephra-chronologic data, in some cases with only one age control
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point per core. Although the range of values is reasonable when

compared to examples from other continental slopes (Doyle etal., 1979;

Garrison, 1981; Reimers, 1981; DeMaster, 1981), these rate estimates

bring their own uncertainty into the calculation. The discontinuous

and nonuniform nature of sedimentation on the slope in both space and

time (Kuim and Scheidegger, 1979; Krissek and Scheidegger, 1982b), also

introduces uncertainties into the budget results. From several 3.5 kHz

lines, I estimate that as little as 50% of the upper slope and 30% of

the lower slope may be subject to deposition. If these estimates are

valid for the entire slope, the results of the budget calculation will

overestimate the true total sediment accumulation by a factor of 2 to

3. The unit mass accumulation rate (g/cm2/yr) used in the calculation

may also vary both spatially and temporally with sediment grain size

and depositional process. Finally, the fluvial suspended sediment

discharge data (Karlin, 1980) used to estimate the effectiveness of

the slope as a trap for fine-grained sediments are also subject to some

question. These values are based on discharge records from two to

nineteen years long, and may not include either geologically-significant

large-discharge events (i.e., 100 year, 500 year, etc. floods) or

anthropogenic effects. As a result of all these uncertainties, the

2-20 m sediment budget presented here represents the best effort

possible with the present data, but must be recognized as only an

initial attempt.

Available sedimentation rates were compiled from Barnard (1978)

and Kuim and Scheidegger (1979). Rates for the northern Oregon upper

and central Oregon upper and lower slopes were estimated by considering

the rates known for adjacent environments at similar water depths and
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the location of each region relative to the major sediment sources.

The rates are listed in Table 6. Mean wet bulk density of the surface

sediments was 1 .52 g/cm3, and mean water content (weight of water!

weight of solids) was 114% (G.H. Keller, unpublished data, 1982).

These values yield a mean dry bulk density of the surface sediments

of 0.78 g/cm3. The accumulation of material from each source on the

slope was then calculated by:

M. = (D) X A
1

area
of

slope

where M1 = total mass accumulating on the slope per year from

source area i,

S = sedimentation rate on the slope,

= dry bulk density,

0 = weight fraction of the sediment in the size range of

interest,

X. = contribution (weight fraction) from the source area i,

and A = area of the slope with sedimentation rate S and source

area contribution X..

The slope sediments contain an average of 40.5% 2-20 urn material

and 40.9% <2 um material.

The results of the budget calculation are given in Table 7. For

the 2-20 urn fraction, contributions from only two sources can be

calculated with the chemical data. These results show good agreement

of the total mass contributed in the 2-20 pm fraction as calculated



Table 111-6. Sedimentation rates on the Oregon and Washington continental slope.

Province Sedimentation Number of rates Reference

Rate (cm/103 yr) available

Washington Upper Slope 10-44 5 Barnard (1978)

Washington Lower Slope 17-43 5 Barnard (1978)

Northern Oregon Upper Slope 30-40 0 Estimated

Northern Oregon Lower Slope 53 1 Kulm and Scheidegger (1979)

Central Oregon Upper Slope 20-30 0 Estimated

Central Oregon Lower Slope 25-50 0 Estimated

Southern Oregon Upper Slope 10 3 Kuim and Scheidegger (1979)

Southern Oregon Lower Slope 20-65 3 Kulm and Scheidegger (1979)

-1



Table 111-7. Source area contributions to slope sediments, estimated discharge of suspended
sediment from each source area, and estimated effectiveness of the continental slope
as a trap for fine-grained sediments derived from each source area. Results for the
<2 pm fraction are speculative.

Contributions (1012 g/yr.) to tile slope sediments

Source I\rea Mineral Chemical Estimated % Retained on the slope
Results Results FlyjalInp Mihè'ral' Chemical

Results Results

2-20 pm Fraction

Columbia River l.533,05 1.52-2.69 6.01 25,4-50.7 25.3-44.8

Klamath Mountains 1,21-1,94 4.22 28,7-46.0

California Coast 0,72-1.21
1.93-3.21

10,45 6.9-11.6
13.2-30.7

Range

<2 pm Fraction

Columbia River 2.49-4.22 1.12-2.96 3.40 73.2-124.1 32.9-87.0

Klamath Mountains 3.21

0.47-0.95 1.03-2.26 4.0-8.0 8.7-19.1California Coast 8.61
Range

cy,'

Co
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using the mineral and the chemical data, and suggest that the source

areas decrease in importance from north to south (i.e., in the order

Columbia River, Klamath Mountains, California Coast Range). When

grouped as a southern vs. northern source, the combined influence of

the Klamath Mountain and California Coast Range material is slightly

greater than that of the Columbia River. The centralized location of

the Columbia River within the study area and the dispersal mechanisms

which control the transport of Columbia River sediments (Krissek and

Scheidegger, 1982b) combine to produce a strong Columbia River

influence on the Washington and the central and northern Oregon conti-

nental slopes. Material from the southern sources must be transported

further to be included within the study area boundaries, thereby

limiting the Klamath Mountain and California Coast Range influence

on the Oregon-Washington continental slope.

The estimates of fluvial input within the 2-20 pm and the <2 pm

size fractions (Table 7) were calculated using the annual suspended

sediment discharge data of Karlin (1980) and the suspended sediment

grain size data compiled by Krissek (1982b). Approximately 50% of

the 2-20 pm fluvial material discharged annually into the Pacific

Ocean from streams within the study area is derived from the California

Coast Range; only 7-12% of the California Coast Range input can be

accounted for in the slope sediments. The remainder evidently either

never enters the Oregon-Washington slope system or bypasses the system

and is deposited in other areas (e.g., the Deigada Fan; Hem, 1973).

The Klamath Mountains contribute approximately 20% of the annual input

of 2-20 pm material, and 28-46% of the Klamath material is deposited
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on the slope. The Columbia River contributes approximately 30% of

the regional input, and 25-50% of this material remains within the

system. It is interesting that both the Columbia River and the

Kiamath Mountains have between 25% and 50% of their 2-20pm material

trapped on the slope, since these two source areas lie predominantly

or wholly within the boundaries of the study area. The California

Coast Range is a more distant source, and its resultant influence on

the slope (relative to its potential contribution) is smaller.

Because of the uncertainties associated with the <2 pm contribu-

tion calculations, the budget values listed in Table 7 for the <2 pm

fraction are speculative. The Columbia River results estimate that

33-124% of the <2 pm material derived from that source area are trapped

on the slope. However, large areas of the northeast Pacific Ocean are

known to be dominated by fine-grained, Columbia-derived sediments

(Griggs and Kulm, 1970; Duncan etal., 1970) of both Holocene and

Pleistocene age. The abundant abyssal Pleistocene material may indicate

that the trapping efficiency of the slope is significantly reduced

during low stands of sea level. If the trapping efficiency of the

slope is as high as indicated here, however, it is difficult to

envision sufficient Columbia-derived material bypassing the slope to

exert a strong influence on the abyssal deposits at the present time.

In addition, the <2 pm material may remain in suspension longer than

the 2-20 pm sediments and be transported further away from the source.

Therefore, it is unlikely that <2 pm material should be trapped more

efficiently on the slope than the 2-20 pm fraction. As a result, this

budget does not allay our suspicions that the Columbia contributions
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are erroneously high, and little significance can be placed on the

budget for the <2 .im fraction.

The results of the 2-20 m source area contribution and sediment

budget calculations provide excellent examples of the formation of

hemipelagic sediments from multiple sources. Fine-grained sediment

studies in the past (Biscaye, 1965; Griffin etal., 1968; Kolla and

Biscaye, 1973; Kolla etal., 1976) have emphasized the compositional

changes which occur away from a single source without providing infor-

mation on the material which acts to dilute that signal. In the case

of the Washington and Oregon continental slope, multiple sources are

identifiable in the chemical and mineral data? and the terrigenous

components dominate the sediments. Therefore it is possible to describe

the slope sediments as mixtures of material from the various source

areas. In areas where a single source dominates the sediments (e.g.,

Columbia River influence on the Washington margin in the 2-20 m frac-

tion) the consideration of abundance changes away from the source are

probably sufficient to describe the processes of sediment formation.

