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SEDIMENTS OF WILLAPA SUBMARINE CANYON

ABSTRACT

A study of Willapa Submarine Canyon, located off the Washington
coast, was undertaken in an attempt to define the type, distribution,
and rate of deposition of sediment within the canyon.

Well sorted sands are common on the continental shelf near the
canyon head and green pelagic muds predominate within the canyon.
The muds are thinly bedded and cores from the thalweg contain sand
layers. Organic- and carbonate-carbon contents of sediments range
between 0.2-2.9 and 0.05-1.5 per cent respectively. The clay-sized
fraction of the average sediment consists of approximately 20 per
cent Fe-chlorite, 30 per cent kaolinite, and 50 per cent illite with
minor amounts of montmorillonoids and mixed-layer clays.

Analyses of the heavy-mineral and clay-mineral suites show that
the Columbia River is the most probable source of sand and mud in the
canyon. The occurrence of graded sand layers containing shallow water
foraminifera and heavy mineral suites similar to those of shelf sands
indicate turbidity-current transport of shelf sediment alcong the
canyon axis.

The maximum rate of sedimentation on the upper slope is about
50 mg cm'eyr‘l (hl centimeters per thousand years), but the total
thickness of Holocene sediment in most of the canyon is only a few
meters. Turbidity flows, originating on the upper slope and shelf,
deposit the major portion of their sediment load west of the slope
break in Cascadia Basin.

Rock dredged from the canyon walls contains fossils which sug-
gest Willapa Canyon has formed since early-Pliocene time.
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INTRODUCTION

Scope and Objectives

The general scope of this investigation of Willapa Submarine Can-
yon is that of a reconnaissance with the following objectives: 1) to
define the general character and distribution of sediment; 2) to deter-
mine the nature and rate of sediment deposition; and 3) to determine
the mode and extent of bottom transport within Willapa Canyon.

Description and Bathymetry

Willapa Canyon heads about 30 kilometers off the Washington
coast in the vicinity of 46°30' N latitude and extends westward about
110 kilometers where it swings southward and enters Cascadia Basin

(Figure 1).

Willapa Canyon, with its tributary, Guide Canyon, is only one
of the canyons in the continental terrace off Washington and is com-
parable in size to Astoria Canyon to the south and Grays Canyon to
the north (Figure 2). There are numerous smaller, unnamed canyons in
the area. The total relief in longitudinal profile (from canyon
head to mouth) is about 1200 fathoms (2200 meters). The maximum
average slope of the canyon walls is 30-40 degrees and their maximum
relief, in deeply incised areas, is about 600 fathoms (1100 meters).

The canyon can be divided into upper and lower regions (Figure
1) at the 1000-fathom isobath. The upper canyon area includes
Willapa and Guide Canyons and is characterized by great relief and
steep canyon walls. Near the 1000-fathom isobath, Guide Canyon
Jjoins Willapa Canyon and their combined axis passes through a
narrow gorge into the lower canyon area.

The lower canyon has less relief than the upper canyon, its
walls slope more gently and its floor is broader. Tributary
channels appear to enter the major axis from both the north and
south. Near the slope break (approximately the 1300-fathom isobath)
the canyon axis breaches a series of northwest trending ridges and
enters Cascadia Basin.

Previous Work

Since 1930 when the United States Coast and Geodetic Survey began
charting the continental terrace, data on submarine canyons have accumu-
lated rapidly. Early work was primarily devoted to locating, describing
and comparing the morphology of canyons (Shepa:d and Beard, 1938;
Shepard and Emery, 1941) and few studies were made of the sediments in
the canyons. Among these were the study of the geology and paleontology
of Georges Bank Canyons (Stetson, 1936) and a comparative study of the
sediments of canyons off the California coast (Cohee, 1938). Recent
studies by Gorsline and Emery (1959) and Emery and Hulsemann (1963)
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have related sediment textures and distribution to transport along can-
yon axes. Classification, description, and comparative relationships
of submarine canyons have been given by Emery (1960) and Shepard
(1963a, 1963b).

Willapae Canyon has not been studied before, but the general nature
of sediment distribution on the adjacent shelf, the Columbia River
Delta, and Cascadia Basin are known (Shepard, 1939, p. 22L; B. J.
Enbysk and D. A. McManus, personal commmication).

FIELD WORK

Sediment samples were collected in June, 1963 from the M.V. Brown
Bear (cruise 326). Sample locations (including samples taken on Brown
Bear cruises 291 and 312) are shown in Figure 2.

A 24-liter Van Veen sampler (Van Veen, 1936) with a maximum pene-
trating depth of 23 centimeters was intended for use near the canyon
head, but one sample (station 326-37) was obtained at a depth of 572
fathoms (1100 meters). Samples from deeper water were taken with a
T.35-centimeter diameter, 3.5-meter long Kullenberg-type piston corer
(Kullenberg, 1947). A 3.87-centimeter diameter gravity corer (trigger
corer), 30 centimeters long, was used to initiate the one-meter piston
corer free fall. Coring was attempted at all stations, but mechanical
failures and high seas resulted in no recovery at several stations. A
steel-pipe dredge, LS centimeters in diameter and about 1.5 meters long,
was used at three localities to obtain samples of the canyon walls. The
cores were sealed in the liners, labled, and secured in an upright posi-
tion aboard ship. Van Veen samples, trigger cores, and dredge hauls
were frozen to retard decomposition of organic matter.

Station positions were located by Loran-A, which has an approximate
accuracy of one per cent of the distance between the ship and the trans-
mitters (Von Arx, 1962). This gave an accuracy of +0.5 nautical miles
(+930 meters) within the study area. Sampling depths and the bathymetry
between stations were determined with an EDO AN/UNQ 2-B echo sounder and
recorder. Loran positions were corrected for wind and current drift and
adjusted to the bathymetry of the chart in Figure 2. A continuous bathy-
metry track was not run.

ANATYTICAL METHODS AND PRESENTATION OF DATA

Texture and Composition of Sediments

Detailed studies of samples from Brown Bear cruise 326, supplemented
by size and foraminiferal data from Brown Bear cruises 291 and 312, form
the basis for this discussion. Samples are designated by cruise
and station number and by sampler type or sample depth in cores. Details
of sampling techniques are given in Appendix II.




Size analyses (Appendix II) were made for each sample and statisti-
cal parameters of size distributions computed (Creager, McManus, and
Collias, 1962). The statistical parameters of Folk and Ward (1957) and
the second skewness and kurtosis of Imman (1952) could seldom be calcu-
lated because most sediment size distributions were open ended. No
Inman values were calculated for samples in which the next to last
accumulated percentages of size classes was less than 84. Inman mean,
median, deviation, and skewness were obtained for most samples (Table 1)
and are used in this study.

Size Components:--The sand, silt, and clay relationships shown on
the three-point diagram of Figure 3 (Shepard, 1954) indicate that the
sediments group into two end-members, one consisting of high percentages
of sand and a second of nearly equal parts of silt and clay with less
than 5 per cent sand. A third sediment type is composed of mixtures of
these end-members. The end-members are shelf sand (shelf sediment con-
taining greater than 75 per cent, dry weight, sand-sized material) and
slope mud (sediment consisting predominantly of clay-silt sized parti-
cles); mixed sediments come from the shelf and the slope. The nearly
equal amounts of silt and clay appear to be characteristic of both
slope muds and mixed sediments from the slope. Fine-grained shelf
sediments commonly contain greater percentages of silt than of clay.

The distribution of sediments on the shelf is patchy and some
shelf sediments have textures similar to those on the slope. The end-
members of sand and mud may be considered characteristic of shelf and
slope enviromments, respectively, but sediments of intermediate texture
occur both on the shelf and the slope.

Sorting: The phi-deviation, a measure of sorting, is plotted as
a function of mean grain-diameter in Figure 4. Shelf sand and slope
mud form end-members as in Figure 3, with mixed sediments occuring be-
tween these extremes. The same symbol is used for individual samples
plotted in Figures 3 and k.

Shelf sands are moderately sorted and slope muds are poorly sorted.
Mixed sediments display the poorest sorting.

Mean and Median Grain-Size:--Shelf sands have mean diameters of
about 3 phi and slope muds mean diameters of T to 9 phi (Table 1).
Mixed sediments have mean diameters intermediate to those of sand and
mud.

Because the median is less affected by the tails of grain-size
distributions, it was used to compare chemical data with sediment
texture (Appendix I, Figures 8-18). In general, differences between
mean and median diameter are small.

Skewness: --Sandy shelf sediments are positively skewed with phi-
skewness values between 0.5 and 0.61 (Table 1). Slope sediments have
nearly symmetrical grain-size distributions with skewmess values of
-0.1 to 0.2, most of which are positive and less than 0.1. Mixed



TABLE 1. Sample locations and sediment size data

Location Size Components Size Statistics®®
L] =

Btstion Lat. Long. Sand Silt Clay Sand/Mud Mean Dev. Skew.

N. W, % % % ] 44
726-28-VV 46%25,6' 124°30.0' 12.7 51.1 36,2 0.2 2.2 3,0 0.1
326-28-00 41.9 28.2 29.9 a7 6.3 3.3 0.5
326-26=34 14.9 41,6 43,4 0.2 2ald 3.3 -0.0
326=25=42 7.4 43,9 48,8 0.1 77 3,1  =0.1
326-25-70 h 5 377 51.2 0.1 8.1 3,1 =0.0
326-28-99 3,0 36.6 60,4 0.0
426=28=145 2ot 38.7 S58.4 0.0 3.8 2.3 0.1
326-29=VV 46°26.6' 124%32.4' 35,6 3.0 6.3 6.0 3,0 0.9 0.5
326-29=00 83.2 12.9 3.9 5.0 3.1 1.4k 0.k
326-29-40 334 42,7 19.0 0.6 5.6 2.8 0.0
726=29=70 64,5 2h .4 i s 15 1:8 L.6 245 0.6
226-31-00 46%31,7' 124°27.5' 1.6 47.3 51.1 0.0 8.1 2.5 0.0
226=31=45 1.5 52.6 45.9 0.0 8.2 2.8 0.2
226-31-88 12:3 Ls,1 42,6 ;1 7.6 3.0 o % 1
326=36=-TR 46°29,0' 124°%42.4% 11.9 47,2 41,0 0.1 743 3.1 0.0
226-36-00 1.2 47.0 51.8 0.0 8.3 2.7 0.1
226-3(-50 3.0 51.1 45,9 0.0 7.9 2.9 0.1
526-36-100 2a 64,2 33,2 0.0 28 2.9 0.2
326-36-150 251 54.0 43,9 0.0 7.9 3.0 0.1
32()-36-200 Lf.8 60.3 35.0 Onl 707 3.2 Oal{
326-36=-240 1.3 72.6 26,0 0.0 7.k 1,8 0.3
326=36-250 12 58.5 39,8 0.0 8.0 2.8 De3
326-3%6-290 5 Y 55.3 43,5 0.0 7.8 2.9 Oel

* The first five numbers designate prown Bear cruise and station, letters VV a
Van Veen sample, TR the top of a trigger core, and other numbers the depths of samples
in piston cores in centimeters.

