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Abstract

Diatom and foraminiferal analyses of the Pleistocene turbidites in
the Cascadia margin suggest that turbidite sediments originated
mainly in the landward shelf area and were displaced to the pres-
ent deep-sea site, which maintained a constant depth during this
time. Abundant and highly fluctuating occurrences of shallow-
marine and nonmarine diatoms may reflect the global glacioeus-
tatic sea level changes in the Pleistocene.

Introduction

Among the major microfossil groups routinely used for biostratig-
raphy in deep-sea drilling projects, diatoms have the most diverse
ecology occupying open-marine to terrestrial nonmarine environ-
ments. Therefore, diatoms can be used to determine the extent of
any terrestrial inputs to ocean sites. Shipboard diatom analysis of
turbidite sediments collected from Sites U1325-U1329 during In-
tegrated Ocean Drilling Program Expedition 311 at the continen-
tal slope in the Cascadia margin, an accretionary complex, re-
vealed unexpectedly abundant and highly fluctuating
occurrences of shallow-marine and nonmarine diatoms for the
first time (see the “Expedition 311 summary” chapter). This sug-
gests that the turbidites originated from shelf and inland water ar-
eas andat the fluctuations may be related to the global glacioeus-
tatic sea level changes in the Pleistocene. Previously no reports of
such abundant occurrences of these diatoms have been docu-
mented, although many holes were drilled in the region during
Deep Sea Drilling Project Leg 18 and Ocean Drilling Program Legs
146, 168, and 204. Schrader (1973) noted the abundant occur-
rences of allochthonous diatoms at Leg 18 Site 174 in the Astoria
Fan, but he did not distinguish between shallow-marine and non-
marine diatoms. Fourtanier (1995) analyzed the diatoms from Leg
146 Site 892, from which no nonmarine diatoms were recorded.
More recently Watanabe (2006) reported diatoms from Leg 204
sites, where only very scarce and sporadic occurrences of nonma-
rine diatoms were recognized.

In addition to shipboard diatom analysis, we carried out shore-
based diatom and foraminifer analyses in Holes U1328B and
U1328C in order to clarify their depositional environment and/or
mechanism in more detail, which might be important to charac-
terize the organic materials in the sediments generating hydrocar-
bons and/or gas hydrate.
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Methods

For diatom analyses, 189 samples from Sites U1325-
U1329 were analyzed during the expedition, and 134
samples from Holes U1328B and U1328C were ex-
amined after the expedition. About 0.5 g of each wet
sample was processed, and the methods of sample
preparation, counting, and other procedures basi-
cally followed those of Akiba (1986) with a minor
modification. Diatom abundance is expressed as an
approximate number of diatom valves per slide (18
mm x 18 mm coverslip) calculated using the length
of scanning lines needed to count 100 diatom valves.
Resting spores of shallow-marine diatom genus
Chaetoceros, which have generally been ignored in
diatom analysis, were counted separately during the
count of usual diatoms. In diatom biostratigraphic
assignments, the Neogene diatom zonation and code
numbers of the North Pacific Diatom Zone (NPD) by
Akiba (1986) and Yanagisawa and Akiba (1998) were
used. Ages for bioevents that define zones or charac-
terize certain horizons are based on Yanagisawa and
Akiba (1998). Specific occurrences of shipboard dia-
tom analyses can be found in the site chapters, and
only the occurrence of diatoms in Holes U1328B and
U1328C is tabulated in this report.

For foraminifer analyses, 34 core catcher samples
from Holes U1328B and U1328C were examined.
The amount of material examined was 10 g for each
sample, and the methods of preparation, counting,
and other procedures followed those by Inoue
(1989).