In cases where several sources contribute equally to the sediment

(e.g., central Oregon slope in the 2-20 m fraction), the consideration

of single mineral abundance changes away from a source provide a limited

picture of the processes of sediment formation. That picture may be

determined by the mineral which is considered, and may describe only a

small portion of the resultant sediments. Therefore, whenever possible,

the supply of sediment from several source areas should be investigated,

especially in continental margin environments. Such investigations

demand multivariate data sets and source area samples whenever possible,
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but describe the processes of sediment formation much more fully than

the single source approach.
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Appendix I

Sample Locations and Water Depths
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Sample Identification and Locations

Sample Number Latitude Longitude Water Depth (m)

W7905A-106 46°13.75'N 124°39.50'W 522

107 46°17 60'N 124°48 89'W 817

108 46°17 9'N 124°58 44'W 1091

109 46°18 0O'N 125°06 85'W 1650

110 46°18 21 'N 125°26 18'W 1925

111 46°17 67'N 125°36 82'W 256

112 45°50 25'N 125°36 04'W 2208

113 45°49 95'N 125°24 20'W 2010

115 45°50 20'N 125°10 02'W 1697

116 45°49 86'N 124°58 06'W 1594

117 45°49 95'N 124°50 00'W 950

118 45°49 96'N 124°43 02'W 321

119 45°21.66'N 124°23.04'W 265

120 45°21.02'N 124°45.14'W 585

121 45°21 03'N 124°53 10'W 909

122 45°21 00'N 125°03 93'W 1651

123 45°20 74'N 125°19 01 'W 1711

125 45°00 10'N 125°31 42'W 2775

126 45°00 01 'N 125°17 08'W 1979

127 45°00 04'N 125°01 06'W 944

128 45°00 10'N 124°42 °4'W 480

129 45°00 93'N 124°25 03'W 280

130 44°50 13'N 124°34 98'W 298

131 44°49.99'N 124°52.23'W 504

132 44°50.03N 125°00.15'W 1104

135 44°49 68'N 125°19 50'W 2027

136 44049 99'N 125°32 14'W 2840

137 a.4°39 97'N 125°30 91 'W 2880

138 44°39.79'N 125°14.35'W 2310

Continued
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Appendix 1, continued

Sample Latitude Longitude Water Depth Cm)

W7905A-139 44°39.98'N 125009.83'W 951

140 44°40.1FN 125°02.24'W 1082

141 44039 93'N 12a°54 01 'W 524

142 44°29 95'N 124°53 92'W 456

143 44°29 97'N 125°02 03'W 1085

144 44030 10'N 125°06 55'W 1275

145 44°30 24'N 125°12 94'W 1503

148 44°09 84'N 125°30 14'W 3054

149 44°10 34'N 125°16 61 'W 2532

150 44°09 97'N 125°08 20'W 1560

151 44°10 00'N 124°01 68'W 1099

152 44°09 99'N 124°58 08'W 271

153 43°40 10'N 125°51 17'W 871

154 43039 93'N 125°01 12'W 1224

155 43°40 04'N 12°09 27'W 1588

156 43040 05'N 125°19 22'W 1962

15 43039 99'N 125°28 29'W 3118

158 43°10.12N 125°24.18'W 3120

159 43°09.86'N 125°13.02'W 1885

160 43°09.85'N 125°05.16'W 1459

161 43°09 98'N 124°58 04'W 1036

163 43°09 98'N 124°45 14'W 308

164 42°40 11'N 124°41.81'W 177

165 42°40 04'N 174°49 00'W 682

166 42°39 67'N 124°55 82'W 947

167 42°39 67'N 124°59 00'W 1410

169 42°39 94'N 125°15 99'W 3132

170 42°09.98N 125°21.54'W 3150

171 42°10.01 'N 125°06.91 'W 1917

172 42°09 89'N 125°02 16W 1670

173 42°09 99'N 125°54 00'W 998

174 42°09.90'N 125°44.82'W 616

Continued
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Appendix I, continued 

Sample Latitude Longitude Water Depth (m) 

TT53-l4 47°12 'N 125°1O O'W 1700 

53-17 46°51 S'N 125°42 0'W 1900 

63-08 46°25 3'N 125°36 3'W 2312 

63-10 46°34 2'N 125°17 'I'W 1821 

63-12 46°44 2'N 124°59 666 

63-13 47°08 5'N 125°16 8'W 1489 

63-16 47°36 8'N 125°24 3'W 992 

63-17 47°22.3'N 125°44.5'W 1697 

63-18 47°45.7'N 125°56.8'W 1591 

63-19 47°54 6'N 125°54 1 W 1520 

63-20 47°58 9'N 126°30 3'W 1811 

68-26 47°07.6'N 125°57.1'W 2111 
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Appendix 2

Fine Fraction (<63km) Size Distribution: Wt. X in the Size 1nterai

4.0-
Sample % Sand % Silt % Clay 4.50

W7905A-1066 84.8 5.6 9.1 0.0

-1070 3.0 39.4 57.5 2.7

-1080 0.7 38.9 60.4 2.0

-1090 0.7 34.8 64.4 2.6

-1106 16.2 30.7 53.1 4.8

-luG 2.2 45.4 52.4 4.0

-1120 10.4 41.4 48.2 4.6

-1130 0.3 34.1 65.6 2.8

-llbG 0.5 35.8 63.6 0.5

-1160 0.4 33.8 65.7 0.6

-1170 1.7 40.4 57.9 4.7

-1180 69.4 19.7 10.8 24.5

-1196 48.3 31.9 19.8 3.1

-1200 21.1 36.2 42.7 4.0

-1216 0.9 40.6 68.4 0.3

-122G 1.0 32.1 66.9 0.0

-1230 2.4 36.3 61.3 2.6

-1250 2.0 33.6 64.4 0.8

-1210 0.9 51.8 47.3 1.8

-1280 86.8 3.9 9.2 10.9

-1290 43.1 39.5 17.4 19.8

-1300 23.0 53.7 23.2 18.0

-1310 2.8 42.9 54.3 0.6

-1320 5.3 47.3 47.3 4.3

-1350 8.6 49.3 42.1 7.4

-1360 1.0 49.2 49.8 2.6

-1376 1.3 42.0 56.7 3.1

-1380 0.8 52.6 46.5 1.9

-1390 60.4 14.3 25.2 0.0

-1400 23.1 38.4 38.4 8.5

Continued
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22.8

26.8

31 .8

28.3

34.3

16.7

47.0

18.1

21.3

29.2

29.5

21.6

23.3

22.7

23.7

40.4

19.8

cc



Appendix 2, continued

S3nlple % Sand % Silt % Clay
4.0-
4.50

4.5-
5.00

5.0-
5.50

5.5-
6.00

6.0-
6.50

6.5-
7.00

7.0-
7.50

7.5-
8.00

8.0-
8.50

8.5-
9.00

9.0-
9.50

9.5-
10.00

10.0-
10.50

10.5-
11.00 >11

W/905A-1416 56.3 19.1 24.6 6.5 9.2 5.7 4.1 3.5 7.5 4.7 1.1 0.7 0.5 1.7 2.9 4.8 5.3 40.1

-1426 20.0 52.9 27.2 23.6 11.0 6.1 4.5 6.8 3.4 1.8 0.9 2.5 4.9 4.7 4.1 2.5 3.5 11.4

-1430 16.1 37.5 46.4 4.8 2.1 5.0 8.1 6.4 6.0 4.4 5.6 4.5 3.5 7.6 6.7 7.7 3.9 21.6

-1446 0.6 51.8 47.6 0.0 0.0 3.4 8.5 12.2 10.9 8.7 6.9 1.6 3.0 6.4 9.4 6.9 3.9 18.1

-1456 1.5 45.0 53.5 0.6 3.3 6.3 4.8 7.7 9.7 8.0 7.1 5.5 5.9 4.3 4.1 3.4 2.8 26.4

-1480 0.6 31.9 67.5 0.0 1.2 3.0 2.2 4.2 8.6 6.9 8.6 5.7 6.5 8.0 6.8 5.6 1.0 31.8

-1496 0.4 42.7 56.9 0.6 2.0 2.3 5.3 7.5 8.3 10.2 8.1 6.0 6.9 6.5 6.2 5.0 3.9 21.2

-1500 0.3 51.6 48.1 0.8 3.0 5.7 5.9 8.6 7.6 8.6 10.6 5.4 4.6 4.4 4.7 3.9 3.0 22.8

-1510 0.8 68.4 30.9 7.0 6.4 9.6 8.9 7.2 10.4 9.8 8.7 4.2 4.6 2.9 1.6 0.2 0.1 16.7

-1526 84.0 7.7 8.3 11.4 6.6 11.6 2.4 0.6 1.3 4.6 3.3 3.3 2.9 4.9 2.9 2.3 0.3 36.3

-1536 0.6 61.6 37.8 5.6 6.5 5.6 9.2 10.9 8.4 8.1 7.2 2.4 3.9 4.2 5.0 4.5 3.5 12.7

-1540 4.0 40.9 55.1 2.6 3.0 5.6 6.6 12.7 2.2 4.2 6.7 4.6 5.0 4.1 5.6 6.3 6.1 23.5

-1550 2.0 42.3 55.7 0.0 1.6 3.8 4.7 8.6 9.6 8.4 7.9 7.9 7.8 6.2 2.6 2.8 3.0 24.8

-1566 6.4 44.2 49.4 1.6 2.2 5.6 4.9 7.1 6.1 9.4 10.0 3.7 3.8 5.2 7.4 7.6 6.4 18.5