** Size statistics (in phi notation) are those of Inman, 1952. (ippendix III).

*** Mud e.uals silt plus clay.



TABLE 1 (cont)

Location Size Components Size Statistics
Feutian Lat. Long., Sand  Silt  Clay Sand/Mud Mean Dev. Skew.
N. A % % % 2 J4

326-37-TR  46%27.4' 124°3g.4' 1.0  50.2 k3.9  Gu3 8.8 242 0.1
226-39-VV 46°20.9' 124%32.7' 83,2 9.7 sl 5.5 2 1.6 0.5
326-42-00 46%23,5' 124%43.8' 0.7 46.5 52.8 0.0

326=42-50 0.4 53.6 46,1 0.0 8.0 27 0.1
326-42 =100 0.6 45,7 53.7 0.0 2.5 2.6 0.1
326-42=150 0.6 48.1 51.3 0.0 3.8 2.4 B3
326=42-175 0.5 454 5h,1 0.0

326-4L4-TR 46%°34.0' 125%02.0' 4.5 45.8 46,7 0.1 747 2.0 =0yl
326-44=00 30.9 38,0 3.2 0.5 5.7 b2 =02
326-44=30 4.5 51.6 43,9 0.1 7.9 2.3 0.1
326-44-55 0.6 54e2 40,2 0.0 o0 Bl 0s2
326-45<~TR 46°25.0" 124°959.9 2.5 43,8 45,8 0.0 3.7 2.4 0.3
326-45-00 1.3 50.1 LGL6 0.2 8.2 245 0.1
326-45=50 0.2 43.9 55.9 0.0 3.7 2.5 Dol
326=45=100 0.4 48,6 5143 0.0 8.7 2.k Dl
326-45=130 0.4 45,2 54,5 0.0 8.7 246 042
226-46-TR  46°23.6' 124%56.8' 1.1 58.2 40,8 0.0 3.0 2.6 Oe2
326-46-00 22.6 39.9 375 0«3 6.3 3¢l =001
326-46-50 Ooé 5‘:)-6 uoo 0.0 708 2-8 302
226=46-100 0.5 54,1 45 4 0.0 8.3 2.5 0.2
326-46-145 0.6 54,0 45,3 0.0 Sol 242 0.3
326-47-00  46°21.5' 125°11.2' 0.4 60.0  39.6 0.0 7.5 1.8 =0.1
326=-47-50 0.8 53.4 40,8 0.0 7.9 1.8 0.2
%26-47-100 0.8 56,7 42.5 0.0 7.9 1.9 0.1
326-47-150 0.3 53.6 L6,1 0.0 3.1 1.8 )
%26=47=-200 0.k 54,3 45,3 0.0 8.0 1.8 0.1
326=47=234 0:d 55.4 Lk, 5 0.0 €.0 b= e Ded



TABLE 1 (cont)

Location Size Components Size Statistics
L Lat, Long . sand  Silt  Clay Sand/Mud Mean Dev. Skew.
N. % % % % J) 2

326-48-00 46%°27,0* 125%12.8' 0.9 45 4 53,8 0.0

326-48-32 9.4 48,2 Lok 0.1 P2 3.0 0.1
326=-48-62 2,2 42.8 55.0 0.0 8.0 2.2 =0.1
326-48-91 38.0 30,1 32.0 0.6 6.6 3.7 0.2
326-48-130 0.9 43,5 556 0.0

226-48-158 19 51.6 L6,5 0.0 3.kt 2.8 Ookt
326-48-120 70.4 17.4 1z2.2 2.b 4,6 2.5 0.7
226-48-190 €5.7 22.7 11.5 1.9 L,s 2.6 0.6
326-48-211 55 39.6 54.9 Ol

326-49-00 46°33,41 125°15.2' 0.7 41.7 57.6 0.0 8.k 2.7 =0.0
326=-49-50 0.4 46,1 5345 0.0 8.3 2.6 0.0
226-49-100 0.2 41.0 53.8 0.0

326=49-150 0.6 42,3 571 0.0 8.7 2.4 0.1
226-45-170 0.k Ly, 3 54,8 0.0 Yol 2.7 =0.0
326-50~TR 46%°27.7' 125°15.0' 1.2 46,3 52.4 0.0 7.5 1.6 =0.4
326=50=52 0.3 51.5 48,2 0.0 3.0 2.8 0.0
2326-50-100 952 38.6 55.3 0.0 3.7 243 0.0
22( -50-130 15.5 42,3 33.2 0.2 6.3 3.6  =0.1
226=-50=174 1:5 37.8 60.9 0.0 8.5 1.9 =0.1
326-51-TR 46%14,9v 125%4,5' 0.6 36,3 63.0 0.0 8.9 2.1 0.1
226-51-18 0.4 42,4 57.2 0.0 8.7 2.4 0.1
326-51-57 0.6 4y, 9 54,6 0.0 3.8 2ok 0.2
326-52-TR 46°20,8' 125%°34,7' 0.8 39.9 59.3 0.0

326-52=-00 1.6 45,6 52.8 0.0 8.4 2.5 D.1
226=52-50 1.3 50.3 48,4 0.0 8.6 245 03
326-52-85 1.7 46,5 51.8 0.0 3+3 2ok 0.1
326=52-93 2.2 L4g,7 48,1 0.0 8.3 21 0.2
326=-52-126 0.7 50.7 be b 0.0 3.5 2.5 0.2



TABLE 1 (cont)
Location ) Size Components Size Statistics
Beation Lat. Long. Sand  Silt  Clay Sand/Mud Mean Dev. Skew.
N, W % % % ']

510-34-01  46%u4,3v 124%°51,5* 0.8 54.9 44,3 0,0 8,2 2.8 0.2
312-36-YVv  4.°%40,0' 124°36.,0' 58.8 28.5 12.6 1.4 5.0 2.2 0.6
312-37-¥v  46°39,0' 124°16.0' 69.6  30.4 0.0 2.3 3.9 0.5 0.3
312-39-v¢  46%25.0' 124°10.3' 89.0 9.1 1.9 8.1 3.3 0.4 0.5
312-41-01  46°25,0v 124%34.6' 6.3 54,2 39.5 0.1 7.7 3.0 0.2
cyl-22-vv  46°22.6' 124°09.0' 91.4 7a'? 0.9 10,6 3.2 0.4 0.3
261-51-01  46°14.6' 125°29.0' 0.3  55.7  4h.,0 0.0

291-53-VV  46°20.7' 124%33.9' 86.4 8.1 5.5 6.4 2.1 1.0 0.k
291-62-00  46°21.8' 124°17.8' 40.4  L42.0  17.5 0.7 5.5 2.9 0.3
291-63-01  46°30.0' 124°34.,0' 0.4  50.4 49,1 0.0 8.4 2.5 0.2
291-65-01  46°27.0' 125%03.0' 15.7 61.8  22.3 0.2 6.4 2.4 0.1
291-66-01  46°25.7' 124%54.6' 0.3  L4,7  55.0 0.0 8.6 2.3 0.2
291-67-01  46°23.3v 124°%%1.2' 0.4  51.7 47.8 0.0 3.2 2.3 0.l
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sediments have skewness values intermediate to those of slope muds and
shelf sands.

Carbon and Nitrogen Content:-- Total-carbon (Appendix II) values
range from 0.33 to 3.03 per cent, by weight. Calcium carbonate
(Appendix II, reported as per cent carbonate-carbon, is relatively
low for all samples; seldom exceeding 1.0 per cent and generally less
than 0.2 per cent. Organic-carbon contents, estimated by the differ-
ence between total-carbon and carbonate-carbon, range between 0.2 and
2.9 per cent. The carbonate-carbon and organic-carbon contents are
shown as a function of depth (Appendix I, Figures 8-18) and mean grain-
size (Figures 5 and 6).

Coarse-grained shelf sediments contain less carbconate-carbon than
slope sediments of similar texture and fine-grained shelf sediments
contain more carbonate-carbon than slope muds (Figure 5). High carbonate-
carbon contents also occur in fine-grained slope sediments of suspected
pre-Holocene age (Figure 5; see Discussion).

An inverse relationship is indicated between mean grain-diameter
and organic-carbon content (Figure 6) but a secondary trend of lower
organic-carbon values in fine-grained shelf sediments is also sug-
gested. Low organic-carbon contents, correlating with high carbonate-
carbon contents, are found in pre-Holocene(?) sediments.

The nitrogen contents, determined by the macro-Kjeldahl method
(Appendix I1), of eight surface samples from the canyon give organic-
carbon/nitrogen quotients between 8.5 and 11.4 which average 9.0.

Water Content:--Water content values were obtained at 10 centi-
meter intervals in core 326-36. Weighed samples of wet sediment were
taken from the core immediately after opening, dried at 90 degrees
Celcius, cooled in a desiccator for several hours, and reweighed.
Correction was not made for salt content.

Water contents (defined as the ratio of weight of water in a
sediment mass to the weight of the oven-dry solid particles) range
from 39.5 to 62.2 per cent (Table 2). The maximum deviation of water
contents from an eye-fitted regression curve is 3.5 percentage-units
except for the value for the ash layer at 240 centimeter depth
which plots T percentage-units below the regression line.

A coefficient of compaction, b, was computed (Pettijohn, 1957),
using values of water content (per cent by weight) to represent pore
space, from the formula,

where PO represents surface porosity and P7 the porosity at anz depth
z. The coefficient of compaction for core”326-36 is 5.3 x 10~~.
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TABIE 2. Water content of samples from core 326-36

Depth Water Depth Water
cm % cm %
10 62.2 160 51.2
20 58.4 170 50.7
30 59.8 180 52.7
1Ty 58.9 190 48.3
50 56.5 200 48.1
60 57.8 210 47.2
T0 56.4 220 hs.L
80 53.1 230 L7.5
90 52.5 2Lox 39.5

100 58.5 250 46.5

110 55.3 260 46.7

120 51.6 270 45.1

130 51.0 280 .7

140 51.0 290 43.6

150 53.1

*Ash layer

Heavy Mineral Suites:--To compare the composition of shelf
sands and sandy sediments from the slope, a petrographic study was
made of heavy minerals (densities greater than 2.89 grams per cubic
centimeter) in five shelf and four slope samples. Mineral separa-
tions were made using the frozen bromoform technique of R. A. MacKay
(Fessenden, 1959). A representative portion of each heavy mineral
fraction was mounted in Lakeside-TO plastic resin on a glass slide
for mineral identification and estimate of composition. The per-
centage of heavy minerals in the modal size-classes are given in
Table 3.