Results

Sites U1325 (2195 m water depth), U1326 (1828 m
water depth), U1327 (1305 m water depth), and
U1329 (946 m water depth) were cored along a
southwest-northeast transect on the continental
slope, and Site U1328 (1268 m water depth) was
drilled south of Site U1327. The shipboard diatom
analyses of these five sites revealed that all sites con-
tained diatom remains, though their abundances
vary drastically, ranging from barren to >10,000 dia-
tom valves per slide. Species compositions of dia-
toms also vary rather drastically (see Figs. F1, F2, and
F3 in the “Expedition 311 summary” chapter). Dia-
tom assemblages are mostly composed of shallow-
marine and nonmarine species (Pls. P1, P2, P3).
Nonmarine diatoms recognized in the Expedition
311 sediments are dominated by planktonics. Dia-
tom biostratigraphic zonation showed that all sedi-
ments recovered from Sites U1325-U1328 are Pleis-
tocene and those from Site U1329 are Pleistocene to
upper Miocene. The Pleistocene zonations are repre-

sented by the Neodenticula seminae (NPD12; 0-0.3
Ma), Proboscia curvirostris (NPD11; 0.3-1.0 Ma), and
Actinocyclus oculatus (NPD10; 1.0-2.0 Ma) Zones. The
upper Miocene zonations are represented by the
Rouxia californica (NPD7A; 6.4-7.6 Ma) and Thalas-
sionema schraderi (NPD6B; 7.6-8.5 Ma) Zones (Pls.
P1, P4).

Sites U1325 and U1326, situated near the southwest
end of the transect, show similar occurrences of dia-
toms (Fig. F1). At Site U1325 diatoms are rare to
common in lithostratigraphic Units I (see the “Site
U1325” chapter) and II, where Zones NPD12 and
NPD11 are recognized. Unit III yields very rare dia-
toms, and no diatom zonal species were detected. At
both sites, abundance peaks of diatoms are recog-
nized near the core tops. At Site U1326, diatoms are
rare to common in lithostratigraphic Unit I and the
upper part of Unit III, where Zones NPD12 and
NPD11 are recognized. The two zones are separated
by a barren interval of Unit II. The lower part of Unit
III contains very rare to no diatoms.

Sites U1327 and U1328, both located midslope of
the accretionary prism, show similar patterns of dia-
tom occurrences (Fig. F2). Abundances of overall dia-
toms and resting spores of Chaetoceros spp. fluctuate,
with common to very abundant occurrences in the
middle part of the sections (lithostratigraphic Unit
IT) at both sites. The three Pleistocene diatom zones,
NPD12, NPD11, and NPD10, are recognized at these
sites. The zonal boundaries of the former two zones
and the latter two zones are indicated by 0.3 Ma and
1.0 Ma (Yanagisawa and Akiba, 1998), respectively.
Zone NPD10 ranges from 1.0 to 2.0 Ma (Yanagisawa
and Akiba, 1998), but this zone at both sites contains
P. curvirostris in basal samples, which restricts the age
of the sites to <1.6 Ma.

The most characteristic feature recognized at these
sites is large and frequent fluctuations in the ratio of
marine versus nonmarine diatoms, which varies be-
tween 0% and 100%. Marine diatom assemblages are
dominated by shallow-marine species, and their
abundances are mostly concordant with Chaetoceros
resting spores. Nonmarine diatoms assemblages are
dominated by such planktonic genera as Aulacoseira
and Cyclotella, which constitute >90% of nonmarine
assemblages (Table T1; Pls. P1, P2). This suggests
that sediments supplied from terrestrial areas were
lacustrine, not river deposits. Fluctuation patterns at
the two sites appear very similar to each other. At
both sites, 7-8 cycles of peaks and troughs can be
recognized, and one cycle ranges from 30 to 40 m
thick. The more closely spaced detailed diatom anal-
ysis of Site U1328 carried out in this study (Fig. F3;
Table T1) revealed that the fluctuation of marine ver-
sus nonmarine diatoms is represented by very high
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frequencies several times higher than those detected
by the shipboard analysis. This fluctuation pattern
was compared to one of the global oxygen isotope
curves (de Garidel-Thoron et al., 2005), which are
generally thought to reflect the global glacial sea
level changes in the Pleistocene (Fig. F4). The com-
parison shows that our diatom data are comparable
to the oxygen isotopic curve at least in the order of
cycle frequency in both data sets, especially in the
interval younger than 1 Ma, although not all the
peaks and troughs between the two curves are correl-
ative, probably because most of the diatoms are dis-
placed from landward areas as is explained next. This
may imply that the fluctuation of marine versus
nonmarine diatoms at Site U1328 reflects the global
glacial sea level changes during the Pleistocene. Non-
marine diatoms might be easily transported to the
site during the low sea level glacial stages and not
during highstands of interglacial stages.