-1570 0.4 38.4 61.2 0.3 1.4 2.0 3.7 6.5 5.7 7.6 10.2 7.3 7.3 7.6 7.0 7.2 7.8 18.1

-1580 1.3 38.2 60.5 0.6 1.6 4.2 3.0 4.9 7.4 8.0 10.2 5.7 5.2 7.3 6.5 5.7 1.0 28.5

-1596 4.3 41.8 53.8 1.2 1.9 3.9 6.6 5.4 8.2 8.5 9.7 4.6 4.6 5.7 5.3 4.8 12 21.9

-1606 23.2 40.2 36.6 3.3 5.2 5.0 9.0 9.1 8.6 8.1 5.4 4.5 5.0 5.5 3.8 3.1 0.2 23.2

-1616 1.4 53.8 44.8 1.8 3.6 5.0 7.8 10.8 10.1 9.9 7.7 4.5 5.3 3.5 3.5 3.4 3.2 19.4

-1636 35.7 47.0 17.3 21.3 12.2 9.5 7.5 5.1 4.1 3.5 3.5 1.9 3.1 2.0 2.4 1.9 2.4 11.7

-1646 81.0 11.1 7.9 7.1 6.1 6.5 8.1 10.4 5.0 6.8 6.6 2.9 3.2 2.7 2.7 2.7 2.3 24.0

-1650 2.2 58.6 39.2 1.6 5.6 8.3 9.0 11.6 9.8 7.5 8.6 5.9 6.0 3.9 3.7 3.0 2.2 13.1

-1660 1.1 55.5 43.4 2.2 3.5 6.5 9.5 8.9 10.1 8.6 7.9 7.1 7.0 4.8 2.5 3.4 4.3 12.7

-1676 5.4 51.8 42.8 3.7 5.5 6.7 8.3 9.0 9.1 7.4 5.6 4.0 5.5 4.3 4.2 2.3 1.8 21.8

-1690 0.4 41.3 58.2 1.6 2.4 1.2 4.2 7.7 7.6 9.7 9.8 8.0 7.9 5.9 5.8 5.4 3.7 18.8

-1700 1.1 35.4 63.5 0.5 1.1 1.8 3.7 5.6 8.0 8.4 9.1 6.0 7.3 6.8 7.7 6.3 4.2 23.3

-11G 8.9 37.9 53.2 0.8 1.9 2.0 4.8 6.9 8.4 8.0 9.1 5.9 7.5 6.9 6.8 5.4 4.7 19.5

-1726 64.9 16.9 18.2 3.9 3.5 3.2 4.6 5.3 10.5 10.5 5.3 4.2 5.6 6.0 3.7 1.6 0.7 30.1

-1736 1.6 57.9 40.5 3.8 4.2 7.8 9.8 10.4 9.0 6.8 7.3 4.0 4.7 3.0 3.2 2.5 3.5 19.5

-1740 3.4 65.7 30.9 4.3 7.7 10.4 9.7 11.7 9.6 7.5 6.2 3.4 3.4 3.4 3.0 3.6 3.8 10.8
-1756 35.3 46.7 18.0 18.7 21.2 12.0 4.3 6.1 4.7 2.5 0.6 0.0 0.0 1.7 2.1 3.6 3.4 17.0

Continued -



Appendix 2, continued

Sample S Sand S Silt S Clay
4.0-
4.50

4.5-
5.00

5.0-
5.50

5.5-
6.00

6.0-
6.50

6.5-
7.00

7.0-
7.50

7.5-
8.00

8.0-
8.50

8.5-
9.00

9.0-
9.50

9.5-
10.00

10.0-
10.50

10.5-
11.00 >11

T153-14 4.2 73.6 20.8 15.6 15.3 13.8 6.8 6.1 4.8 1.2 5.0 4.9 4.9 2.4 1.5 1.3 1.3 16.0
1153-17 1.4 47.8 50.8 3.2 3.2 3.4 6.4 6.6 8.8 6.5 8.5 8.1 5.5 5.0 1.0 1.0 8.8 23.8

1163-08 34.1 36.0 29.9 1.1 4.5 4.2 7.1 9.6 9.8 7.8 7.5 7.5 7.2 5.0 3.0 3.0 3.0 21.5

1163-10 1.5 40.6 57.8 1.2 1.8 1.5 5.3 5.5 7.1 4.6 9.3 7.8 7.8 2.5 2.5 2.5 10.9 29.8
T163-12 1.2 36.9 61.9 1.2 1.2 1.2 3.5 8.2 4.7 4.5 7.2 12.6 3.1 7.0 5.8 5.8 5.8 32.2
1163-13 1.6 55.7 42.8 2.4 2.1 2.7 3.6 9.5 5.9 4.4 11.5 5.6 2.1 6.5 4.7 1.2 1.2 36.7

1163-16 11.6 42.8 45.6 5.0 3.0 3.2 7.6 7.0 6.6 1.1 7.0 6.1 6.1 7.2 7.0 3.0 3.0 27.5
1163-17 12.6 39.7 47.7 0.7 0.7 0.7 2.7 4.7 8.5 4.1 10.2 9.2 9.5 3.4 6.1 1.7 2.0 35.9
1163-18 2.2 45.1 52.6 1.3 1.2 3.6 3.8 10.4 2.0 7.3 9.9 6.8 4.1 6.8 3.1 3.1 3.1 33.4

TTÔ3-19 1.8 44.5 53.6 2.3 2.1 2.1 2.3 7.2 7.2 5.6 5.1 6.2 6.4 6.4 5.6 5.4 5.4 30.8

1163-20 3.1 46.1 50.8 2.2 4.0 3.5 2.7 9.5 2.2 6.2 7.1 8.9 5.3 6.0 3.1 3.1 2.9 33.3
1168-26 3.6 41.3 55.1 0.9 4.1 4.6 0.3 5.8 4.1 4.1 7.0 8.1 9.3 5.8 5.5 5.2 5.2 29.6