To simplify the task of determining the relative abundances of
heavy minerals, they were grouped into classes and the percentage of
each class determined (Table L4).

Lithic fragments were mostly basalt with euhedral plagioclase
and magnetite inclusions; fragments of siltstone and metamorphic
rock composed less than 3 per cent of the lithic component. Volcanic
glass was predominantly dark-colored and devitrified but the glass
in sample 326-50-130 was red-brown.

Opaque minerals include magnetite, ilmenite(?), and some dark,
volcanic glass. Clinopyroxines were chiefly augite but some diopside
was observed. Brownish-green hornblende was the most common amphibole
but a blue-green variety was often present and was abundant in samples
326-29-00 and 326-50-130. Hypersthene, which frequently showed
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TABIE 3. Heavy-mineral percentages, by weight, of selected
samples from the canyon rim end lower canyon

Heavy minerals

Sample

2@-class 3@-class
326-29-VV 11.37% 3.03%
326-29-00 12.30 10.03
326-29-40 8.70 9.28
326-29-T0 12.50 10.40
326-39-VV 33.61 29.16
326-48-90 T. 51
326-48-180 4. 32
326-48-190 9.69
326-50-130 8.TT

solution along terminal margins of prismatic crystals, was the dominant
orthopyroxine, but minor amounts of enstatite were noted.

Micas included chlorite, biotite, and colorless mica; some color-
less mica may be leached biotite. Pink, amber, and brown garnets were
most common; some orange and green garnets were present. Green or
yellow-green to whitish epidote showed signs of sericitizationm.

Grain shape varied among the constituents. Orthyproxines and
amphiboles were generally euhedral to sub-hedral and sub-rounded.
Volecanic rock fragments were sub-rounded to sub-angular. Clino-
pyroxines were euhedral and sub-angular to angular, and glass and
opadque minerals were rounded to sub-rounded.

Light -Mineral Suites:--The light-mineral fraction (density less
then 2.89 grams per cubic centimeter) was composed principally of
equant grains of sub-angular guartz with minor percentages of unaltered
plagioclase-feldspar. The content of volcanic glass, lithic fragments,
glauconite,and foraminifera varied among the samples. Diatoms, radio-
laria, sponge spicules, echinoid spines, fish teeth and vertebrae, and
algal debris were minor biogenous constituents.

Glauconite, distinguished by its morphology and dark green color
(Burst, 1958), and volcanic ash were noted in many samples examined for
foraminifera. Glauconite was most abundant in sand from the outer
shelf and in coarse fractions of sediments near the shelf break. In
contrast, volcanic ash was most abundant in fine-grained sediments from
the lower canyon. Ash and glauconite were observed at all depths in
cores.
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TALLE 4. Heavy mineral compositions of select:d samples from
the canyon rin and lower canyon®

Mineral Samples from rrown Bear cruise 326

Groay 29-VV 24-00 29-40 2%=70 39-VV L5=90 45-130 4.=190 5)-130

Zithie fraguments L3% Lgos 70% 66% (3% 75¢ 7494 730, 58%
Volcenic glass 8 i 13 i 4 4 3 5 5 1%
C.ague minerals & - by 11 15 5 L3 15 7
Clinoryroxines g 7 6 o 7 L 7 5 8
Aszpiiboles 4 12 L G 3 2 5 2 5
Ortuopyrexiues 3 4 1 3 s 1 1 1 4
Mica 5 6 4 2 - 4 2 1 “
Epidote Tr 2 - - 1 - Tr - -
Girnet Tr 1 Tr Tr - - i o - -
Monzzite or - - - - - - - -
Sthene - i - - 1 - - - e
circon - - - - - - Tr - it o
Pyrite - - ir Tr - - Ir - Tr
Sillimanite - Tr - - - - - - Ir
Kyenite - - - - - Tr - - Tr

* Percenteges determined by counting 300 greins.
Tr Minercl concentrations less tiian one percent.

= Minerzls not detected.

LT
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The average refractive index of the volcanic ash from the layer at
240 centimeters depth in core 326-36 (Appendix I, Figure 10) was 1.505.
X-ray diffraction identification of the crystalline components of the
ash was impossible because of their low concentrations and contamina-
tion of the ash layer by other lithogenous material.

Clay Minerals:--Identification of clay minerals (Appendix II) was
based on the orderly repetition of the X-ray diffraction peaks from the
basal (001l) cyrstallographic lattice. The clay-mineral suite consisted
of mica-species, referred to as illite, characterized by 10 Angstrom
and 5 Angstrom X-ray diffraction peaks; kaolinite; Fe-chlorite;
montmorillonoids; and mixed-layer structures.

Estimates of the relative abundances of illite, Fe-chlorite, and
kaolinite were obtained by comparing the areas of major diffraction peaks be-
fore and after acid treatment. Ratios of T.lA/lOA and 3.5A/3.3A peak-
areas vere considered a measure of Fe-chlorite + kaolinite/illite before
acid treatment and kaolinite/illite after acid removal of Fe-chlorite.
The value of the 7.1l Angstrom diffraction peak was divided by two to
adjust for the relative intensity of the 10 Angstrom peak (Weaver,
1958). Peak ratios and illite: Fe-chlorite:kaolinite ratios computed by
this method are given for surface samples in Table 5. Values of the
H.TA/S.OA ratio are also recorded. Additional peak ratios for three
cores are shown in Table 6.

Foraminifera:--An effort was made to obtain samples for fora-
miniferal study from the tops of trigger (short gravity) cores but in
several cases it was necessary to use the tops of piston cores. Samples
were wet-sieved through a L-phi (62-micron) screen, stained with Rose
Bengal dye, and sized into single phi-unit classes. Identifications
were made by B. J. Enbyskl of the Department of Oceanography, University
of Washington.

The distribution of foraminifera in surface samples is shown in
Table T and_in selected cores in Table 8. Sample locations are shown
in Figure 22.

1 . . . - " -
A discussion of foraminiferal zonation off the Washington coast,
including Willapa Canyon, is being prepared by B. J. Enbysk and
will be available in the near future.

2 ;
The locations of three samples from Cascadia Basin, west of

Willapa Canyon, not shown in Figure 2 are: 312-34 (Lat 46°24.3'N,
Long 125°51.5' W); 312-56 (Lat L46°14.5' N, Long 126°00' W); and
291-50 (Lat 46°12.1' jj, Long 126°20.8' W).



T:BLE 5. Intensity ratios of major X-ray diffraction peaks of surface samples before and
after acid trestment and tneir estimsmted illite:Fe-chlorite:kaolinite ratios
(see text for explanction)

Peak-area ratios before and after acid treatment Illite:Te-chlorite:kaolinite
Station L474/5.0A 7.14/104A 345A/3 .34 corputed from
before after before a2fter before after 3.54/%e34 7+.1A/10A
ZO=ED % o3 l.2 0.6 045 D> 10223 105235
3.6=20 Ved 2o 05 3
s6=31 1.0 1.0 l.0 1.0 0.3 G5 18255 10:5:5
=56 10 Ceb 142 1.0 Ol Okt 10:1:4 10:1:5
-57 1.0 0.6 2.0 1.0 0.6 De 3 10c445 10525 35
-:G v oD )o'D 1.9 Lo Do 7 Je? 10:0:7 1030:5
S=b g 1le5 Je5 1.6 1.0 1.0 0.8 10: 557 20z:5:5
6=44 1.0 Jec 3.0 e Qa7 Qsc 103552 1ds12 93
326=45 Gel D60 2ot 1.0 0.0 0.5 203545 103575
H=lib Teb6 Vel 0.5 05 0.5 0.3 1O 3 10:132
E-LE* 1.0 e 1.0 0.3 D43 0.4 10:4:4 10:1:4
;=7 1.0 Colt 20 S0 0.7 0.5 1923235 10:0:10
Co=lt3 1.0 0:5 1.6 1.0 0.3 05 19255 10253
2z6-49 le0O 0.7 13 1.0 0.7 05 208225 2OES S
5 6=50 1.0 De3 1.0 e 0.3 0.6 10:2:6 102035
=51 1.0 0.5 Yo7 1.0 0.3 0.kh 10:4:4 10:4:5
26=52 1.8 0,2 1.5 1.0 0.8 0.2 10:6:2 10:3:5

* Sample from top of trigger core



TABLE 6.

Intensity retios of major X-ray diffraction peaks for the clay-size sediment in untreated
samples from four cores

Ratio of major peak-areas

Ratio of mzjor jeak-areas

o
° °
G«

Sample® Sample
4,7:/5.00 7.1i/10A 2.50/%.34 L,72A/5.0A 7.1A/10A 2,54/3.3A
326-28-00 0.9 2.3 0.5 326=-48-00 1.0 1.6 0.8
326=-28-34 1.0 2.0 0.3 326-48-322 1.0 10 0.9
326=23-42 e p (P | 0s5 326=48-62 0.8 1.3 1,0
326=-25-70 B85 2.0 0.8 326=48-G1 10 1+9 0.0
326-25-599 1.6 » [P 0.8 326-485-130 1.0 1.3 0.8
326-25-145 1.0 1.2 B 326-43-158 1.0 1.5 0.9
%26-48-130 0.7 L 0.5
326-%6-00 1.0 1w 0.5 326-48-190 1.0 1.5 140
326=76=10 14D 1.2 1.8 326=48-211 1.3 1.6 0.8
228-56-50 Tt 1.6 0.9
326=36-100 1.9 Lo 1.0 326-52-00 1:0 1e7 0.7
226-36-150 1l.D 1.1 0s7 326-52-50 1.9 1.5 0.8
326=37=200 1.7 12 0.5 326-52-85 1.0 ity 1.0
326=3i=240%* 1,5 YD 0.8 32(-52=93 1.5 1D 0.6
326-36-250 1:2 0.8 326-52-126 1.0 1.3 Dol
1.0 0.9

226-36-2590

* The first five numbers designete Brown Bear cruise and station, and other number:z the depths

of samples in piston cores in centimeters

** Asi layer

02
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LEGEND FOR FORAMINIFERA TABLES

Samplers

A'A') Van Veen

GC Gravity corer

Ku Kullenberg corer

el ba Trigger core of Kullenberg corer
Dr Dredge

Locations

Sh Shelf above canyons

G Guide Canyon

W Willapa Canyon 5

U Upper Canyon to %25 W &

p ¥ Lower Cenyon 125 +to 126 W
0 Outer Canyon beyond 126° W
RB Right Bank (facing downslope)
1B Left Bank

Ch Channel (axis)

Sediment Class

Numbers correspond with Shepard (1954)
Diagram of size classification (Figure 3)

Abundance Notations

Z Ooze (greater than 30 percent biogenous material)
A Abundant

C Common

R Rare

F Few

/ Present

v varied - many genera
Minor Elements

A Ash

F Fossil (pré-Holocene materials)
Fi Fish bones or teeth

G Glauconite

Mo Mollusca

My Mysid statocysts

0 Ostracods

B Pellets

Py Pyrite

Sp Sponge spicules

S Sand

Foraminifera Species

0 Living specimen present
A Displaced

Numbers in parentheses refer to biotypes, micropaleo collection,
Department of Oceanography, University of Washington.
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TABIE 7.