The dominant and fluctuating occurrences of shal-
low-marine and nonmarine diatoms at Site U1328
might indicate that the paleobathymetry of this site
became significantly shallower. To test this possibil-
ity, foraminiferal assemblages from Holes U1328B
and U1328C were examined (Table T2). The result
shows that benthic foraminifers in the site are char-
acterized by predominance of calcareous forms, com-
posed mostly of such deep-sea dwellers as Bolivina
spissa, Epistominella pacifica, Islandiella norcrossi, and
Uvigerina curticosta with unexpectedly very few ad-
mixtures of shallow-marine species in the uppermost
part of the site, indicating that the paleobathymetry
of the site has been almost constantly upper middle
bathyal (1500-2000 m), namely within a depth
range of the present water depth at Site U1328, and
became slightly shallower near the top of the site.
This result is consistent with that of Zellers (1995)
for Leg 146 Hole 889A, which is located between
Sites U1327 and U1328. Occurrence patterns of dia-
toms and foraminifers look rather different from
each other, suggesting that the high-productivity ar-
eas for diatoms and foraminifers were different. This
difference may well be reflected by their dominance
in different habitats; diatom assemblages dominated
in shallow-marine and nonmarine habitats and fora-
miniferal assemblages were deep-sea dwellers. In
conclusion, the results of diatom and foraminiferal
analyses suggest that the Pleistocene turbidite sedi-
ments originated mainly from the shelf and inland
water areas and were displaced to the deepwater site.
We conclude this because the diatom assemblages
are mainly composed of shallow-marine and nonma-
rine species and the benthic foraminiferal assem-
blages comprise those of upper middle bathyal
depths. The displacement of shallow-marine and
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nonmarine diatoms and sediments to the present
deep site might be closely related to the frequently
occurring earthquakes associated with the subsid-
ence of the Juan de Fuca plate under the North
American plate.

At Site U1329, located most landward of the transect
and near the edge of continental slope and shelf, dia-
toms are rare in lithostratigraphic Units I and III and
common to very abundant in Unit II (Fig. F4). Dia-
tom biostratigraphy reveals that Units I and II are
Pleistocene, represented by Zones NPD12, NPD11,
and NPD10, in descending order. The upper and
middle part of Unit III is upper Miocene, represented
by Zones NPD7A and NPD6B. The basal part of the
unit contains no age-diagnostic diatoms, and its geo-
logic age is unknown at present. The Pleistocene sec-
tion of this site is dominated by marine diatoms, and
no obvious marine/nonmarine fluctuation is recog-
nized. The diatom zonal assignment suggests that
the sediments representing ~5 m.y. are missing by ei-
ther a hiatus or a fault at the boundary of Units II
and III (Fig. FS).

Using the diatom biostratigraphic events recognized
at the five sites (Table T3), sedimentation rate curves
for them are constructed (Fig. F6). The figure demon-
strates that the sedimentation rates of the Pleisto-
cene section of these sites increase concordantly
with their distance from the shelf edge.