-4
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Appendix 3

Quantitative River Mineral 2-20 im Data



Pppendix 3 2 2Opm River Samples, Quantitative Mineral Abundances

Sample % Srnectite % Chlorite % Illite % Hornblende % Quartz % Feldspar

Bank Samples

Soleduck 15.3 9.6 15.8 0.0 17.6 20.8

Bogachiel 8.1 7.1 13.1 0.0 16.1 17.8

Hoh 0.0 11.4 14.1 0.0 35.6 47.4

Queets 0.0 13.2 37.7 0.0 28.7 26.7

Quinault 0.0 14.6 42.1 0.0 34.6 32.1

Humptulips 25.9 5.6 5.3 0.0 23.0 33.2

North 57.2 1.3 26.9 0.0 9.6 25.2

Willapa 0.0 2.3 23.3 0.0 18.4 33.2

Columbia M-7 0.0 1.6 25.3 1.3 15.0 36.5

Columbia M-9 0.0 2.2 23.1 0.7 16.8 31.1

Necanicum 86.2 0.0 8.8 0.0 18.6 12.3

Nehalem 97.3 0.0 0.0 0.0 6.0 13.0

Miami 63.6 0.4 0.0 0.0 6.9 28.2

Kilchis 81.8 0.0 0.0 0.0 5.6 17.0

Wilson 101.4 0.0 0.0 0.0 8.4 16.5

Trask 94.8 0.0 0.0 0.0 9.4 12.0

Tillamook 137.0 0.0 1.5 0.0 13.7 9.9

Nestucca 108.1 0.0 2.0 0.7 10.2 8.6

Little Nestucca 68.6 0.5 16.4 1.3 16.0 9.4

Continued



Appendix 3, continued

Sample % Smectite % Chlorite % Illite % Hornblende % Quartz % Feldspar

Neskowin Creek 79.8 0.0 5.6 0.0 10.9 10.8

Salmon 97.4 1.0 6.3 0.0 15.8 7.7

Siletz 66.9 0.0 8.5 0.7 12.7 8.3

Yaquina 55.3 1.7 26.0 0.0 26.0 17.1

Al sea 60.6 0.0 13.6 0.0 16.7 11.9

Yachats 75.1 0.5 5.7 0.0 10.0 20.1

Big Creek 63.7 0.0 0.0 0.0 8.4 23.1

Cape Creek 82.9 0.0 0.0 0.0 5.8 23.9

Siuslaw 54.9 0.0 18.5 0.0 20.7 15.9

Siltcoos 18.8 0.6 1.8 0.0 21.5 20.5

Smith (Oregon) 32.1 0.6 10.2 0.0 19.5 24.8

Umpqua 37.6 2.5 8.5 0.7 18.3 14.5

Coos 87.8 0.0 0.0 0.0 7.6 27.6

Millicome 46.6 2.5 14.2 0.0 19.9 14.1

Coquille 42.6 5.2 6.4 0.1 20.2 20.1

Fourmile Creek 54.0 4.1 3.9 0.0 20.8 14.6

Fioras Creek 0.0 7.5 5.3 0.0 44.6 23.9

Sixes 84.2 6.3 0.4 0.0 19.4 15.4

Elk 44.3 9.1 7.0 4.5 18.8 18.8

Brush Creek 0.0 17.9 29.9 0.9 11.2 11.2

Euchre Creek 0.0 21.6 31.4 0.0 19.3 15.4

Continued



Appendix 3, continued

Sample % Smectite % Chlorite % Illite % Hornblende % Quartz % Feldspar

Rogue 0.0 19.7 34.1 14.1 12.8 16.4

Hunter Creek 78.3 13.8 3.0 0.0 20.6 16.5

Pistol 46.4 15.4 9.4 0.0 19.0 13.9

Chetco 0.0 13.8 20.2 0.0 31.3 37.0

Winchuck 3.5 6.4 11.4 0.0 14.4 17.6

Smith (California) 0.0 34.9 26.2 18.5 15.2 16.8

Kiamath 0.0 41.2 69.8 15.6 10.7 14.0

Redwood Creek 0.0 32.0 58.2 0.0 11.7 12.8

Little 0.0 20.9 25.6 0.0 21.7 17.0

Mad 0.0 17.5 24.6 0.1 19.4 20.7

Eel 0.0 9.8 10.0 0.0 20.2 25.0

Su.pended Samples

Chehalis - 1/27/78 0.0 2.8 7.3 0.0 12.9 33.8

Chehalis - 2/03/78 0.0 0.7 1.8 0.0 12.5 24.1

Chehalis - 2/10/78 0.0 2.4 7.8 0.0 9.0 21.0

Chehalis - 2/24/78 0.0 0.0 1.9 0.0 9.4 21.6

Umpqua 60.6 3.2 8.5 1.9 21.0 18.6

Rogue 0.0 11.1 12.2 10.8 16.9 21.7

Kiamath 0.0 27.6 43.7 15.6 26.1 32.0

Mad 0.0 17.5 26.0 0.0 18.5 20.2

Eel 0.0 16.2 16.6 0.0 18.7 35.3
()
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Appendix 4