FORAMINIFERA FROM WILLAPA CA.IYON ANL

VICTILTY TUNFACE

EENTYENT SAUPLES

Brown Bear Cruise noe....... 312 326 291 326

Sample NOececesssvscssssssose

36 28 53

39

291
6l

326
8

326

37

291

67

326 376

3L

O @~ N N

O O L ETwW O

Sampler..cecesss aeaaaie cene V¥
Depth in fathomS....e.eeeee 70

w
~2

location.ses..
Sediment ClasS.eseeass.vves
DIt OMS e o o nn 0 a0 sininion vivsiaie:ain
Radiolarif.ececicesacasa P
Globirerinids....coc0vvees
Other BiogeniC...ssescecase
Other LithiC.scscessssscscss
Arenaceous Foram/gram......
Arenaceous Foram Species...
Calcareous Foram/pram,.....
Calcareous Speci€S.eseccses
Jumber of displaced species
Liviug Specimens.......-... 333
Total SpecimenS............2267
Living/Total(X100)seeasuaes 1k
PLANKTONIC
Clobigerina bulloides...... .

_
W& Fa~r

(=)
= O
SRS RVAR

G. pachyderma (left).eceess 2
G. pachyderma (right)...... ..
G, quingqueloba...scesessases oo
Globigerinita glutinata..ee ..
Ge UVUlBeonsoscnccavocssnce oo
Globoquadrina dutertrei.... ..
Globorotalia scituldessesss oo
Orbulina universa......... s e

Plaaktonic specimens 2

Planktonic Foram/gm <l

ARENACEOUS

Adercotrema glomeratum..... @ @

Ammobaculites applutinans..
A. sp. (009#35)eccccacse .
Amnodiscus minutissima.....
A. pacificace.cecses
Ammomarginulina foliaceus..
Bathysiphon sp. (009#1k)...
Be 8ps (009423)0ciicsneissans
Cyclammina pacifica.......s
C. trullissatl8ecccscsccccse

trreeen

Eggerella advena(small)....

£, advena (large)i.csscesss os
Ev brady¥lssessessesssncosnes se
5 E.. puslllasiiiasesiecanesss &
Ees 8pe Indetescsisaivanncses os
Gaudryina arenaria..cccecee ae
CGlomospira glomeratumeeceses .
Ba goraiallScesiiassnavines »e
Goesella [lintideesecsscese

Haplophragmcides bradyi.... (k)
p ¥ s

He Orbicularcscsscessecsnas os
He Dlanissimumec.cccoscas ses  ae
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TABLE 7 (cont) X

Brown Bear Cruise no....... 312 326 291 326 291 326 312 326 326 291 326 32~ 201 326 326 326 326 326 312 326 291 326 291 325 326 326 326 326 291 312
SAMDIG! NOpsadsaass vaissie ... 36 28 53 39 6L 29 L1 31 36 63 38 37 67 L2 33 W6 Lk bk 3L 51 66 L5 65 L8 50 L9 L7 52 51 56

Depth in fathomS........... 70 72 B0 B0 210 220 230 275 360 390 hBOUUO 572 622 695 600 700 725 725 850 850 902 1000 1010 1123 1150 1000 1000 1033 1100 1L0O
700

G W W G W W W w W Ww ¢ W W 4 W W Ww L L L L L L L L O

Locationsesesesssessscessesee Sh Sh Sh Sh  RB LB LB LB RB Ch LB I8 Ch Ch BB LB RB RB ChLB LB Ch Ch Ch Ch RB LB LB 1B Ch

2y H. sphaeroloculindesse.sses oo 1. P e e e e . B Ee @ T S5 S e o ¥E B me N e e we me  aw aw
257 He BB isasasrssosprameme v 6 .. @ o so) pe 1gs  we - ie teE  me & = S s e ma AR am nE e ww e mme  we  ew
26 H. spp.(001491L,011#16).... .. .7 5 .. o e e ee e e . e & v G A S5 dwn e ks o wo oo oo oo
27 Ho SpPa(011#6410)ceuccccace oo oo ar ar s et ee es ee ee el oo e ae emn am e S R S S
28 H. spp. indeteccccvcconsces T 2 we 1 2 . S At s ; 1 2 2 = ih s aw & wE s 3 5; ST 2  ws ude
29 Hormosina normaniceeececcee oo o e se s e e e se e . . i Ow . . b e e ew . - . - . 4 - e .
30 Jadammina polyStomasee.ceee - er ar  ws me  we e s es e e wd ok I e T
31 Labrospira nitida...eceecees oo T 6 .. e e e e e e .. &5 @9 ge s o% o e SR BER we e e et (el &m mw, e e
32 Martinotinella cOMMINiSeeee oo oo oo o» e aw g mw A o Aol TR v e .. e ee aa .. .. - e 1 2 .o e es
33 M. SPecercrcsccncnonnns B T I e e L .- ro s e o o Sh e e o e e L m% e @ aw awm @
3l Nodellum membranacelMe....ee e« oo oo s G e ae e eE  wh v cw  eE e e s e Y o5 e - e _— - T
35 Recurvoides contortuS.eesees oo oo o0 o es  ee e se ee we .e 25 o bw S @ e e e e e £x 7% .y Be . §e &e . 5
36 R. turbinatuSses.seesscocas os 2 .. e e O . wu (sg WS o OB o5 % fas i AW we & GE @ % % W s W
37 Re SPescnssenrnesnnvnrennen o rx o»  me we  uw mr ms e BN oh TR h on e s mw mm me me me e ms s i e
38 Reonhax dentaliniformiS...e o+ oo oo oo s e Ve me & ea e e ee e .. .. e e S ofr el ok 5 s s e ‘ . o .
39 R. difflugiformis(009410).. .. .. .. .. sie oo @@ we e we i e B: s cx e s wwl e iee 3 e  aw  ae I
LO R. diff. arenulata(009#50). .. .. L .. @ o 27 e o b .e e e Wb co @ e R == T B = SR~
Il R: distaffscecssviionsonsnss oo few we ae o o e e we  ee . B 58 5E 8. ad - % wB o & v T e o e 2 .. .e
L2 R. gracillis(009#h&B)eecece oo o oo .. we e sl wm jai e 5 TR - S N e L e T
L3 R, micaceouB.sc:ccesocacses oo ‘os sa a- e e S . e s s e SRR N - R se.  @F e 2 es  as  es s
Ll Ro. PEIRIITEY, coivessnsssies o [ow o |oe P W, P AE @ o o Nz g 95 %% 3% T 5 e ae e o - s o 4
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TABLE 8

SUMMARY OF FORAMINIFERA IN SELECTED CORES

WILLAPA CANYON

CORE 8 4 g &
(c-14 A q = : g, o COMMENTS
ot o =1 =N d o t:
date) = 1 & & B & 8 8 o
Z 2 —~ % 5 = o 3 w
w o] [o] =1 . . . . —~ w0
it 8 ¥ 4 & § § 2 9 o & 8
E‘ — ot '3 ~ o o P P (3}
& 5 & & B % & 8 8 A A& &
312-56 0-5 9 ¥ R [ 1 =2 513 0 0 P Little change in numbers of dis-
GC 3=5 9 R R VI | 6 19 0 O P placed species or individuals.
1400fm 10-12 9 R ¢C F 2 8 6 271 1 2 Abundance of globigerinids
Quter 20-22 9 R F / i 3 3 41 L 2 Py variable in past 5000 years.
Channel Lo-42 9 F R F 2 6 6§ 25 2 & P Typical decrease in arenaceous
(4300 52-54 7 F R / 1 1 . 1 3 3 A species and numbers in lower
300 80-62 9 R C R 1 2 5 31 1 L4 A,Py intervals.
B.P.) (o496) 7 R € F 1 2 9 31 2 5 A,Py,P
326-438 0-5 9 / R / 14 18 12 19 1 2 8 Great variation in numbers of dis-
Ku 31-33 7 / F 0 0 O bo 22 16 6 s placed species and individuals and
1123fm 62-64 9 F Rv / 12 3 5 30 27 1T S,A,My total foraminiferal numbers. Evi-
85-90 6 / J 92 6 2 100 35 60 10 S,A,Py dently some size-weight sorting of
Lower 128-130 9 F Ry F 2 4 15 29 3 8 0 species so that 3 and 4 sizes
Channel 158-160 7 F [/ J 1 2 T 6 6 8 Py,S greatly increase Epistominella
18-180 2 [ / / 1 2 100 36 60 15 S,A,Py pacifica counts. Few shelf displaced
188-190 2 [/ / [/ 1 3 36 26 30 20 M,S,A,Py species. Majority of displacements
209-212 9 [/ / J 2 3 28 16 27 10 S,A,Sp,Py from upper and middle bathyal.
326-52 Top 9 F R 0 3 § L 6 0 0 A,S Lower interval poorly preserved,
Ku 24126 7 / J/ F 0 0 L 7 3+ &4 Py possibly pre-Holocene.
1033fm
Left Bank
326-51 Top 9 F Fv 0O 1 6 3 & 1 1 Interval 56-58cm has shoaler aspect
Ku 17-19 9 / R [/ 2 2 T 23 1 2 A (approx. 200 fm) in addition to
E50fm 56-58 e /J J J 1 3 16 13 & 3 species displaced from shelf.
Left Bank
326-k6 Top 7T o / o 2 &k 11 6 2 2 8 Below surface intervals are probably
Ku 0-5 6 / B / 2 4k 12 14 1 1 Py pre-Holocene indicated by Cibicides
T00Lm 50-52 7 / / R 0 0 20 10 3 3 Py mckannai, Cassidulina teretis, and
Left Bank 100-102 T / / C 0 0 100 33 50 T Py,0 Cassidulinoides mexicana and greatly
wsaky 7 / / € 0 0 100 36 ko 7 Py increased displacement.
326-36 Top T / J o 1 3 24 17 1 1AMy Essentially barren interval above ash
Ku (1677 (0-5) g f 4 J 1 E 35 21 1 4 Py,A layer. Some solution of tests in
360fm +120) 50-55 7 / R 0O 0 O b T 0 O Py ash layer. Deeper aspect of intervals
(4860 ~ 100-105 7 F / 0 0 O ., T 0 © Py below ash suggested by abundant
+200 (150-155) 7 F F 0 0 O 15 8 0 O Py Gyroidina altiformis and increased
Right 200-205 7 / Rv 0O O O 1 1 0 O globigerinids.
Bank 23921 1 / J/ / O 0O 17T 10 1 2 A,Py
(7754 (e50-255) 7 F F / 0 0O 75 18 1 1 APy
+ 300) 285290 7T / / F 0O O 33 22 1 2 Py
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Wall Rock