Summary

Expedition 311 materials can provide unique infor-
mation regarding the depositional environments
and mechanism of turbidite sedimentation at the
Cascadia margin, which may be closely related to the
characterization of hydrocarbon or gas hydrate gen-
erating organic materials in the sediments, and also
to the subsidence history of Juan de Fuca.
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Figure F1. Diatom abundance, marine vs. nonmarine diatoms, and Chaetoceros resting spore abundance based
on shipboard analysis data (see the “Expedition 311 summary” chapter), Sites U1325 and U1326. NPD =
North Pacific Diatom Zone.

Site U1325 Site U1326
e = Marine/ e T Marine/
So - Diatom Marine + Spores/100 Sao - Diatom Marine + Spores/100
S =5 £ valves/slide nonmarine (%) normal diatoms 58S £ valves/slide nonmarine (%) normal diatoms
< ON J 0 7000 0 100 0 800 < o~ dJ 0 3500 0 100 0 350
0IIIIII LI I | TTTTTTT o OIIIIII T T TTTTTT
[ g |
o
pz4
o 50 - - 50 = -
a |
o
=z %]
§
k]
Nl
{100 I 100 |- - -
o
-------------------- -0.3Ma | ,
g ; g
z 2 2
2 [S = S
S £ z £
o < = < A - -
Sl - 5 150 o 5 150
.g — I o [0)
| £ o a
=2
200 = 200¢- =
£
Z |m
é ]
S |n| 2s0f 2501, - K‘
§ L Barren| |
300 300

Proc. IODP | Volume 311 e’ 5


../../EXP_REPT/CHAPTERS/311_101.PDF

F. Akiba et al. Data report: Pleistocene diatoms and foraminifers

Figure F2. Diatom abundance, marine vs. nonmarine diatoms, and Chaetoceros resting spore abundance based
on shipboard analysis data (see the “Expedition 311 summary” chapter), Sites U1327 and U1328. NPD =
North Pacific Diatom Zone.

Site U1327 Site U1328
= Marine/ = Marine/
g E Diatom Marine + Spores/100 E 5 Diatom Marine + Spores/100
o p : o p So ~. . p o .
TS < valves/slide nonmarine (%) normal diatoms TS < valves/slide nonmarine (%) normal diatoms
<ONId 0 ., 5000 O 100 0 1200 <ANd 0 8000 0 100 0 1000
0 L T ?IIIIII Q RTTTTTTTT TT T T T
. (’ Z
[a]
Z N
Z |1 a L
50 | - % 50 y
---------- 0.3 Ma |
B " I T B s I PETTPRPRTTE ? ----------- 0.3 Ma
- 100 100 F
a
g - =
% — @
oL Q9
2 E g g £
@ = 8 =z -
S £ 150 e £ 150
k7] @ RZ] Q
3 — 8 ° nl A8
N e B -10Ma (B |7 T 1.0 Ma
200 ] 200
2 °
g 2
z 250 z | 250 }
300 300

Proc. IODP | Volume 311 e’ 6


../../EXP_REPT/CHAPTERS/311_101.PDF

F. Akiba et al. Data report: Pleistocene diatoms and foraminifers

Figure F3. Diatom abundance, marine vs. nonmarine diatoms, and Chaetoceros resting spore abundance based
on shore-based analysis of higher resolution sampling, Site U1328. NPD = North Pacific Diatom Zone.
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Figure F4. Comparison of marine vs. nonmarine diatom ratio at Site U1328 and global oxygen isotope curve
by de Garidel-Thoron et al. (2005). NPD = North Pacific Diatom Zone.
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Figure F5. Diatom abundance, marine vs. nonmarine diatoms, and Chaetoceros resting spore abundance based
on shipboard analysis data (see the “Expedition 311 summary” chapter), Site U1329. NPD = North Pacific Di-
atom Zone.
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Figure F6. Depth vs. age plot for Sites U1325-U1329.
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Table T1 (continued). (Continued on next page.)
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Table T1 (continued). (Continued on next page.)
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Depth | Diatom

(mbsf)
302.0

Core, section,
interval (cm)
26X-2,10-12 | 294.9
26X-5,10-12 | 299.2
26X-6, 10-12 | 300.3

27X-CC

Notes: Abundance: VA = very abundant, A = abundance, C = common, R = rare, VR
not applicable.

