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ABSTRACT

Five benthic foraminiferal biofacies characterize the
late Pleistocene to Recent succession at ODP Sites 1033B
and 1034B (Leg 169S) in Saanich Inlet, southern Van-
couver lsland, British Columbia. These faunas document
three distinct paleoceanographic phases in the evolution
of this inlet. From the latest Pleistocene, ~14,000 years
BP, to the earliest Holocene, the distribution of benthic
foraminifera (Cribroelphidium excavatum [Biofacies 5]),
Idlandiella norcrossi [Biofacies 4], and Nonionella stella
[Biofacies 3]) in Saanich Inlet was strongly controlled by
the influence of cold, low-salinity waters associated with
deglaciation. Early Holocene sediments are character-
ized by Stainforthia feylingi Biofacies 2. Despite a shal-
lower sill depth at the entrance of Saanich than exists
today sedimentological and foraminiferal evidence indi-
cate that bottom waters were oxygenated. The forami-
niferal fauna indicates that oxygen levels varied from a
minimum low oxic (1.5-3 ml/l [67-133 pM]) level early
on to suboxic (0.3-1.5 ml/l [13.3-67 pnM]) conditions up
section wher e sediments become progr essively mor elam-
inated. During the early Holocene air temperatures in
theregion wereup to 4°C warmer, and it wasmuch drier
than at present. The resultant reduced freshwater flow
into the southern Strait of Georgia was conducive to the
free exchange of Saanich Inlet bottom waters with those
of well-oxygenated Haro Strait.

After 7000 years BP the climate in the region cooled
and, as the influence of freshwater from Strait of Geor-
gia increased, oxygenation of Saanich bottom waters be-
came a rare occurrence. Finely-laminated sediments
characterized mid-Holocene to Recent sediments in the
inlet reflecting the development of full anoxic conditions
at depth. The Lobatula fletcheri—Buccella frigida Biofa-
cies 1 characterizing this interval is allochthonous and
derived by down-slope transport from shallower, more
oxygenated regions of Saanich Inlet.

INTRODUCTION

Inlets and fjords such as Saanich Inlet are useful in pa-
leoceanographic research because in many cases only strong
oceanographic events are recorded in the sedimentary record
(Thomson, 1981). This characteristic makes paleoceano-
graphic interpretation easier for researchers as the noise of
background productivity is filtered out (Patterson and others,
2000). Saanich Inlet was selected for coring because the
bottom of this inlet is dysoxic to anoxic, resulting in very
few bioturbating benthic organisms. These undisturbed lay-
ers of sediments record climatic events as subtle as seasonal
variations. Derived sedimentological and micropaleontolog-
ical (e.g., pollen, diatom and foraminifera) data provide a
good proxy record for a number of phenomena including
paleoceanography, sea-level changes, climatic oscillations
and catastrophic events like earthquakes, floods and tsuna-
mis (Blais, 1995).

The Quaternary stratigraphic, environmental and climatic
history of southern British Columbia has been addressed by
several researchers (e.g. Blaise and others, 1990; Clague,
1994; Clague and Mathewes, 1989; Huntley and others,
2001). Studies on the distribution of late Quaternary benthic
foraminifera in the area has played a key role in these re-
search efforts (e.g. Culver and Buzas, 1985; Patterson and
Cameron, 1991; Patterson, 1993; Patterson and others,
1995; Guilbault and others, 1997; Patterson and others,
2000). For example, abrupt climatic events like the Younger
Dryas cold event are clearly recognizable on the British Co-
lumbia coast based on benthic foraminiferal and palynolog-
ical evidence (Mathewes and others, 1993; Patterson and
others, 1995). Other significant Quaternary events in this
region recognizable with micropaleontological proxy data
include fluctuations in sea-level in response to climatic
changes and post glacial isostatic rebound (Friele and
Hutchinson, 1993; Clague and Mathewes, 1996; Cowan and
others, 1996; Hutchinson and others, 1997; Hutchinson and
others, 1998; Luternauer and others, 1989; Reinhardt and
others, 1996).