Consolidated sedimentary rock, dredged from the canyon walls at
station 326-33, consisted of an indurated, gray siltstone which becomes
somevhat friable on drying. Hand-sized specimens were randomly frac-
tured and colored buff to red and brown along exposed surfaces. Some
specimens were thinly bedded. Selected fragments were cleaned and
disaggregated for micro-fossil and mineral examination. Approximately
25 per cent of the disaggregated rock was coarser than U4t phi (62
microns).

The major constituents of the coarse fraction (coarser than L4 phi)
in order of abundance were quartz, lithic (basaltic and andesitic)
fragments, mica (chloritic), and feldspar. Minor amounts of garnet
and zircon were present. Because cracks and burrows in the wall rock
were filled with Holocene material, minerals present in trace amounts
were not listed as part of the wall-rock mineral suite. The wall
rock matrix, determined by X-ray diffraction analysis, consisted
mostly of illite and kaolinite.

Foraminifera from disaggregated material were examined by B. J.
Enbysk, University of Washington; G. F. Fowler, University of Oregon;
and 0. L. Bandy, University of Southern California. Of the many
species present, seven or eight may be fossil forms (Table 7). Al-
though the evidence is tenous, Bandy and Fowler estimated their age
to be Lower Pliocene (B. J. Enbysk, personal communication); Enbysk
(personal conmunication) believed that none of the species were dis-
tinctive but agreed that the material appears old and an age of
Pliocene is reasonable. No planktonic foraminifera were observed.
Some radiolaria were present.

Cohesive clayey-silt dredged at station 326-38 may be of pre-
Holocene age but fossil evidence is lacking. No rock was obtained
from station 326-41.

Depositional Rates

Three carbon-1k4 dates3 cbtained for intervals near the top,
middle, and base of core 326-36 by the total organic-carbon method are
given below.

Upper core 50—19 cm) 1677 +120 years B.P
Middle core (132-150 em) L4860 #200 years B.P
Lower core (250-265 cm) 7754 +300 years B.P

The dates were applied to the midpoint of the core interval dated.

The average specific gravity of solid particles (Krumbein and
Pettijohn, 1938, p. 680) in four sub-samples from the core was found

3Radiocarbon dates were obtained from Isotopes, Inc., 123 Woodland
Avenue, Westwood, New Jersey.
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to be 2.53 grams per cubic centimeter. This value was used with the
average dry-bulk densities (dry-sediment weight per unit volume in the
core) of the intervals between carbon-1lL dates to compute depositional
rates. The rates obtained were:

Upper core (10-140 cm) 45.7 mg cm_gyr:i
Lower core (140-257 cm) 53.6 mg cm"eyr_l
Average (0-257 cm) 49.7 mg em™ “yr

The rate of sedimentation expressed as length per time is rather
inexact (Koeczy, 1963) and the unit of mass/area per unit time if pre-
ferable because it is independent of sediment compaction and water
content. The average depositional rate expressed as length per time
is about 41 centimeters per thousand years.

The depositional rates of sediment components can be estimated as
the product of their abundance and the average depositional rate.
Values for core 326-36 are given in Table 9.

TABIE 9. Estimated depositional rates of sediment
components in core 326-36

Sediment component Dep051tlogal_£ate

mg cm=2yr
CaCO3 0.8
Organic matter 22
Lithogenous matter k7.0
Total 50.0

The carbonate rate was obtained from the average carbonate content
of the core. A value of organic content was obtained by multiplying the
total nitrogen content (average of two analyses) at the surface by a
factor of 17 (Emery, 1960).

DISCUSSION AND INTERPRETATION

Description of Sediments

Well sorted sands dominate the outer shelf adjacent to Willapa
Canyon and green pelagic muds predominate within the canyon. The muds
are layered accumulations with discontinuities at intervals of about
10-30 centimeters.
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Wet cores show only minor variations in color, the dominant hues be-
ing grey-green (5Y3/2 - 5Y4/2) to olive green (5GY4/2) (Appendix I,
Figures 8-18). Variation in grain-size and mineralogy may account for
color changes but minor differences of color are not readily related to
sediment composition. According to Grim (1951) and Keller (1953) illite
and montmorillonoids cause the green color of many shales (Emery, 1960).
In Willapa Canyon, Fe-chlorite probably contributes appreciably to the
green color of the sediment. Glauconite may also color the shelf sands
but it is doubtful that it is significant in the slope muds. No system-
atic color change was noted (consistently) either areally or with depth
in the wet cores.

Obvious textural changes, such as sand layers, characterize only a
small number of discontinuities (Appendix I, Figures 8-18), and X-
radiographs of cores revealed numerous discontinuities not detected in
visual inspection of wet cores. Different rates of drying of sediment
layers may be related to Fe-chlorite and mixed-layer clay contents, but
further study is needed to clarify the relationship. Color changes and
differential desiccation in dry cores correlated with subtle density
changes noted in X-radiographs.

Source of Sediments

Lithogenous Material:--The Columbia River (Figure 2) appears to be
the major source of unconsolidated sediment in the vicinity of Willapa
Canyon. Ballard (1964) reports that sands along the coast north of the
Tiver mouth have a mean grain size of 2.5 phi and Inman sorting values
of 0.5-0.6 phi, textures similar to those found on the outer shelf
adjacent to Willapa Canyon (Table 1).

Sediments from the inner shelf east of Willapa Canyon have heavy
mineral compositions similar to those of the outer shelf (C. F. Royse,
unpublished). High percentages of volcanic rock fragments, euhedral
hypersthene, and magnetic minerals characterize sediments of both
areas. Beach sands north of the Columbia River show similar composi-
tions.

Sediments north of the Columbia River contain more than LO per
cent heavy minerals and large amounts of magnetic minerals (Ballard,
1964). According to Ballard, increased amounts of heavy minerals also
occur in beach sands near the entrances of Willapa Bay and Grays
Harbor, but the magnetic-mineral contents of these sediments are low.
Because the amount of heavy minerals and magnetic minerals decreases
with distance from the river mouth, Ballard concluded that the Columbia
River is the major source of sand along the beaches of the southern
Washington coast. Observation that the beach north of the river mouth
is prograding (Ballard, 1964) affirms that sediment is available for
offshore transport, and the similarity of texture and composition of inner-
shelf, outer-shelf, and nearshore sediments suggests that the Columbia
River is also the source of sand on the outer shelf.
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Clay-silt sized material probably originates as degradation products
of rock in adjacent continental regions and is transported to the shelf
by westward flowing streams. The sediment-laden plume of the Columbia
River usually extends across the shelf in a southwesterly direction during
the spring and fall (seasons of maximum discharge), but it extends north
of Willapa Canyon during part of the year. Fine-grained sediment settling
from the surface waters of the Columbia River plume might be carried
northward by the Davidson Current; a sub-surface, counter-current believed
to exist off the Washingt(m coast much of the year (Sverdrup, Johnson,
and Fleming, 1942, p. T25).

Trace amounts of well rounded, frosted quartz grains were observed
in samples from the outer shelf, but because onshore winds dominate the
Washington coast, it is unlikely that a significant portion of outer
shelf or slope sediment was wind transported. These grains may repre-
sent sediment derived from older strata which is undergoing a second cycle
of deposition.

I1lite, Fe-chlorite, and kaolinite were present in detectable
amounts in nearly all samples, but pre-Holocene(?) sediments contain
little or no Fe-chlorite (Figure 7). The illite content appears to
vary little while concentrations of Fe-chlorite and kaolinite show minor
fluctuations. The uniformity in composition of the clay-sized sediments
suggests a single source for clay minerals in the vicinity of Willapa
Canyon. Montmorillonoids were present in trace amounts in only a few
samples, and were a minor constituent only in core 326-36.

Although the illite:Fe-chlorite:kaolinite values show considerable
variation (Table 5) the general relationships are in agreement and sug-
gest that an average clay composition consists of about 20 per cent Fe-
chlorite, 30 per cent kaolinite, and 50 per cent illite. Because slope
sediments are composed of about 50 per cent clay-sized material by
weight (Figure 3), these values correspond to a sediment composition of
10 per cent Fe-chlorite, 15 per cent kaolinite, and 25 per cent illite.
This estimate assumes that these minerals are the only clay-sized con-
stituents and, because montmorillonoids and mixed layer clays are
present in minor concentrations, the estimate is slightly large.

Griffin and Goldberg (1963, p. T40) state: "The North Pacific
coastal deposits show an enrichment in a 'montmorillonite-type' mineral
which shows evidence of being composed mostly of expandable stripped
illite or chlorite. Such clays probably have as their source the
coastal continental areas and are mainly transported to the oceans by
water paths." This generalization is not substantiated by analysis of
sediments from Willapa Canyon. Disregarding possible effects of differ-
ential flocculation and deposition, if montmorillonoids are derived
from coastal continental areas, they should be present in the sediments
of Willapa Canyon.