Quantitative Marine Mineral 2-20 Data



Appendix 4
2 - 2Oiim Quantitative Mineral Abundances

Sample % Smectite % Chlorite % Illite % Hornblende % Quartz % Feldspar

1T53-14 2-20 0.0 0.5 4.8 0.0 19.4 35.8

1153-17 2-20 0.0 7.2 11.0 2.9 24.1 52.8

1T63-08 2-20 0.0 9.4 22.6 5.1 20.4 48.9

1T63-lO 0.0 6.6 14.8 2.4 24.2 39.8

TT63-12 0.0 3.1 11.9 0.8 20.9 40.0

TT63-13 0.0 5.8 14.0 0.6 23.5 65.4

1T63-16 0.0 6.2 10.6 0.0 22.0 46.6

TT63-17 0.0 6.4 14.4 0.0 22.2 49.8

TT63-18 0.0 5.2 9.1 0.0 26.8 55.1

1163-19 0.0 4.8 6.4 0.0 21.1 82.6

TT63-20 0.0 3.9 9.1 0.0 23.7 48.8

TT68-26 0.0 7.6 12.6 0.0 26.4 51.8

107G 2-20 0.0 7.1 17.3 1.9 20.0 32.0

108G 2-20 0.0 6.2 25.3 1.3 17.0 39.0

109G 0.0 7.6 15.8 3.7 17.0 40.0

hOG 0.0 8.2 34.1 3.1 25.0 37.0

luG 0.0 4.9 26.0 3.1 15.0 37.0

ll2G 0.0 7.0 16.6 0.7 22.0 35.0

113G 0.0 9.1 23.9 0.7 17.0 37.0

Continued



Appendix 4, continued

Sample % Smectite % Chlorite % Illite % Hornblende % Quartz % Feldspar

115G 0.0 8.1 20.2 1.3 18.0 30.0

116G 0.0 8.5 25.3 3.1 17.0 22.0

117G 0.0 5.8 14.4 0.1 16.0 32.0

118G 0.0 4.9 13.6 0.1 26.0 48.0

119G 0.0 7.1 12.2 1.3 19.0 36.0

120G 0.0 7.1 13.6 1.3 16.0 18.0

121G 0.0 11.1 31.9 3.7 20.0 30.0

122G 0.0 10.8 25.3 3.1 21.0 26.0

123G 0.0 9.4 29.7 4.3 19.0 26.0

125G 0.0 10.3 25.3 5.5 18.0 21.0

127G 0.0 13.6 22.4 4.3 17.0 19.0

129G 0.0 7.8 17,3 3.7 22.0 25.0

130G 0.0 8.7 10.7 1.9 27.0 29.0

131G 0.0 9.6 31.9 4.3 22.0 33.0

132G 0.0 11.1 20.2 3.1 19.0 24.0

135G 0.0 13.6 27.5 5.5 17,0 21.0

137G 0.0 12.4 28.2 3.7 19.0 24.0

138G 0.0 12.9 23.9 4.3 18.0 18.0

139G 0.0 12.2 20.9 3.10 19.0 23.0

140G 0.0 12.9 19.5 7.9 16.0 23.0

Continued



Appendix 4, continued

Sample % Smectite % Chlorite % Illite % Hornblende % Quartz % Feldspar

l4lG 0.0 10.1 16.6 4.3 19.0 16.0

142G 0.0 13.0 22.4 7.9 16.0 24.0

143G 0.0 14.5 29.7 7.9 21.0 30.0

144G 0.0 15.4 24.6 5.5 20.0 22.0

145G 0.0 12.5 19.5 3.7 21.0 32.0

148G 0.0 10.7 19.5 2.5 16.0 23.0

149G 0.0 11.3 14.4 2.5 19.0 19.0

150G 0.0 11.7 23.9 4.3 17.0 23.0

l5lG 0.0 12.5 23.1 7.3 16.0 19.0

152G 0.0 9.2 18.0 6.7 17.0 18.0

153G 0.0 20.0 24.6 5.5 20.0 21.0

154G 0.0 10.3 17.3 5.5 23.0 24.0

155G 0.0 9.0 15.1 1.9 19.0 33.0

156G 0.0 18.0 25.3 3.7 24.0 31.0

l57G 0.0 12.3 20.9 4.3 22.0 21.0

158G 0.0 13.8 19.5 3.1 23.0 30.0

159G 0.0 10.2 20.9 3.7 19.0 22.0

160G 0.0 15.5 23.9 3.1 25.0 29.0

161G 0.0 12.2 27.5 2.51 24.0 20.0

l63G 0.0 16.1 24.6 10.2 22.0 24.0

Continued



Appendix 4, continued

Sample % Smectite % Chlorite % Illite % Hornblende % Quartz % Feldspar

164G 0.0 12.5 21.7 8.5 21.0 20.0

l65G 0.0 18.5 34.8 4.9 18.0 14.0

166G 0.0 12.3 23.1 5.5 17.0 20.0

167G 0.0 19.2 24.6 3.7 23.0 31.0

169G 0.0 13.5 21.7 6.1 13.0 17.0

l7OG 0.0 13.9 22.4 3.1 20.0 26.0

171G 0.0 11.8 24.6 3.7 21.0 21.0

172G 0.0 11.8 20.2 1.3 23.0 29.0

173G 0.0 12.5 16.6 4.3 26.0 37.0

174G 0.0 21.9 36.3 6.1 23.0 32.0

175G 0.0 17.1 21.7 10.8 27.0 35.0

'.0
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Appendix 5

Quantitative River Mineral <2 Data



Appendix 5 <2tim River Samples, Quantitative Mineral Abundances

Sample % Smectite % Chlorite % Illite % Quartz % Feldspar

Bank Samples

Soleduck 25.3 5.2 0.0 5.5 3.6

Bogachiel 0.0 7.6 5.8 5.9 3.7

Hoh 2.7 6.2 19.6 6.7 7.6

Queets 0.0 4.1 18.2 5.2 0.9

Quinault 0.1 11.1 33.4 9.7 13.1

Humptulips 23.5 1.6 2.0 5.0 1.4

North 100.5 0.0 2.6 5.6 6.2

Willapa 87.1 0.0 2.7 5.3 5.2

Columbia M-7 52.1 0.0 4.2 4.5 4.0

Columbia M-9 68.8 0.0 0.0 3.8 3.0

Necanicum 44.2 0.0 2.7 6.2 1.8

Nehalem 73.8 0.0 0.0 2.9 2.4

Miami 46.9 0.0 0.0 3.3 2.5

Kilchis 95.9 0.0 0.0 2.6 0.9

Wilson 80.6 0.0 0.0 4.4 3.5

Trask 82.7 0.0 0.4 4.1 3.7

Tillamook 68.0 0.0 0.0 5.4 1.2

Nestucca 131.5 0.0 0.0 6.8 3.4

Continued



Appendix 5, continued

Sample % Smectite % Chlorite % Illite % Quartz % Feldspar

Little Nestucca 71.8 0.0 1.8 5.6 0.9

Neskowin Creek 102.0 0.0 0.0 8.9 12.6

Salmon 48.3 0.0 0.0 4.6 1.3

Siletz 104.3 0.0 0.0 5.6 3.8

Yaquina 50.4 0.0 2.2 4.4 1.4

Alsea 68.1 0.0 0.0 5.3 0.6

Yachats 35.9 0.0 1.1 3.6 2.1

Big Creek 54.6 0.0 1.8 3.9 5.4

Cape Creek 52.0 0.0 0.0 3.1 1.6

Siuslaw 20.7 1.2 0.0 5.5 1.4

Siltcoos 24.0 0.0 0.0 4.9 3.0

Smith (Oregon) 28.6 0.0 0.0 4.5 2.1

timpqua 62.5 0.0 0.0 4.2 1.4

Coos 44.1 0.0 0.0 3.5 4.3

Millicome 52.4 0.0 0.5 6.2 2.7

Coquille 106.8 5.7 0.0 4.9 2.4

Fourmile Creek 56.9 0.5 6.4 5.9 2.4

Floras Creek 43.7 2.4 7.8 5.1 0.8

Sixes 51.7 1.7 5.6 5.4 2.2

Elk 29.7 1.4 4.3 6.0 4.2

Continued 0
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Appendix 5, continued

Sample % Smectite % Chlorite % Illite % Quartz % Feldspar

Brush Creek 51.0 2.6 4.9 3.7 1.9

Euchre Creek 5.7 2.9 15.4 4.8 1.6

Rogue 65.1 6.4 4.2 4.3 2.1

Hunter Creek 62.5 4.0 4.6 3.8 1.3

Pistol 58.3 5.8 10.1 3.6 0.9

Chetco 0.0 8.0 33.9 3.5 0.8

Winchuck 0.0 6.4 9.5 5.9 3.8

Smith (California) 14.4 14.4 15.0 4.8 3.7

Kiamath 21.1 7.7 0.0 9.8 4.3

Redwood Creek 0.0 13.8 64.1 3.3 0.0

Little 0.0 5.5 13.4 3.4 0.9

Mad 46.9 10.5 24.6 3.7 0.1

Eel 49.7 6.8 7.1 4.1 4.2

Suspended Scvnp les

Chehalis 1/27/78 0.0 2.7 0.0 3.5 13.5

Chehalis - 2/03/78 0.0 1.7 2.1 6.1 17.4

Chehalis - 2/10/78 0.0 4.7 0.0 5.4 17.1

Chehalis - 2/24/78 0.0 7.2 0.0 8.0 8.9

Umpqua 76.8 0.0 0.0 3.9 2.1

Continued
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Appendix 5, continued

Sample % Smectite % Chlorite % Illite % Quartz % Feldspar

Rogue 26.8 8.2 14.4 11.7 12.2

Kiamath 13.5 8.8 14.4 8.1 11.5

Mad 15.4 10.0 15.1 5.5 3.5

Eel 18.8 13.2 15.1 7.0 4.4

N)
c:D
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Appendix 6

Quantitative Marine Mineral <2 urn Data



Appendix 6 <2pm Quantitative Mineral Abundances

Sample % Smectite % Chlorite % Illite % Quartz % Feldspar

TT53-14 84.0 0.0 8.6 4.2 4.6

TT53-17 59.2 5.5 12.1 6.6 17.7

TT63-08 98.8 3.2 18.9 6.5 15.0

T163-l0 104.0 1.5 9.4 5.4 8.0

TT63-12 58.2 1.0 18.8 7.0 13.5

TT63-13 73.4 1.3 8.6 4.3 5.2

TT63-16 77.6 0.4 9.8 4.8 7.9

TT63-17 52.2 0.0 5.3 4.0 3.8

TT63-18 68.6 0.3 7.8 4.7 7.5

TT63-19 77.8 0.0 8.5 4.1 5.1

TT63-20 122.4 0.0 6.8 5.1 7.0

TT68-26 57.2 1.1 7.2 5.5 10.0

W7905A-106G 103.9 1.8 2.0 5.7 9.8

-107G 95.1 2.3 5.6 4.4 6.5

-108G 76.6 2.3 3.4 4.6 5.4

-109G 73.7 3.4 8.5 5.0 7.2

-hOG 89.5 5.3 0.0 6.1 9.2

-111G 106.1 4.0 6.4 4.2 4.9

-112G 102.4 2.5 6.4 4.0 7.1

Continued 01



Appendix 6, continued

Sample % Smectite % Chlorite % Illite % Quartz % Feldspar

W7905A-113G 49.5 7.2 12.2 4.9 4.2

-115G 81.1 4.8 8.5 5.8 7.4

-116G 92.0 1.4 2.7 4.1 2.4

-ll7G 89.3 3.3 5.6 4.2 5.7

-118G 108.6 2.9 3.4 5.5 5.7

-119G 110.8 2.6 0.5 5.8 6.9

-120G 68.4 3.3 7.1 5.0 2.6

-121G 66.8 4.6 4.9 5.2 4.8

-122G 65.2 4.0 4.9 4.4 3.0

-123G 68.5 1.8 2.7 4.9 6.0

-125G 78.8 5.7 10.7 6.1 5.1

-127G 66.8 4.1 5.6 5.0 5.8

-128G 102.6 4.2 9.3 4.5 4.8

-129G 102.5 2.4 3.4 4.4 3.3

-130G 79.0 3.4 0.0 4.7 5.7

-131G 71.4 2.8 4.2 4.3 4.2

-132G 70.8 4.7 6.4 3.9 2.2

-135G 64.4 6.4 10.7 6.1 6.0

-136G 75.7 3.5 9.3 4.8 5.4

-137G 91.7 4.6 7.8 5.0 4.4

N)

Continued



Appendix 6, continued

Sample % Smectite % Chlorite % Illite % Quartz % Feldspar

W7905A-138G 69.6 4.1 9.3 4.5 3.6

-l39G 83.3 8.4 7.1 4.6 6.4

-140G 110.0 4.8 7.1 4.8 4.3

-141G 70.8 3.6 6.4 5.0 3.6

-142G 69.6 4.6 8.5 5.2 3.8

-143G 73.4 4.7 10.7 4.9 2.9

-144G 74.8 2.9 4.2 4,8 1.3

145G 70.7 5.8 10.5 5.6 4.2

-148G 66.5 5.8 7.8 5.1 4.1

-149G 72.5 5.3 10.0 4.9 3.0

-150G 90.3 4.7 9.3 4.5 1.9

-l5lG 84.3 3.1 4.2 4.9 1.6

.-152G 91.4 3.0 4.2 3.6 0.7

-153G 105.4 4.5 9.3 5.0 4.4

-154G 73.7 5.3 9.3 4.2 1.2

-155G 65.8 6.0 14.4 6.1 4.9

-156G 79.7 6.6 10.0 4.8 3.5

-157G 93.6 6.2 9.3 4.4 2.3

-158G 83.9 6.2 9.3 5.0 2.8

-159G 103.2 5.3 5.6 4.2 1.2

-.160G 68.5 4.2 7.1 6.1 2.7

Continued
I")
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Appendix 6, continued

Sample

W7905A-161G

-l63G

-164G

-165G

-166G

-167G

-169G

-l7OG

-171G

-l72G

-173G

-174G

-1 75G

% Smectite % Chlorite % Illite % Quartz % Feldspar

81.5 5.1 11.5 4.4 1.2

82.4 6.0 9.3 4.8 2.6

98.1 5.5 7.8 3.2 0.7

64.9 6.3 10.0 4.1 4.6

51.9 3.9 7.8 4.4 1.8

91.2 6.7 14.4 5.4 4.1

64.5 6.6 8.5 6.1 2.8

84.2 6.0 10.0 7.0 3.4

80.4 3.8 6.4 4.8 4.1

61.2 3.6 8.5 6.3 6.6

63.1 7.7 10.7 4.8 2.7

71.4 4.7 12.9 5.5 .01

68.3 4.7 9.3 4.9 0.9

cD
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Appendix 7

Semiquantitative River Mineral <2 im Data
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Appendix 7

<2pm River Samples, Semiquantitative Clay Mineral Abundances

Samples % Smectite % Illite % Chlorite

River Bank SaJirp lea

Soleduck 14.5 26.6 58.8

Bogachiel 2.5 35.6 62.0

Hoh 2.8 39.6 57.6

Queets 0.0 53.4 46.6

Quinault 1.1 47.9 51.0

Humptulips 23.9 18.1 58.0

North 88.1 6.5 5.3

Willapa 69.0 15.7 15.3

Columbia M-7 42.8 31.1 26.0

Columbia M-9 62.7 19.3 18.0

Necanicum 65.8 13.1 21.1

Nehalem 31.9 19.3 48.8

Miami 100.0 0.0 0.0

Kilchis 100.0 0.0 0.0

Wilson 85.2 6.3 8.5

Trask 82.1 5.7 12.2

Tillamook 86.8 8.2 5.0

Nestucca 91.6 2.6 5.7

Little Nestucca 59.0 15.9 25.1

Neskowin Creek 77.8 14.2 8.0

Salmon 74.2 10.6 15.2

Siletz 67.3 11.2 21.5

Yaquina 54.8 23.6 21.6

Alsea 60.2 11.6 28.2

Yachats 66.5 17.6 16.0

Big Creek 64.6 18.5 16.9

Cape Creek 100.0 0.0 0.0

Siuslaw 46.4 17.6 36.0

Siltcoos 57.6 8.2 34.2

Continued
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Appendix 7, continued