Table T1 (continued).
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Table T3. Depth and age data, Sites U1325-U1329. (See table notes.)

Table T2. Foraminifers, Holes U1328B and U1328C. This table available in an oversized format.

Depth (mbsf)

Core, section, interval (cm)

Sedimentary
rate (m/m.y.)

Event Depth (mbsf) Top Bottom Top Bottom Age (Ma) until next event
U1325B- U1325B-
— 0 — 0.0 408.3
LO Proboscia curvirostris 122.50 115.47  129.49 15X-CC 16X-CC 0.3 104.4 or higher
B NPD11 195.60 192.03 199.08 1X-CC 2X-CC 1.0 or younger —
— 199.00-299.00 — 15X-CC 2X-CC Unknown —
U1326C- U1326C-
— 0 — 0.0
B NPD12 25.20 22.13 28.27 3H-CC 4H-CC 0.3 or younger  468.6 or lower
U1326D- U1326CD-
LO Proboscia curvirostris 140.60 141.65 150.50 7X-CC 8X-CC 0.3 or older 174.2 or higher
B NPD11 262.60 254.44  270.69 19X-CC 20X-CC 1.0 or younger —
— 270.70 20X-CC Unknown —
U1327¢C- uU1327¢C-
— 0 — 0.0 202.6
LO Proboscia curvirostris 60.80 55.98 65.64 7H-CC 8H-CC 0.3 160.1
LO Actinocyclus oculatus 172.90 167.20 178.68 20X-CC 21X-CC 1.0 207.8 or higher
FO Proboscia curvirostris 297.60 295.26  299.88 34X-CC 35X-CC 1.6 or younger —
— 299.90 35X-CC Unknown —
U1328C- U1328C-
— 0 — 0.0 306.0
LO Proboscia curvirostris 91.80 89.40 94.10 4X-CC 6H-1,10-12 0.3 118.1
LO Actinocyclus oculatus 174.50 174.20 174.70 14X-5,10-13  14X-CC 1.0 212.5 or higher
FO Proboscia curvirostris 302.00 302.00 27X-CC 1.6 or younger —
U1329C- U1329C-
— 0 — 0.0 108.0
LO Proboscia curvirostris 32.40 37.18 3H-CC 4H-CC 0.3 97.3
LO Actinocyclus oculatus 100.50 105.32 11H-CC 12H-CC 1.0 58.9 or higher
FO Proboscia curvirostris 135.80 135.70 135.98 1.6 or younger  Hiatus
T NPD7A 135.80 135.70 135.98 6.4 or older 22.8 or higher
LO Thalassionema schraderi  163.20 161.20 165.20 7.6 16.4 or higher
B NPD6B 178.00 176.98 179.00 8.5 or younger —
— 179.00-186.40 — 22X-1 22X-6 Unknown —
Notes: FO = first occurrence, LO = last occurrence, B = base, T = top. — = not defined or calculated.
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Plate P1. Light microscope images of marine diatoms, Holes U1325B, U1327C, U1328C, and U1329C.
1, 2. Thalassionema schraderi Akiba (Sample 311-U1329C-20X-CC), (1) valve view of valve and (2) girdle
view of frustule. 3-6. Neodenticula seminae (Simonsen and Kanaya) Akiba and Yanagisawa; (3, 6) Sample
311-U1329C-5H-CC; (4, 5) Sample 311-U1325B-18X-CC; (4) girdle view of frustule. 7. Thalassionema
nitzschioides (Grunow) H. and M. Peragallo (Sample 311-U329C-20X-1, 10-20 cm). 8-15. Chaetoceros