Griffin and Goldberg also observe a decrease in chlorite from high
latitude regions southward. Results of the X-ray diffraction study
(Tables 5 and 6) agree with the high T7.1A chlorite + kaolinite/10A
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illite ratios (>1) obtained by these workers, but in Willapa Canyon the
high ratio results from sediment compositions in which the kaolinite
content exceeds that of Fe-chlorite. X-ray diffractograms of acid and
heat treated sediments also indicate that the 4.7 Angstrom peak results
from both Fe-chlorite and kaolinite, a factor not generally noted by
many workers (Griffin and Goldberg, 1963; Weaver, 1958). The presence
of a strong 4.7 Angstrom peak in the untreated sample 326-52 (Figure T,
B), which contains no Fe-chlorite, supports the conclusion derived from
treated samples.

Various workers (Grim, 1951, 1953; Keller, 1953) have attempted to
relate clay mineral composition to the enviromment of deposition, but
complicating factors of sediment source, rate of deposition, differential
flocculation and deposition, and the low precision of determining clay-
mineral composition greatly limit these interpretations. The Willapa
Canyon area is probably too small to exhibit changes in clay mineralogy
resulting from selective sorting processes. The moderately high rate of
sediment deposition and proximity to a terrestrial source is reflected
in the high Fe-chlorite and kaolinite content of these sediments. The
short residence time of sediments on the slope allows insufficient time
for authigenetic changes which presumably increase the amount of illite
in marine sediments (Griffin and Goldberg, 1963).

Organic Matter:--The inverse relationship of organic-carbon and
grain-size (Figure 6) can be explained as a result of removal of organic
matter and fine-grained lithogenous particles by winnowing or more com-
plete oxidation of orgenic matter in permeable, coarse-textured sedi-
ments. The trend of low organic-carbon contents of fine-grained shelf
sediments, which contain higher percentages of sand than slope sediments
with similar mean grain-diameters (Table 1), can be explained in the
same manner.

Trask (1939, p. LU45-L4L6) estimated the average organic content of
shelf sediments to be 2-3 per cent, and of North Pacific oceanic sedi-
ments to be about 1.0 to 1.5 per cent. Concentrations measured at the
base of the continental slope off Washington and North Carolina (Trask,
1939, p. 446) were two to three times as large as those on the adjacent
shelf. Emery (1960) reported high organic-matter percentages, locally
exceeding 10 per cent, for the basins off southern California, and Emery
and Hulsemann (1963) found an average total organic matter content of
about 2.0 per cent for 13 canyons off southern California; a value greater
than that of adjacent shelf sediments and less than that obtained for
adjacent basin sediments.

The average carbon-nitrogen ratio for surface sediments of Willapa
Canyon is 9.0 and, although the number of determinations is small, it is
believed to be representative of the area.

Trask (1939) obtained a ratio of 8.4 for 86 surface samples from
the Channel Islands off southern California. Subsequent analyses by
Emery (1960) of samples from the same area gave a mean value of 12.2.
The difference is accounted for in part by the fact that some of
Emery's samples were obtained at depth in cores. An average of surface



34

values alone gave a ratio of 11.2, and Emery (1960, p. 276) accepts a
carbon-nitrogen value of 10 as representative of the area. Lower
ratios are reported for basin sediments off southern California,
averaging about 8.0 EEmery, 1960). The value of 10 is identical with
the ratio for soils (Waksman, 1931) and for sediments of the north
Baltic Sea (Gripenberg, 1934). Gucluer (1962) obtained a value of
10.5 for sediments from Saanich Inlet, British Columbia; Anderson
21962) a value of 10.1 for sediments of Deep Inlet, Alaska; and Bader
1955) a ratio of 9.1 for sediments from a Maine fjord. Emery and
Hulsemann (1963) found an average carbon-nitrogen ratio of 8.9 for
sediments from canyons off southern California, a value nearly equal
to that of Willapa Canyon sediments.

Marine organisms generally have higher nitrogen contents than
terrestrial plants, resulting in lower carbon-nitrogen ratios; but the
variable composition of organic matter and different rates of decompo-
sition will affect the ratio measured in a sediment. Trask (1932),
Bader (1955), Emery (1960), and others discuss control of the carbon-
nitrogen ratio by the type of organic material deposited, its rate of
decomposition, and aessociated sediment types. It appears that use of
the ratio as an index of depositional environment is limited, but
Scholl (1963) has demonstrated that the ratio for swamp sediments in
southwestern Florida is controlled by the type of organic material be-
ing deposited. The high ratios (about 13) obtained for shelf sediments
adjacent to the swamps indicate that terrestrial organic material is
reaching the outer shelf in sufficient quantity to alter the carbon-
nitrogen ratio established by planktonic and benthic organisms.

Organic matter in Willapa Canyon sediments is probably derived
from planktonic marine organisms. The possibility of major contribu-
tions from land sources can be disregarded, but algal debris observed
in some samples indicate that some organic material originates in the
eulittoral environment.

Calcium Carbonate; --The relationship between grain-size and
carbonate-carbon content (Figure 5) is not consistent. The sandy
sediments from the outer shelf are low in carbonate-carbon compared
to coarse-grained sediments in cores from the lower canyon. The high
carbonate-carbon values in sands from the slope result from concentra-
tions of fragmented, bivalve shells and pyrite-filled, foraminiferal
tests. Variations in carbonate-carbon percentages in fine-grained,
slope sediments (Appendix I, Figures 8-18) correlate with numbers of
calcareous foraminifera (Table 8), indicating that these organisms are
the major source of carbonate in slope sediments. Pre-Holocene(?) sedi-
ments (cores 326-44, 326-46, and 326-52) contain more carbonate-carbon
than do Holocene slope sediments. In core 326-46 the high carbonate-
carbon content correlates with concentrations of calcareous foraminifera
(Table 8), but in core 326-52 this relationship is not evident. The high
carbonate-carbon contents of pre-Holocene(?) sediments appear to result
from factors other than concentrations of calcareous organisms.
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Pre-Holocene Sediments

Silty clays in cores 326-Lk, 326-46, and 326-52 have low organic-
carbon contents (Figure 6), high carbonate-carbon contents (Figure 5),
low Fe-chlorite contents (Figure T), and contain abundant blue, irri-
descent pyrite. These characteristics are anomalous compared to those
of other fine-grained sediments from the slope and are interpreted as
indications that the sediments are not of Holocene age.

Diagnostic index fossils have not been found in these sediments
but work in progress (B. J. Enbysk, Department of Oceanography,
University of Washington) indicates that the specific relationships
of foraminiferal assemblages in these sediments are different from
those of Holocene sediments (Table 7). Evaluation of these relation-
ships is complicated by the possibility of displacement in the fossil
faunas. It is hoped that further study will give more definite indica-
tions of the age of these sediments.

The frequent recovery of pre-Holocene(?) sediments in cores from
the lower canyon area suggests that the lower slope is essentially a
region by-passed by sediment with only a thin cover of Holocene sedi-
ment.

Consolidated sediment was obtained in the dredge haul from the
north wall of Guide Canyon. The predominance of potassium feldspar
in this wall rock,as opposed to plagioclase-feldspar in Holocene sedi-
ments, and the absence of iron-magnesium minerals are major differ-
ences between the mineral suites of the wall rock and unconsolidated
sediments. Lithic fragments were the only dark grains observed in the
wall rock. The clay-sized matrix, predominantly illite and kaolinite,
is similar in composition to the unconsolidated pre-Holocene(?) sedi-
ments. Fossils, of early Pliocene age, from the wall rock indicate
that the canyon has formed since early-Pliocene time.

Sediment Transport

Grain-Size Distributions:--A wide range of grain-size distributions
occurs among samples from cores (Appendix I, Figures 8-18). The sandy
sediments are unimodal and muds are bimodal or polymodal. Pettijohn
(1957) discussed the occurrence and causes of polymodal distributions
in coarse-grained sediments but concluded that present data are insuffi-
cient to determine which causes are of greatest importance. Revelle
(19LL) attributed bimodal distributions in pelagic marine sediments of
the north Pacific to the presence of organic debris. In general, poly-
modal distritutions are interpreted as indicating several sources for
sediment components or sorting processes which selectively remove some
sediment sizes. Folk and Ward (1957) have observed bimodal distribu-
tions which resulted from mixing well-sorted sands from high energy
neritic enviromments with fine-grained sediments of low energy, outer-
shelf environments. A similar explanation may apply to the bimodal
sediments in Willapa Canyon. Polymodal distributions might also result
from differential settling of suspended material if the sedimentary
components were characterized by different sizes and densities.
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Abrupt changes in modes often occur between samples taken above and
below discontinuities, indicating different sediment sources for adjacent
layers. Identical minor modes occur every few layers in cores 326-47
and 326-49 (Appendix I, Figures 1k, 16) suggesting that some sediment
component has been added and removed. Core 326-48 illustrates an extreme
situation in which major modes fluctuate; in this instance the modes
occur in the sand class and can be related to bottom transport as dis-
cussed below.

Size-distribution curves must be interpreted with caution. Mixing
of sediments by benthic organisms may cause similar modes to occur above
and below discontinuities or, when sediments of adjacent layers have
different textures, such mixing may cause mottling. In core 326-28, mix-
ing of & sand layer into an underlying, fine-grained layer gave it the
appearance of coarsening upward. Variable concentrations of organic
skeletal debris might also cause the position of modes to fluctuate,
particularly in size classes determined by pipette analysis, which
measures particle density as well as grain size. When large percentages
occur in several modes they probably represent several sediment-types
which were first sorted in environments of different energy, and then
mixed and deposited in their present enviromment, or a sediment that has
been differentially sorted according to the settling velocities of its
components.

Size-grading was observed in several cores, but is most pronounced
in the coarse-grained layers of core 326-48 (Appendix I, Figure 15).
Sand. layers at 90, 180, and 190 centimeters are coarse-grained near the
base, contain concentrations of heavy minerals, shell fragments, and
pyrite-filled foraminifera. The upper limit of these layers is impossible
to define and some may grade into pelagic sediments. The layer between
160-180 centimeters constitutes a single graded layer (Figure 15). Sand
at the base of the layer grades upward into fine-grained sediment rich in
diatoms, radiolaria, mica, and algal debris. The high organic-carbon
content of the sample reflects this enrichment. Grading is also illus-
trated by a shift in the major modes of the size frequency curves for the
interval. A similar example of grading is evident in the bed between 45
and 90 centimeters. The sample from 62 centimeters shows an increase
in organic-carbon but, despite the similarity in texture, the increase
is less than for the sample at 160 centimeters which marks the top of
a layer.