Sample % Smectite % Illite % Chlorite

Smith (Oregon) 51.5 20.2 28.3

Umpqua 76.8 5.3 17.9

Coos 83.9 7.8 8.2

Millicome 43.2 13.1 43.7

Coquille 46.2 17.3 36.4

Fourmile Creek 26.1 26.5 47.4

Floras Creek 24.6 32.2 43.2

Sixes 34.9 24.5 40.6

Elk 10.0 35.8 54.2

Brush Creek 34.9 28.3 26.8

Euchre Creek 5.8 47.0 47.2

Rogue 20.4 26.9 52.6

Hunter Creek 35.2 14.3 50.5

Pistol 17.7 31.9 50.3

Chetco 0.0 41.1 58.9

Winchuck 0.0 43.3 56.7

Smith (California) 7.7 27.7 64.5

Klamath 4.2 52.3 43.6

Redwood Creek 0.0 58.9 41 .0

Little 8.8 42.2 48.9

Mad 4.5 38.8 57.1

Eel 12.0 38.6 49.3

River Suspended Sanples

Chehalis - 1/27/78 0.0 26.9 73.1

Chehalis - 2/03/78 0.0 24.4 75.6

Chehalis - 2/10/78 0.0 22.5 77.5

Chehalis - 2/24/78 0.0 27.0 73.0

Umpqua 35.8 25.0 39.2

Rogue 13.4 25.5 61.1

Klamath 10.8 31.4 57.8

Mad 4.8 45.7 49.4

Eel 11.1 37.8 51.1
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Appendix 8

Semiquantitative Marine Mineral <2 m Data
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Appendix 8

<2pm Semiquantitative Clay Mineral Abundances

Sample % Smectite % Illite % Chlorite

TT53-14 44.4 31.8 23.8
T153-17 17.5 34.1 48.4
TT63-08 35.2 35.2 29.6
1T63-l0 43.4 31.6 25.0
1T63-12 15.9 54.2 30.0
1T63-13 39.5 32.1 28.4
1163-16 45.7 27.9 26.3
1T63-17 46.8 24.5 28.7
TT63-18 44.5 26.7 28.8
1163-19 40.6 31.1 28.2
TT63-20 41.4 28.3 30.3
TT68-26 34.2 33.8 32.0
W7905A-106G 57.3 21.2 21.5

-lO7G 50.5 21.6 27.8
-108G 47.2 22.4 30.4
-109G 46.9 23.5 24.6
-hOG 40.4 27.8 31.7
-111G 46.4 21.7 31.9
-112G 48.3 21.3 30.4
-113G 33.9 26.4 39.8
-115G 43.7 24.0 32.3
-116G 44.9 20.0 35.1
-117G 43.4 21.8 34.7
-118G 50.3 21.8 27.9
-119G 49.3 18.4 32.4
-120G 38.6 26.0 35.4
-121G 39.5 21.8 38.6
-122G 39.6 23.0 37.4
-123G 34.1 28.6 37.3
-125G 39.2 25.7 35.1

Continued
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Appendix 8, continued

Sample % Smectite % Illite % Chlorite

W7905A-127G 40.0 18.9 41.1

.-128G 42.0 20.1 37.8

-l29G 51.7 18.8 29.5

-130G 46.8 17.4 35.8

-131G 40.3 19.9 39.8

-132G 39.2 22.2 38.6

-135G 40.2 23.6 36.1

-136G 40.0 24.3 35.7

-137G 39.7 26.2 34.1

-138G 36.2 21.0 42.8

-139G 30.9 29.5 39.5

-140G 39.9 22.4 37.6

-141G 32.8 26.9 40.3

-142G 35.0 27.1 37.9

-143G 35.0 24.3 40.8

-l44G 32.9 25.8 41.3

-145G 29.1 25.0 45.9

-148G 38.9 23.6 37.5

-149G 38.0 25.7 36.4

-150G 30.0 32.5 37.5

-151G 33.9 34.4 31.7

-152G 42.9 22.0 35.1

-153G 32.9 26.1 41.0

-154G 29.2 24.3 46.5

-155G 35.8 24.6 39.6

-156G 33.3 24.5 42.2

-157G 36.9 25.0 38.1

-l58G 26.8 29.2 44.0

-159G 29.2 24.9 45.9

-l6OG 31.7 23.7 44.6

.161G 26.4 25.4 48.2

Continued
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Appendix 8, continued

Sample % Smectite % Illite % Chlorite

W7905A.-163G 27.9 283 43.9

-164G 24.4 25.6 50.0

-165G 22.9 31.8 45.2

-166G 24.6 32.6 42.8

-167G 30.0 19.3 50.6

-169G 32.2 30.1 37.7

-170G 34.8 23.9 41.4

-171G 31.4 28.3 40.3

-172G 34.9 25.3 39.7

-173G 24.2 29.6 46.1

-174G 26.8 30.6 42.6

-175G 32.0 22.2 45.8
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Appendix 9 2 - 2Opm Chemical Composition