resting spores and allied genera; (8-10, 12, 14-15) Sample 311-U1327C-20X-CC; (11, 13) Sample 311-
U1328C-11X-2, 7-9 cm.
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Plate P2. Light microscope images of freshwater diatoms, Holes U1328B, 11328C, and U1329C. 1, 2. Steph-
anodiscus cf. niagarae Ehrenberg (Sample 311-U1328C-15X-1, 10-12 cm), focused on (1) central area and (2)
margin. 3. Stephanodiscus Ehrenberg sp. (Sample 311-U1328C-12X-5, 10-12 cm). 4, 5. Puncticulata Hdkans-
son sp. (Sample 311-U1328C-15X-1, 10-12 cm), focused on margin (4) and (5) central area. 6. Puncticulata
radiosa (Grunow) Hékansson (Sample 311-U1328B-9H-6, 11-12 cm). 7. Cyclotella (Kiitzing) Brébisson spp.
(Sample 311-U1328C-12X-5, 10-12 cm). 8. Discostella stelligera (Cleve and Grunow) Houk and Klee (Sample
311-U1328C-15X-1, 10-12 cm). 9. Cyclotella (Kiitzing) Brébisson sp. (Sample 311-U1328C-20X-2, 10-12
cm). 10. Cyclotella ocellata Pantocsek (Sample 311-U1328C-15X-1, 10-12 cm). 11. Cyclotella (Kiitzing) Bré-
bisson sp. (Sample 311-U1328C-15X-1, 10-12 cm). 12. Cyclotella polymorpha B. Meyer and Hakansson (Sam-
ple 311-U1328C-15X-1, 10-12 cm). 13. Cyclotella tripartita Hakansson (Sample 311-U1328C-12X-4, 10-12
cm). 14-24. Aulacoseira Thwaites sp.; (14, 23) Sample 311-U1328B-9H-6, 11-12 cm; (15, 17, 20) Sample 311-
U1328C-15X-1, 10-12 cm; (16, 19) Sample 311-U1328C-20X-2, 10-12 cm; (18) Sample 311-U1329C-22X-
3, 10-12 cm; (21, 22, 24) Sample 311-U1328B-9H-5, 11-12 cm, focused on (21) valve face and (22) sulcus.
25, 26. Aulacoseira solida (Eulenstein) Krammer (Sample 311-U1329C-22X-3, 10-12 cm).
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Plate P3. Scanning electron microscope images of freshwater diatoms, Holes U1328C and U1329C.
1, 3, 5. Puncticulata Hdkansson spp. (Sample 311-U1328C-15X-1, 10-12 cm). 2, 4. Cyclotella (Kiitzing)
Brébisson spp. (Sample 311-U1328C-15X-1, 10-12 cm). 6. Cyclotella ocellata Pantocsek? (Sample
311-U1328C-15X-1, 10-12 cm). 7. Aulacoseira Thwaites sp. (Sample 311-U1328C-20X-2, 10-12 cm).
8. Cyclotella ocellata Pantocsek (Sample 311-U1328C-15X-1, 10-12 cm).
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Plate P4. Light microscope images of marine diatoms, Holes U1325B, U1327C, and U1329C. 1. Thalassiosira
antiqua (Grunow) Cleve-Euler (Sample 311-U1329C-20X-1, 10-20 cm). 2. Thalassiosira jouseae Akiba (Sample
311-U1329C-5H-CC). 3. T. jouseae Akiba (Sample 311-U1329C-16H-CC). 4. Stephanopyxis dimorpha Schrader
(Sample 311-U1329C-16H-CC). 5. Actinocyclus oculatus Jousé (Sample 311-U1327C-32X-CC). 6. Proboscia curvi-
rostris (Jousé) Jordan and Priddle (Sample 311-U1325B-18X-CC). 7. Actinocyclus curvatulus Janisch (Sample 311-
U1329C-5H-CC). 8. Thalassiosira oestrupii (Ostenfeld) Proshkina (Sample 311-U1325B-18X-CC). Note many
small grains of probable organic matter observed inside the diatom, which are also seen in other specimens (P1.
P1, figs. 7, 15).
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