Within Saanich Inlet, Blais-Stevens and Patterson (1998)
identified benthic foraminiferal assemblages from recent
sediments representing distinct sub-environments. This in-

The Ocean Drilling Program (ODP) drilling ship JOIDES formation was utilized to assess the intensity, genesis, and

Resolution drilled at two sites in Saanich Inlet during Leg periodicity of earthquake generated turbidity currents for the
169S to southern Vancouver Island in August, 1996 (Fig. latest Holocene within the basin (Blais-Stevens and others,
1). A 105 m core was obtained at Site 1033B while at Site 1997, 2001; Blais-Stevens and Clague, 2001). The objective
1034B, 118 m of core was recovered. These cores provideOf this study is to examine the foraminiferal faunas within

a continuous sedimentary record from the termination of the these ODP cores to characterize the paleoceanographic his-
last glaciation €15 k yr BP) to the present (Bornhold and tory of the inlet and surrounding water masses.

others, 1998; Blais-Stevens and others, 2001). The sites
were located along the axis of the inlet at 238 and 200 m
water depth respectively, 4.8 km apart.

SAANICH INLET AND ITS SEDIMENTS

Saanich Inlet is a 26 km long and 0.4 to 7.6 km wide
anoxic fjord on the southeast coast of Vancouver Island (Fig.

1 E-mail: tpatters@ccs.carleton.ca 1). The inlet is a single basin separated from the oceanic
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units were identified at sites 1033B and 1034B (Fig. 3). Late
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O astra,, Oa(_\_a_d.a— conditions (Cowan, 2001). These units also contain poorly
- ,-—"\)SP‘ — 48°15 sorted sand lenses and dropstones, as well as graded and

contorted sand and silt beds (Bornhold and others, 1998).
The overlying earliest Holocene sediments are poorly lam-

1033 and 1034. Line through sites 1033 and 1034 indicates location inated and contain a rich bivalve fauna suggesting a_periOd
of seismic profile shown in Figure 2. of 2—3 thousand years of well oxygenated waters during the

earliest Holocene (Blais-Stevens and others, 2001; Bornhold
and others, 1998).

waters of Haro Strait by a bedrock sill at the north end in  Most subsequent Holocene sediments are well-laminated
Satellite Channel (Holland, 1980). The average depth of the hemipelagic sediments, deposited under conditions of mod-
inlet is 120 m and its maximum depth is 238 m. The sill at erately high marine primary productivity in the surface wa-
the mouth of the inlet rises to 70 m below the water surface, ters as indicated by abundant diatom remains and anoxic
restricting deep-water circulation. The mean tidal range in conditions at the ocean floor (Bornhold and others, 1998;
Saanich Inlet and Haro Strait is 2.4 m with large tides rang- Hobson and McQuoid, 2001; McQuoid and Hobson, 2001,
ing up to 3.9 m (R. E. Thomson, written communication, McQuoid and others, 2001). Such rhythmically laminated
2001). varved sediments can archive ultra-high resolution infor-

The lower part of the water column, below 70 m is dy- mation, providing valuable data on seasonal scale processes
soxic (0.1-0.3 ml/l [4.4-13.3.M]) to anoxic (0—0.1 ml/l as well as intra- and inter-annual variability (Kemp, 1996;
[0—4.4 uM]; Blais-Stevens and others, 2001). High primary Blais-Stevens and others, 2001). Each laminated sequence
productivity in the inlet during spring and summer, sluggish consists of “triplets” of thin dark gray terrigenous mud,
estuarine circulation, and the presence of abundant fresh wa-gray terrigenous mud, and light olive laminae of diatom
ter from the Fraser River discharging from the mainland into ooze (Bornhold and others, 1998). The observed sequence
Haro Strait contribute to the development of bottom water can be correlated to varying depositional conditions during
anoxia almost year round in the inlet. This anoxia leads to late fall and winter, early spring, and late spring and sum-
an almost complete absence of benthic fauna, thus preservmer. The thicknesses of the annual packages vary consid-
ing the seasonal depositional record of fine laminae that erably (5—-9 mm) reflecting changes in the amount and sea-
alternate between plankton fall and terrigenous sedimentssonal distribution of runoff in nearby watersheds, and var-
(Blais-Steven and others, 2001). iation in primary productivity (Gross and others, 1963; Gu-

The distribution of the various modern sediment types cluer and Gross, 1964; Sancetta and Calvert, 1988;
and sedimentary environments in this basin along with their Bobrowsky and Clague, 1990; Blais-Stevens and others,
associated foraminiferal biofacies have been documented by1997; Bornhold and others, 1998). Varves tend to be thicker
Blais (1995) and Blais-Stevens and Patterson (1998). Thesg9 mm) in the northern part of the inlet than in the southern
data have been invaluable in identifying the source of var- (5 mm) part confirming that a major source of sediments in
ious foraminiferal species found in the Saanich Inlet cores. the basin is the Cowichan River watershed at the north end