Sample Si Al Fe Ca Na K Mg Ti Be Sr Cu Mn

107G 52.45 12.53 5.34 2.07 1.88 1.73 2.51 0.94 0.061 0.022 0.003 .048

1080 62.05 14.02 6.43 2.27 2.22 2.11 3.08 1.01 0.082 0.023 .004 .054

109 68.31 15.40 6.37 2.26 2.49 2.33 3.61 1.06 0.127 0.026 .003 0.060

110 82.69 19.14 7.72 2.77 3.12 3.32 4.24 1.30 0.192 0.035 .004 .072

111 62.53 14.28 10.47 2.25 2.28 2.10 2.76 1.04 0.083 0.027 .008 .059

112 61.74 14.61 6.10 1.87 2.19 2.03 3.42 0.96 0.137 0.022 .004 .057

113 61.01 14.52 5.88 1.77 2.17 2.11 3.49 0.95 0.124 0.022 .003 .059

115 60.26 14.58 6.63 1.77 2.14 5.91 3.73 0.95 0.096 0.021 .005 .063

116 59.49 14.49 6.77 1.85 2.00 2.01 3.61 0.98 0.077 0.020 .005 .063

117 60.20 14.54 6.78 1.82 2.14 2.06 3.47 1.05 0.084 0.022 .004 .066

119 60.72 13.40 7.02 1.68 2.27 1.80 3.44 1.04 0.058 0.046 .004 .088

120 59.07 14.46 6.26 1.76 1.96 1.94 3.76 1.06 0.077 0.020 .004 .062

121 60.32 14.42 6.22 1.59 2.42 1.94 4.08 1.00 0.098 0.021 .004 .064

122 60.45 14.17 6.34 1.46 2.33 1.98 4.16 0.96 0.085 0.017 .004 .065

123 60.03 14.84 6.14 2.01 2.50 2.05 3.86 1.01 0.095 0.024 .003 .064

125 60.82 14.02 6.14 1.59 2.43 2.24 4.07 0.90 0.132 0.018 .003 .067

127 58.97 14.07 6.62 1.72 2.26 1.88 4.29 0.96 0.072 0.015 .009 .103

129 60.04 13.60 7.62 2.14 2.62 1.82 3.38 1.09 0.058 0.022 .003 .069

130 61.36 13.12 6.34 2.14 2.40 1.74 3.66 0.99 0.055 0.020 .004 .059

131 60.96 13.66 6.07 2.02 2.34 1.73 3.96 0.97 0.062 0.018 .004 .054

132 63.74 14.26 6.82 1.82 2.29 1.81 4.30 0.97 0.074 0.017 .004 .067

Continued -



Appendix 9, continued

Sample Si Al

135 60.50 13.97

136 60.80 14.32

137 60.65 14.33

138 59.78 14.54

139 60.26 14.53

140 59.20 14.36

141 61.05 13.82

142 59.80 14.03

143 60.85 14.16

144 60.14 14.30

145 60.10 13.96

148 60.32 14.00

149 60.88 14.27

150 59.42 14.15

151 58.89 13.63

152 58.29 12.89

153 58.77 14.46

154 58.43 14.10

155 58.86 14.55

156 60.66 14.80

157 60.24 14.32

Continued

Fe Ca Na K M Ti Ba Sr Cu Mn

7.06 1.98 2.37 2.24 4.10 0.92 0.104 0.018 .004 .064

5.72 1.83 2.50 2.23 3.88 0.97 0.118 0.021 .004 .065

6.16 1.69 2.69 1.84 4.11 0.94 0.093 0.017 .003 .094

6.74 1.63 2.37 1.81 4.35 0.94 0.086 0.016 .006 .071

6.69 1.68 2.45 1.97 4.41 1.00 0.079 0.016 .003 .068

6.73 1.73 2.27 1.90 4.36 1.00 0.068 0.016 .003 0.065

5.28 1.39 2.84 1.87 4.08 1.13 0.067 0.019 .003 .067

6.42 1.99 2.37 1.74 4.14 1.00 0.053 0.017 .005 .071

6.23 1.79 2.49 1.82 4.36 0.96 0.078 0.015 .003 .067

6.61 1.95 2.34 1.83 4.42 0.95 0.076 0.017 .004 .076

6.38 1.88 2.32 1.87 4.46 0.94 0.088 0.018 .003 .069

5.51 1.31 2.23 1.85 4.40 0.93 0.101 0.014 .004 .074

6.42 1.71 2.28 1.70 4.54 0.98 0.076 0.017 .005 .070

6.66 1.79 2.11 1.64 2.64 0.97 0.067 0.015 .004 .073

6.86 1.94 1.97 1.53 4.30 0.93 0.053 0.014 .006 .065

7.92 1.76 3.19 1.92 4.01 1.09 0.056 0.026 .005 .069

6.89 1.77 2.06 1.66 4.65 0.94 0.059 0.014 .005 .085

7.24 2.17 2.21 1.69 4.61 0.96 0.072 0.017 .004 .075

6.83 1.66 2.07 1.73 4.56 0.96 0.073 0.014 .004 .076

6.36 1.59 2.26 1.71 4.41 0.87 0.104 .016 0.003 .072

6.40 1.52 2.11 1.70 4.32 0.88 0.106 .015 .004 .079

cx



Appendix 9, continued

Sample Si Al Fe Ca Na K Mg Ti Ba Sr Cu Mn

158 61.58 14.48 6.43 1.50 2.18 1.65 4.31 0.86 0.096 .015 .004 .071

159 59.78 14.95 6.85 1.58 2.14 1.72 4.58 0.89 0.078 .016 .004 .084

160 59.50 14.49 6.77 1.65 2.21 1.62 4.55 0.91 0.064 .014 .005 .079

161 58.37 15.35 7.35 1.74 2.04 1.69 4.92 0.91 0.064 .015 .006 .077

163 58.36 14.66 7.60 1.88 2.07 1.59 5.20 0.90 0.055 .016 .005 .079

164 58.09 14.89 7.73 1.98 2.10 1.63 5.51 0.92 0.054 .014 .005 .080

165 57.96 15.13 7.82 1.81 2.02 1.75 5.19 0.90 0.066 .015 .005 .081

166 57.08 16.81 7.23 1.76 2.10 1.75 4.81 0.89 0.061 .015 .004 .076

167 61.25 14.16 6.82 1.67 2.28 1.57 4.28 0.89 0.067 .015 .004 .070

169 60.55 13.98 6.31 1.47 2.33 1.76 4.26 0.89 0.068 .015 .004 .070

170 61.48 14.35 6.05 1.40 2.27 3.81 3.98 0.88 0.096 .015 .004 .071

171 61.08 14.11 5.95 1.43 2.28 1.90 3.91 0.91 0.102 .016 .003 .066

172 60.97 14.62 6.31 1.34 2.38 1.78 4.03 0.88 0.076 .013 .003 .084

173 61.96 14.04 5.95 1.52 2.41 1.76 3.95 0.89 0.067 .016 .003 .064

174 59.44 15.03 7.32 1.63 2.28 1.76 4.64 0.89 0.068 .016 .004 .078

175 60.34 13.29 6.94 1.84 2.19 1.49 4.62 0.81 0.053 .017 .003 .070

TT68-26 61.79 14.71 5.58 2.41 2.66 1.88 2.79 1.06 0.093 .028 .003 .066

1163-20 63.31 14.68 5.23 2.49 2.47 1.86 2.58 1.01 0.141 .030 .003 .059

TT63-19 62.85 14.79 5.44 2.43 2.53 1.84 2.49 1.12 0.105 .029 .003 .058

1153-14 58.97 14.81 6.58 3.35 2.53 2.10 2.64 1.18 0.081 .036 .003 .071

1153-17 60.84 14.86 6.14 3.65 2.89 1.48 6.44 1.10 0.062 .035 .003 .090

1163-08 58.46 15.75 6.26 3.96 2.66 2.29 3.00 0.99 0.101 .042 .004 .094
-4

Continued



Appendix 9, continued

Sample Si Al Fe Ca Na K Mg Ti Ba Sr Cu Mn

TT63-l0 59.36 15.28 5.95 3.02 2.40 1.98 2.83 1.08 0.119 .034 .004 .064

1163-12 60.48 15.95 5.36 3.15 2.74 2.20 2.42 0.99 0.087 .044 .002 .068

TT63-13 62.35 15.15 5.64 2.52 2.60 1.96 2.62 1.14 0.077 .030 .003 .060

TT63-16 60.91 15.75 5.40 2.82 2.60 1.91 2.58 1.15 0.091 .034 .003 .061

1163-17 61.07 14.96 5.81 2.28 2.55 1.82 2.73 1.06 0.079 .027 .003 .059

TT63-18 61.57 15.16 5.26 2.52 2.46 1.84 2.64 1.08 0.136 .028 .004 .058

Eel 56.11 16.63 8.35 1.06 2.06 1.90 4.72 0.91 0.063 .011 .005 .111

Mad 60.83 14.76 6.70 1.37 2.60 1.54 4.06 089 0.056 .011 .006 .090

Redwood 52.17 19.43 8.94 0.56 2.06 2.40 3.90 0.81 0.093 .008 .006 .099

Kiamath 56.67 15.40 8.26 2.26 2.11 1.54 5.99 0.78 0.076 .015 .005 .106

Rogue 53.08 16.23 9.24 2.71 2.04 1.34 6.12 0.98 0.060 .018 .008 .130

Coquille 57.38 15.61 7.74 0.99 1.86 1.62 4.50 0.99 0.049 .013 .004 .072

Urnpqua 57.77 15.86 7.69 1.58 1.94 1.43 2.76 1.17 0.052 .019 .005 .127

Nehalem 47.93 16.45 12.18 3.38 1.84 1.06 3.12 2.88 0.040 .036 .006 .142

Columbia M-9 59.70 14.66 6.58 2.64 2.10 1.80 2.17 1.19 0.078 .031 .004 .104

Columbia M-7 57.81 14.84 6.94 2.78 2.19 1.79 2.24 1.71 0.081 .030 .004 .115

Queets 59.17 17.11 6.64 0.63 2.40 1.86 1.86 1.07 0.071 .016 .006 .078

Chehalis' 50.32 17.55 8.51 2.36 1.64 1.24 2.48 1.70 0.049 .025 .015 .214

Chehalis2 47.23 16.25 10.24 2.76 1.52 0.98 2.93 1.56 0.043 .021 .018 .154

Chehalis3 47.25 16.38 9.45 2.46 1.38 1.02 2.45 1.47 0.046 .020 .012 .152

1/27/78; 22/10/78; 2/3/78



221

Appendix 10

<2 pm Chemical Data



Appendix 10
<2iim Chemical Composition

Sample Si Al Fe Ca Na K Mg Ti Ba Sr Cu Mn

106 45.99 16.23 36.53 2.49 1.28 .2.30 3.86 0.95 0.047 0.015 0.009 0.066

107 48.78 16.77 9.08 1.33 0.87 1.88 3.86 0.93 .059 .014 .009 .058

108 46.75 16.01 8.44 1.18 0.82 1.77 4.07 0.84 .062 .015 .014 .064

109 51.00 16.36 8.02 1.18 1.04 2.04 4.55 0.92 .084 .016 .008 .064

110 49.55 16.11 8.75 1.29 1.10 2.18 4.57 0.89 .107 .018 .008 .072

111 49.96 15.26 8.26 1.07 0.83 1.72 3.94 0.88 .076 .013 .017 .076

112 50.60 16.18 8.89 0.99 0.88 1.99 4.69 0.84 .095 .014 .011 .064

113 49.72 16.39 8.29 1.18 0.96 2.17 4.72 0.82 .120 .014 .008 .072

115 49.83 17.15 9.78 1.07 1.02 2.21 4.78 0.87 .107 .015 .012 .070

116 48.60 16.93 9.67 1.20 0.83 1.95 4.43 0.89 .086 .015 .010 .069

117 48.48 17.26 8.94 1.31 0.79 1.93 4.41 0.93 .075 .014 .008 .076

118 49.56 16.24 8.56 0.89 0.82 1.85 3.88 0.91 .048 .013 .010 .054

119 46.61 16.24 9.09 0.88 0.72 1.78 4.66 0.91 .044 .011 .013 .146

120 46.19 16.97 8.57 1.26 0.78 1.93 4.69 0.90 .059 .016 .010 .061

121 47.86 17.20 8.88 0.29 0.84 2.10 4.91 0.87 .073 .014 .012 .071

122 48.41 16.59 9.28 1.08 0.71 2.11 4.98 0.84 .096 .013 .008 .072

123 46.93 17.26 8.59 1.50 0.98 2.24 4.80 0.86 .087 .018 .009 .076

125 54.65 16.00 8.54 1.02 0.86 2.02 4.83 0.84 .115 .014 .011 .122

127 45.64 16.43 8.59 1.04 0.73 2.00 5.17 0.80 .074 .011 .024 .220

128 45.35 17.47 9.49 0.80 0.64 2.10 4.75 0.99 .060 .011 .008 .078

Continued
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Appendix 10, continued