Displaced Fauna:--Table T shows that, on the average, about 5 per
cent of the individuals and L4-5 per cat of the species of foraminifera
in surface samples from Willapa Canyon have been transported down slope.
The greatest displacement occurs in cores of sandy sediments from the
canyon axis. Core 326-48 (Table 8) shows a normal foraminiferal assem-
blage for that depth but the fauna below the surface of the core show
a high percentage of displaced species. Little displacement of fora-
minifera is evident in core 326-36 or in surface samples from stations

326-LT and 326-49.
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Fewer displaced foraminifera in sediment from the canyon walls sug-
gest that it is moved less frequently and for shorter distances than
sediment in axial regions. The absence of sandy lenses in sediments
from the canyon walls indicates that little coarse material is being
supplied into these regions. The low numbers of foraminifera in sedi-
ments throughout the canyon reflect the high rate of pelagic deposition.

Turbidity Currents:--Sands, interbedded with fine-grained sediments
from the lower canyon, have the same heavy-mineral composition as shelf
sands (Table 4) and contain shallow-water foraminifera (Table 8). The
thin-bedded, rhythmic character of the sediments in many cores and the
ubiquitous occurrence of ash and glauconite within the canyon indicate
that the accumulation of sediment does not result from particle-by-
particle deposition but probably was deposited from turbidity flows.

The presence of sands along canyon axes, presumed to mark routes |
followed by turbidity flows, has been noted by Emery (1960) and ry
and Hulsemann (1 . The same relationship in Willapa Canyon can be |
illustrated by considering cores 326-47, 326-L48, 326-49, and 326-50
mﬁ, Figures 14-17; Figure 2). Cores 326-4T and 326-49 (taken
south and north of the canyon axis) consist of green mud, have few dis-
tinet discontinuities, and display fairly uniform distributions of
grain-size, carbonate-carbon and organic-carbon. Cores 326-48 and 326-
50 (from the canyon axis) consist of accumulations of graded layers
separated by marked discontinuities and contain large percentages of
sand. Further examples relating coarse-textured sediment to axial
regions can be found by comparing Appendix I and Table 1 with the sample
locations in Figure 2.

Some cores recovered from Cascadia Basin have sand layers about 1
meter thick and contain shallow water foraminifera (B. J. Enbysk, per-
sonal communication). The occurrence of thick sand layers in basin
sediments, in contrast to the thin layers of graded sand in cores from
the lower canyon, suggests that turbidity flows terminate west of
Willapa Canyon, depositing little sediment within the canyon. Recovery
of pre-Holocene(?) sediments in cores from the lower canyon also indi-
cates that Holocene sediments are thin and that Willapa Canyon is
essentially by-passed by sediment.

The topography of Cascadia Basin indicates that it has received great
amounts of sediment.  The Dasin is an elongate north-south depression,
bounded on the east by the continental terrace and on the west by the
seamount chain at 130-132 degrees west longitude. West of Willapa
Canyon the basin reaches depths of 1300-1400 fathoms (2380-2560 meters).
West of the seamount chain the seafloor drops abruptly to abyssal depths
greater than 1700 fathoms (3100 meters). The broad, featureless plain
of the basin floor, which slopes genE;I_§é§§§§§§§:I§E§§ygi§L_; sug-
gests_it has been filled with a thickness of_§gdimgg&_g@igﬁ_gg%&é_gglx__
‘have been derived from adjacent continental areas and transported across
the continental terrace. Submarine canyons, such as Willapa Canyon, may
act as conduits for this transport.
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Depositicnal Rates

The average depositional rate, 50 mg cm'eyr-l, obtained for core
326-36, is considered representative of pelagic sedimentation in the
upper canyon area. Rates for the upper and lower portions of the core
are nearly equal, indicating that sedimentation hag bein nearly constant
during the last 6000 years. The rate of 50 mg cm™“yr~— is similar to
the values given by Emery (1960, p. 25k4) for the continental borderland
off southern California and is nearly the same as rates for Santa Cruz

Basin (32.0 mg em2yr-1) and San Pedro Basin (35.2-52.9 mg cm~2yr~1).

The average sedimentation rate was used to obtain a surface sedi-
ment age of about 1477 years B.P., which compares with surface ages
obtained for other samples off the Washington coast (D. A. McManus,
personal communication). Average surface ages of 2400 years B. P. and
2900 years B.P. were obtained for six samples off southern California
and for eight coresfrom the Atlantic (Emery, 1960). Emery (1960) hes
discussed possible causes of the great radiocarbon ages of surface
sediments in basins off southern California, but concludes that our
present knowledge 1s insufficient to explain the phenomenon. Likewise,
although some significance is suspected, no explanation can be offered
for the relatively young surface ages off the Washington coast.

Willapa Ash:--A depositional rate of 50 mg cm'2yr'l applied to the
240 centimeters of sediment overlying the ash layer in core 326-36 indi-
cates that it was deposited about 5700 years B. P. The thickness of the
layer (4 centimeters) and its distance from the nearest possible sources
suggests that the ash was derived from a major volcanic eruption.

Ash deposits are common in many areas of western Waslington. Of the
five largest volcanoes of Washington, all except Mount Adams are reported
to have ejected ash in Recent times (Rigg and Gould, 1957). Glacier
Peak, whose activity culminated in a great eruption about 6700 years
B. P., spread ash over an ares of about 5 x 107 square kilometers (Rigg
and Gould, 1957). Mazama (Crater Lake) ash is abundant north and east
of Crater Lake, Oregon, and is recognized on the Columbia Plateau of
eastern Washington. The age of the Mazama ash is essentially the same
as that of Glacier Peak, about 6500 (Libby, 1952) or 6600 (Powers and
Wilcox, 1964) years B.P.

Although the ash layer from Willapa Canyon records a major volcanic
event, it is difficult to assign it a source because: (l) the petro-
graphic similarity of ash deposits from the Cascade volcanoes (Rigg and
Gould, 1957) generally prohibits positive identification of ash from
different areas by petrographic criteria; (2) ash deposits of Holocene
age have not previously been reported west of the vicinity of Olympia,
Washington (Rigg and Gould, 1957); and (3) the radiocarbon age of the
ash from core 326-36 is younger than that generally accepted for Glacier
Peak and Mazame ash.

Comparative study of Glacier Peak (Rigg and Gould, 1957) ash from
Lake Washington, Seattle and from near the town of Twisp in northcentral
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Washington with the Willapa ash was inconclusive. The sample from
Willapa Canyon is somewhat devitrified and chloritized, preventing com-
parison of crystalline mineral components. The indices of refraction
of the three samples are very nearly the same, approximately 1.505; an
average also obtained by Rigg and Gould (1957) for fourteen Glacier
Peak ash samples from peat bogs. !

New Petrographic and chemical data (Powers and Wilcox, 196k4)
indicate that the Mount Mazama eruption was the source of most ash
which has been called Glacier Peak (Rigg and Gould, 1957) and some of
the ash called Galata (near Galata,Montana). Glacier Peak is believed
to be the source of an older ach deposit of possible late glacial or
early postglacial age. Both Glacier Peak and Mazama ash were widely
deposited. Powers and Wilcox (1964) report two localities in eastern
Washington and one in Idaho where Mazama ash stratigraphically overlies
Glacier Peak ash. The Glacier Peak ash has indices of refraction in
the range of 1.495 to 1.500 with values as low as 1.486 rarely encountered;
Mazama ash has a slightly higher range with dominant values between 1.500
and 1.510 (Wilcox and Powers, 1963; Powers and Wilcox, 1964). Thus, on
the basis of refractive index, the Willapa ash most closely resembles
the Mazama ash of Powers and Wilcox.

The depositional rate computed for core 326-36 would generally be
considered a minimum because it rests on the assumption that neither
diastems nor erosional disconformities are present in the core. A
greater depositional rate, however, would give an even younger age for
the ash layer. If the ash was derived from the Glacier Peak (Rigg and
Gould, 1957) or Mazama (Powers and Wilcox, 196l4) eruption, an age younger
than 5700 years B.P. is doubtful and the computed depositional rate is
probably a maximum. Computation based on an age of 6600 years B.P.
(Powers agd Wilcox, 1964) for the ash gives a depositional rate of about
Lh mg em™“yr-1, a value not significantly less than the rate obtained
previously. Positive identification of the source of the Willapa ash
would provide a check on the carbon-1L dates and depositional rates
obtained in this study.

Ash layers similar to the one from Willapa Canyon have not been
previously reported from the continental terrace off Washington. Perhaps
a major portion of the ash layer has been transported downslope and mixed
with sediments in deeper water. If the ash is not widely distributed,
its significance as a stratigraphic marker is reduced and the chances of
obtaining additional samples to substantiate data presented here are les-
sened. It should be noted however that, if it lies at a depth of 3
meters beneath the sediment surface, few cores of sufficient length to
penetrate the layer have been taken on the slope.

The potential value of the ash as a stratigraphic marker 1is increased
by its occurrence in Holocene sediments of Washington and adjacent areas.
The extent of its usefulness in correlating marine and terrestrial post-
glacial events must await further proof of its distribution in marine
sediments.
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CONCLUSIONS

1. Well sorted sands are common on the shelf near the head of
Willapa Canyon and green pelagic muds are the dominant sediment-type
within the canyon. Sand occurs within the canyon but 1s confined to
axiael areas.

2. Illite, Fe-chlorite, and kaolinite are the major clay minerals
in the area studied. The clay-mineral suite in the average sediment
contains about 20 per cent Fe-chlorite, 30 per cent kaolinite, 50 per
cent illite.

3. The organic-carbon content of canyon sediments ranges from
about 0.2-2.9 per cent and varies inversely with the grain size. The
lowest concentrations of organic matter occur in sediments believed to
be pre-Holocene. The average carbon-nitrogen ratio, 9.0, indicates that
marine organisms are the predominant source of this material.

4. The carbonate-carbon content of most sediments ranges between
0.05 and 1.5 per cent. ©Shelf sands are low in carbonate while sand
layers on the slope, containing shell fragments and micro organisms,
have higher wvalues. The highest carbonate concentrations were measured
in sediments of suspected pre-Holocene age.

5. The Columbia River is apparently the principle source of sand
and mud deposited within the canyon. Contributions from the canyon walls
and from wind-born sediment are believed to be negligible.

6. Turbidity flows, originating on the upper slope and shelf, trans-
port the major portion of their sediment load to Cascadia Basin west of
the study area. Only minor thicknesses of sediment are deposited within
the canyon.

T. The maximum rate of deposition on the upper slope near Willapa

Canyon is about 50 mg cm'gyr'l and has been nearly constant during the
last 6000 years.