The sediments draping Saanich Inlet were deposited dur-of the inlet (Blais-Stevens and others, 2001). SEM sediment
ing the Wisconsinan glaciation and subsequent Holocene de-fabric studies have identified evidence of micro-benthic bio-
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Ficure 3. Late Quaternary lithology, chronology, and foraminiferal biofacies for cores recovered from ODP Sites 1033B and 1034B. Stratig-
raphy and chronology after Blais-Stevens and others (2001).

turbation, probably during episodes of bottom water renewal maceous mud in Site 1034, core 6H-5, 67-123 cm. There
resulting from the flow of oxygenated, higher salinity, oce- is palynological and silicoflagellate evidence indicating con-
anic water over the sill (Dean and others, 2001). siderable terrestrial input of nutrients and fresh water during

Within the Holocene laminated mud interval of the cores its deposition (Melissa McQuoid, written communication,
there is a massive unit comprised of gray terrigenous clay 1999). This interval has been interpreted as a massive flood
with a sharp lower contact that grades upward into diato- event at 11 k yr BP (Bornhold and others, 1998).
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Periodically interbedded with the varved sediments are closely emulates results from the statistically significant “er-
less prominent massive layers that record evidence of majorror weighted maximum likelihood” clustering method of
earthquakes in the region during the past over 7,000 years.Fishbein and Patterson (1993). This method requires that
The uppermost of these units has been correlated with anonly species present in statistically significant populations
AD 1946 large crustal earthquake on central Vancouver Is- be analyzed. Although a total of 41 species of benthic fo-
land (Blais-Stevens and others, 1997). A unit correlable with raminifera were identified, only 22 species were common
the AD 1700 great earthquake on Cascadia Subduction Zoneenough to be used for cluster analysis (Table 1). Q-mode
is also recognized (Blais-Stevens and others, 1997). Thecluster analysis was carried out on the 22 statistically sig-
6,650+50 yrs BP eruption of Mount Mazama (Crater Lake), nificant species in these 58 samples using SPSS version 6.1
Oregon, USA, is recognizable as a 1.5-2.0 cm thick white for Apple Macintosh. Euclidean distance correlation coef-
volcanic ash layer at 37 mbsf at Site 1033B and 51 mbsf at ficients were used to measure similarity between pairs of

Site 1034B (Blais-Stevens and others, 2001). species, and Ward’s linkage method was utilized to arrange
sample pairs and sample groups into a hierarchic dendro-

METHODS gram (Fig. 4).
SAMPLING AND CLUSTER ANALYSIS R-mode cluster analysis was carried out on the 22 species

Sub_samp”ng for this research was done at the Pacific present in StatiSticaIIy Significant numbers as well as the
Geoscience Centre (PGC), Sydney, British Columbia. A to- collective category of planktic foraminifera using the same
tal of 423 sand fraction samples were analyzed; 254 from Methodology as employed for the Q-mode analysis.
the twelve cores (1H—12H) of Site 1033B, and 169 from  The population diversity for each of the 58 samples was
the thirteen cores (1H-13H) from Site 1034B. Details on Calculated using the Shannon Diversity Index (Sageman and
core depths, lithology andC dates are provided in Figure Bina, 1997):

3. Samples for foraminiferal analysis were washed over a sl = _i <§) % In(é>
63 wm sieve to remove fines and dried at low temperature. ' =1 \N N,
The resultant sample residues were usually very small rang-

ing from 0.001 g to 0.7 g out of 15 cc of core processed. where X - is the abundance of each taxon in a sam-

Some processed samples did not have any measurable sand ple,

fraction while even fewer containeel1.0 g of sand fraction. N, — is the total abundance of the sample, and
All foraminifera in each sample were picked and trans- S - is equal to the species richness of the sam-

ferred to slides for subsequent identification. The number of ple.

foraminifera, total number of complete specimens, total

number of broken/damaged specimens, and number of spec- 14C DATING

imens of various foraminiferal species were recorded for all
423 samples (downloadable portable document format [pdf]
appendices [Appendix PDF 1 and Appendix PDF 2] for
cores 1033B and 1034B respectively are available in the

data_ repository at _www.carleton.ea/patters). Selected . mined by Robinson and Thomson (1981) using samples col-
specimens were d|g|t§1]ly photographed at the Caf'eton Uni-octed in Sooke, B.C. on the south-southwest coast of Van-
versity Research Facility for Scanning Electron Microscopy couver Island '

(CURFEM) and are illustrated in Plates 1 and 2. ldentifi-
cation of foraminifera followed Patterson and others (1998).
Patterson and Fishbein (1989) recommended a minimum
count of at least 50 specimens for indicator species having
a fractional abundance of 50% or greater and up to several

hundred counts for samples with less dominant taxa. Out of | h lish | f 80923 (Robi
423 samples, only 58 samples fulfilled these criteria with very close to the published value of 823 (Robinson and

the bal bei ither b taining too f Thomson, 1981) we use the literature value for the reservoir
€ bajance being either barren or containing 100 1ew SPEc- qqraction of all marine radiocarbon ages presented here.