Sample Si Al Fe Ca Na K Mg Ti Ba Sr Cu Mn

129 45.54 16.28 8.71 1.10 0.801 1.83 4.62 0.92 .089 0.012 .008 .085

130 47,45 16.22 8.42 1.22 0.66 1.77 4.56 0.90 .057 .013 .010 .064

131 46.43 16.24 7.78 1.31 0.91 2.07 4.82 0.87 .058 .013 .015 .069

132 46.98 16.78 8.76 1.19 0.69 2.00 5.29 0.88 .080 .013 .012 .074

135 48.00 16.02 8.56 1.20 0.80 2.02 4.93 0.81 .083 .012 .012 .072

136 49.08 15.81 8.61 1.15 0.78 2.02 4.90 0.78 .090 .013 .018 .092

137 46.66 15.56 8.89 0.95 0.73 1.99 4.83 0.75 .119 .014 .011 .311

138 46.38 15.96 9.39 1.06 0.61 1.92 4.97 0.81 .090 .012 .017 .089

139 46.29 17.02 8.82 1.01 0.79 2.09 5.43 0.90 .072 .013 .008 .076

140 45.39 16.40 8.65 1.23 0.72 2.00 5.37 0.86 .061 .012 .010 .073

141 42.36 16.68 9.07 0.97 0.61 1.90 5.18 0.90 .075 .012 .013 .068

142 44.14 16.90 8.70 1.22 0.93 2.12 4.23 0.87 .066 .011 .016 .098

143 46.52 16.74 8.76 1.13 0.67 2.03 5.32 0.88 .075 .012 .010 .075

144 45.07 16.49 8.60 1.32 0.59 1.96 5.31 0.81 .096 .013 .013 .124

145 46.56 16.79 9.03 1.13 0.64 2.06 5.36 0.85 .078 .012 .009 .074

148 48.36 15.99 8.80 1.06 0.78 2.12 5.34 0.84 .221 .014 .009 .112

149 48.76 16.66 9.33 0.95 0.67 2.10 5.38 0.83 .107 .012 .010 .083

150 47.35 16.91 9.25 1.10 0.61 2.02 5.40 0.87 .081 .012 .099 .084

151 44.23 15.88 8.39 1.17 0.54 1.81 4.94 0.81 .064 .013 .016 .070

152 46.75 15.71 9.87 0.83 0.622 1.96 5.26 0.82 .056 .012 .011 .080

153 46.52 17.36 9.31 1.25 0.60 2.13 5.62 0.86 .069 .011 .010 .093
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Appendix 10, continued

Sample Si Al Fe Ca Na K Mg Ti Ba Sr Cu Mn

154 46.29 16.72 8.34 1.21 0.93 2.25 5.86 0.83 .067 .011 .010 .077

155 46.52 16.64 8.65 1.08 0.81 2.14 5.33 0.83 .092 .012 .011 .110

156 48.58 17.09 8.24 0.91 0.91 2.35 5.78 0.86 .106 .012 .009 .094

157 50.31 16.23 8.75 0.90 0.89 2.22 5.34 0.82 .130 .013 .008 .110

158 51.26 16.19 9.24 0.86 0.75 2.24 5.46 0.78 .119 .012 .010 .095

159 48.01 16.22 9.40 0.92 0.70 2.36 5.73 0.77 .090 .010 .012 .154

160 49.19 16.13 8.71 1.09 0.65 2.18 5.25 0.84 .070 .012 .014 .080

161 47.03 17.21 9.64 1.08 0.61 2.19 5.62 0.90 .072 .012 .013 .089

163 46.06 16.62 9.85 1.08 0.58 2.11 5.65 0.89 .057 .010 .012 .092

164 46.66 17.12 9.94 1.00 0.64 2.19 6.19 0.95 .059 .010 .011 .083

165 48.18 17.26 10.03 1.14 0.61 2.34 5.84 0.93 .068 .012 .009 .084

166 44.04 16.46 9.37 1.25 0.67 2.23 5.44 0.85 .080 .015 .012 .084

167 49.08 16.82 8.22 0.92 0.68 2.24 5.68 0.89 .074 .010 .011 .116

169 49.44 16.16 8.64 0.84 0.69 2.15 5.24 0.79 .109 .012 .012 .099

170 52.10 16.25 8.31 0.78 0.78 2.34 5.33 0.86 .115 .012 .008 .095

171 49.31 16.67 8.94 0.91 0.68 2.32 5.27 0.80 .094 .012 .009 .084

172 48.18 16.26 9.11 0.78 0.75 2.44 5.54 0.82 .082 .010 .011 .191

173 48.45 17.66 8.81 0.98 0.69 2.64 5.83 0.85 .078 .011 .009 .088

174 48.27 17.84 9.59 1.18 0.63 2.47 5.76 0.91 .082 .011 .010 .089

175 44.70 15.25 9.05 1.18 0.53 2.03 5.52 0.85 .055 .012 .014 .078

Continued



Appendix 10, continued

Sample Si Al Fe Ca Na K Mg Ti Ba Sr Cu Mn

T153-14 49.17 16.16 9.16 1.54 1.49 2.03 3.71 0.98 .059 .018 .007 .071

1T53-17 49.80 17.96 9.74 2.17 1.82 2.07 4.68 1.07 .062 .024 .009 .134

TT63-08 49.21 18.13 9.54 2.16 1.52 2.50 4.08 0.97 .075 .027 .010 .130

1163-10 50.90 16.57 9.09 1.65 1.08 2.05 4.15 0.98 .073 .019 .008 .066

1163-12 50.44 18.08 8.58 2.24 2.40 3.01 4.13 0.93 .080 .033 .007 .112

TT63-13 51.87 16.43 8.61 0.91 1.47 1.97 3.79 0.98 .076 .013 .008 .058

TT63-16 50.62 17.47 8.74 1.18 1.27 2.05 3.95 1.04 .073 .016 .008 .058

TT63-17 50.25 15.41 9.79 0.68 1.64 1.83 3.48 0.87 .066 .011 .007 .059

TT63-18 51.56 16.16 8.34 1.10 1.26 1.98 3.89 1.00 .111 .016 .008 .057

TT63-19 48.90 15.30 8.34 0.84 1.17 1.68 3.36 0.91 .085 .013 .007 .053

1163-20 52.32 15.56 8.20 1.06 1.28 1.88 3.75 0.90 .118 .017 .009 .058

1168-26 52.45 15.87 8.99 0.80 1.58 2.00 3.96 0.91 .107 .013 .010 .085

Eel 45.47 19.54 10.20 0.70 0.80 2.97 6.43 0.83 .083 .006 .009 .144

Mad 46.89 19.04 10.00 0.92 1.07 2.88 6.67 0.75 .086 .007 .012 .145

Redwood 41.90 24.31 10.44 0.38 0.72 3.90 3.93 0.98 .164 .009 .016 .137

Kiamath 46.52 16.75 9.85 1.72 1.45 2.05 7.54 0.96 .079 .012 .014 .149

Rogue 39.20 18.44 11.66 1.13 0.51 1.67 6.02 1.06 .082 .012 .021 .244

Coquille 48.14 19.19 11.92 0.54 0.49 1.95 6.47 1.08 .046 .009 .031 .125

Umpqua 44.67 19.20 11.22 0.34 0.41 1.11 3.02 1.17 .024 .006 .009 .183

Chehalern 39.38 17.20 12.26 1.08 0.43 0.77 2.87 1.58 .033 .014 .010 .200

Columbia M-9 51.66 12.35 8.06 1.18 0.45 1.27 1.93 0.83 .060 .014 .010 .253
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Appendix 10, continued

Sample Si Al Fe Ca Na K Mg Ti Ba Sr Cu Mn

Columbia M-7 49.13 13.40 8.89 1.30 0.59 1.52 2.35 1.00 .068 .016 .009 .184

Queets 42.36 21.75 9.78 0.44 0.93 2.99 2.66 1.13 .066 .015 .016 .148

N)