8. The total accumulated thickness of Holocene sediment within most
of the canyon is only several meters. Areas of low relief may accumulate
slightly greater thicknesses.

9. Bed rock, dredged from the canyon walls, contains fossils which
suggest the canyon has been formed since early-Pliocene time.
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APPENDIX I

CORE DATA FROM BROWN EEAR CRUISE 326

Explanation of Figures 8-18

Figures 8-18 show the variation of sediment parameters with depth
in cores from Brown Bear cruise 326. The sand-silt-clay percentage
bars in column two intercept an interval of the lithology column
approximately equivalent tc the sampling interval in the cores. The
scales used for medien diameter (Md,), total-carbon, and organic-
carbon are constant but the carbonate-carbon scale varies among the
figures. Carbon values are expressed as per cent, by weight, of dry
sediment.

Size-frequency distribution curves are shown for each sample and
indicate the percentage weight of sediment occurring in each phi interval.
The total area under each curve equals 100 per cent of the sample weight.
The notation "trigger core" refers to the short gravity corer used to
trigger the piston corer.

The lithology shown is generalized and is that which would be applied
in the field. Color designations are from the Rock Color Chart (Geologic
Society of America, 1951) and apply to the wet sediment. Discontinuities
are based largely on evidence from X-radiographs. The lithologic symbols
used are defined below. Data for surface samples are shown in figure 19.
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Fig. 8. Sediment parameters versus depth in cores.
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Fig. 9. Sediment parameters versus depth in cores.
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APPENDIX IT

ANATYTICAT, PROCEDURES

Preliminary Treatment and Sempling

Cores from Brown Bear cruise 326 were cut horizontally and one
half was sealed in a plastic D-tube and retained for reference in re-
frigerated storage. Colors, textures, and structures (Appendix I)
were recorded and X-radiographs obtained of each wet core prior to
removal of samples for size and chemical analyses.

Samples for analyses were taken from each distinct sediment layer
within the wet core, or at 50-centimeter intervals if the sediment
appeared homogenous. In most cases samples were taken above and below
marked discontinuities.

Size Analysis

Approximately 10 grams (dry weight) of each sample was washed with
distilled water for 20 minutes and decanted. It was assumed that sedi-
ment lost with the supernstant ligquid was negligible (Creager and
Sternberg, 1963). The washed sample was dispersed with Marasperse
(sodium lignosulfonate: O 1 grams/liter) in a malt mixer for 15 minutes
and sieved through a lL-phi+ (62-microns) screen into a one-liter
cylinder. Sediment retained on the sieve was dried and shaken for 10
minutes in 3-inch Tyler Standard Screens, arranged in a single phi-unit
progression from 0 to 4 phi, in an automatic shaker.

Pipette analysis was made of the clay- and silt-sized sediment in
the cylinders (Krumbein and. Pettijohn, 1938; Sediment Analysis Laboratory,
University of Washington, unpublished ). Twenty-milliliter aliquots were
taken at selected times, dried (60 degrees Celcius), and weighed to the
nearest milligram.

Sediment weights of the phi size-classes for both sieve and pipette
fractions were processed by a computer program (Creager et. al., 1962)
to obtain fractional and cumulative percentage values of size classes,
sand-silt-clay relationships, and the statistical parameters of Trask
(1932), Inman (1952), and Folk and Ward (1957).

Multiple analyses of sediments similar to those from Willapa Canyon
indicate that the reproducibility of cumulative data from pipette analysis
is about +1.0 phi units at the 50th percentile (Sternberg and Creager,
1961). Tﬁhs, the mean diameter of a fine-grained sediment may be repro-
duced, with 95 per cent confidence, only within +1.0 phi units. Differ-
ences in sediment concentrations and water temperatures in the settling
cylinders appear to be the major causes of variable results among samples
of the same or similar size composition.

Grain size in phi values is defined as the negative log to the base two of
the grain diameter in millimeters (phi = log, size in millimeters).
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Chemical Analysis

Concentrations of total-carbon and carbonate-carbon were obtained
by gasometric analysis using a ILECO (Laboratory Equipment Company) induc-
tion furnace (model 521) and carbon determinator (model 572-200). About
0.5 gram of finely ground sample was placed in a ceramic crucible (with
small amounts of iron accelerator and tin catalyst) and ignited in the
furnace in an oxygen atmosphere. The exact temperature of ignition is
not known but it was presumed to be about 2000 degrees Celcius. The
combustion products and excess oxygen were collected over sulfuric acid,
and the amount of CO, produced was determined by passing the gas from
the burette into a KBH solution which absorbed the CO,.. The remaining
gases were brought back into the burette and the removed CO, was
measured by difference. The per cent carbon per gram, read directly
from the burette, was corrected for temperature and ambient pressure.

The reproducibility and accuracy of the system was determined by
analysis of ten 1.0-gram samples of NBS carbon steel (51-b) containing
1.2 per cent carbon. Reproducibility was +0.03 per cent, giving an
accuracy of 2.5 per cent. -

Carbonate-carbon analysis was similar to that for total-carbon
except that CO, was evolved by acid treatment. About 2 grams of finely
ground, washed sediment were reacted with 10 milliliters of phosphoric
acid in a flask which was gently heated to boiling. The evolved gases
were drawn through a condensing column into the carbon determinator and
the CO, content measured as described above. TFlushing of the system was
achieved, after complete acid reaction, by admitting CO,-free air into
the flask. Analysis of laboratory-grade, chemically pure CaCO_, indicated
that results were slightly high. The accuracy of the method wés approxi-
mately 1 per cent.

Total-nitrogen values were measured for eight samples by the macro-
Kjeldahl method (Jackson, 1958) in the Soil Chemistry Laboratory of the
Forestry Department, University of Washington.

A mixture of 32 parts CuSO, and 1000 parts N.SO,, a pellet of Se
catalyst, and 35 milliliters of concentrated H_ SO, were added to the
3-6 grams of sample and the solution boiled to“clearness (about 3 hours).
The solution was cooled, diluted with distilled water, and a zinc pellet
and 125 milliliters of concentrated NaOH added. The solution was then
distilled for 30 minutes into boric acid, titrated with standard HESOh’
and the equivalent of nitrogen computed.

X-Ray Identification of Clay Minerals

Slides for X-ray diffraction of the clay-sized fraction of all
samples were prepared during pipette analysis. An extra 9-phi aliquot
was pipetted into a beaker containing a glass slide and several milli-
liters of bonding agent consisting of a dilute solution of water soluble
glue. The samples were dried at 60 degrees Celcius.
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Equipment consisted of a Norelco X-ray diffraction unit with a
copper X-ray tube, & wide-range goniometer and Argon geiger-counter
(62019), and an REAC Model H-580 rate-meter. Results were recorded on
a strip-chart recorder at scale speed of one-half inch per minute.
Samples were scanned through 60° (20) at 1° (20) per minute.

The d-spacings were determined by use of a template. The d-
spacings were compared with those tabulated by the ASTM in the Index
to the X-Ray Powder Data File (1962) for mineral identification.

An initial analysis was made with air dried sample. A second
analysis of most samples was made after exposure to ethylene-glycol
vapor in a vacuum desiccator (20-25 degrees Celcius), a treatment which
expands the crystal lattice of montmorillonoids. Sedimented slides
were lalso analyzed after acid and heat treatment (Brown, 1961). Treat-
ment with 2N HC1 (which destroys the iron lattice of Fe-chlorite) re-
moved the 14 Angstrom and reduced the 7.l and 3.5 Angstrom peaks on
diffractograms (Figure 20; B and C, E and F). Subsequent heating at
550-600 degrees Celcius for one hour (which converts kaolinite to an
amorphous state) caused removal of peaks at 7.l and 3.5 Angstroms (Figure
20; C and D).

Mica-species with X-ray diffraction peaks at 5.0 and 10 Angstroms
which were unaffected by ethylene-glycol, acid, and heat treatments were
identified as illite (Brown, 1961). The presence of a 14 Angstrom peak
which was removed (or greatly reduced) by acid treatment was considered
evidence of the presence of Fe-chlorite (Weaver, 1958). Double or broad
peaks near 3.5 Angstroms on diffractograms of untreated samples indicated
the common occurrence of kaolinite and Fe-chlorite. Peaks remaining at
T.1 and 3.5 Angstroms after acid treatment were attributed to kaolinite.

Montmorillonoids in untreated samples give a broad, diffuse peak
above 14 Angstroms which may be confused with mixed-layer clays. They
are identified with certainty only after exposure to ethylene-glycol
vapors which expand the (001l) lattice to about 17 Angstroms. This treat-
ment generally had no effect in the samples analyzed (Figure 20; A and B).

The presence of mixed-layer clays was indicated by a broad, diffuse
peak (high background intensity) above 12 or 13 Angstroms (Figure 20; A,
B, and E). Reduction of this plateau by acid treatment suggested that
the mixed-layers contain large amounts of Fe-chlorite (Figure 20; E and
F). Reduction after heat treatment indicated that the mixed-layers con-
tained kaolinite (Figure 20; C and D). Broadening of the 10 Angstrom
peak after heat treatment resulted from collapse of montmorillonite-type
layers (Figure 20; D).

The presence of minerals composing 5-10 per cent of a sample can
generally be determined by X-ray diffraction. Minerals with well developed,
crystalline structures are detected with greatest reliability and members
of mineral series or groups are identified with less certainty. Diffraction
peaks with intensities twice that of the average background were used for
mineral identification.
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APPENDTX IIT
STATISTICAT. PARAMETERS
INMAN VAIUES are statistical parameters calculated from cumulative-
frequency curves according to Inman (1952).

The formulas used are:

MEDIAN DIAMETER = 50th percentile value

MEAN = 16th percentile + 84th percentile
p=d
LIEVIATION = 84th percentile - 16th percentile
2
this latter gives a measure of sorting.
SKEWNESS = MEAN - MEDIAN
DEVIATION
ond SKEWNESS ) 5th percentile +295th percentile MEDIAN
TEVIATTON
KURTOSTS i 95th percentile é 5th percentile IEVIATION
IEVIATION

SAND, SILT, CLAY RELATIONSHIPS - The weight percentages of the total
sample falling in the sand (.062 mm or 4¢), the silt (.005
mm or 8¢), and the clay sizes (.0005 mm or 11¢).

SAND/MUD - is a ratio of per cent weight of sand divided by the per cent
weight of smaller-than-sand.

PHI SIZE - as elsewhere in this thesis, the phi notation refers to the
size of the particle according to the convention: —Log2
(size in mm) =

Inman Values are used exclusively throughout this paper.
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