IMens. _The fractional a_bundance and standard error aSSOClrhg practice was also followed by all other researchers ex-
ated with each taxon in these 58 samples was calculated

‘na the standard i S amining these same ODP cores from Saanich Inlet (see con-
using the standard error equationX tained papers in Marine Geology, 2001, v. 174; Blais-Ste-

vens and Clague, 2001).

14C ages for samples from sites 1033B and 1034B were
obtained at Lawrence Livermore Laboratory and are indi-
cated in Table 2 and stratigraphically in Figure 3. The res-
ervoir correction value applied is 8823 years as deter-

Since Saanich Inlet is on the southeast coast of the island
it may receive old carbon from sources different from those
at Sooke though. To verify the relationship Bornhold and
others (1998) tested wood/shell sample pairs from Saanich
Inlet, obtaining a value of 79850 years. As this value is

(1 — X
S, = 1.96 % RESULTS
) ) ) The observed foraminiferal taxa were predominantly cal-
where N - is the total number of specimens in a sam- careous, benthic forms. Planktic foraminifera were usually
ple, . ) rare, although in a few varves and laminated samples from
x - is the fractional abundance of a given spe-  cores 3H-3, 4H-2, 5H-2, 5H-5 and 5H-7 at Site 1033B they
cies (Table 1; Patterson and Fishbein, occyrred in significant numbers (10-50% of the sample as-
1989). semblage; Table 1). Rare specimens of arcellaceans, fresh-
Q-mode cluster analysis was carried out on the 58 sam-water foraminiferal analogues, were also observed, but only
ples with significant populations using a technique that in massive layers.
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TaBLE 1. Total abundance (number per 15 cc of sediment), fractional abundance, standard error, biofacies assignment, and Shannon Diversity
Index of taxonomic units and samples with statistically significant populations.

Site 1033B
Section 2H5
Horizon (cm)139-140

1033B
2H5 2H6 3H3 3H5 3H7 4H1 4H1 4H2 4H7 S5H1 S5H1 5H4 5H4 5H4

146-149 060-063 067-070 124-126 076-079 042-045 140-142 051-054 077-079 060-063 070-074 094-097 106-109 115-118
56 63 50 66

10338 1033B 1033B 1033B 1033B 1033B 1033B 1033B 1033B 1033B 1033B 1033B 1033B

Total specimens 186 50 51 60 63 52 108 52 51 63
Shannon Diversity 1.684 1.770 1.881 1.987 2.073 2.002 1.787 0.909 1.599 1.950 1.479 0.840 1.678 0.994 1.595
Biofacies 2 1 1 1 1 1 1 1 1 1 1 2 2 2 1
C. excavatum 0.129 0.214 0.175 0.180 0.152 0.160 0.157 0.029 0.167 0.127 0.000 0.028 0.038 0.000 0.095
standard error- 0.048 0.107 0.094 0.106 0.087 0.102 0.100 0.040 0.094 0.082 0.000 0.031 0.052 0.000 0.072
C. halladense 0.016 0.054 0.016 0.040 0.045 0.100 0.020 0.000 0.017 0.032 0.000 0.000 0.000 0.000 0.048
standard error- 0.032 0.043 0.000 0.000 0.000 0.000 0.053 0.015 0.011 0.000 0.054 0.000 0.027 0.000 0.000
C. foraminosum 0.000 0.000 0.032 0.020 0.030 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
standard error- 0.000 0.000 0.043 0.039 0.041 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
B. frigida 0.065 0.286 0.302 0.220 0.273 0.240 0.255 0.522 0.183 0.254 0.154 0.028 0.192 0.137 0.492
standard error- 0.035 0.118 0.113 0.115 0.107 0.118 0.120 0.118 0.098 0.107 0.098 0.031 0.107 0.094 0.123
L. fletcheri 0.161 0.196 0.159 0.060 0.227 0.160 0.275 0.420 0.267 0.238 0.385 0.056 0.135 0.118 0.190
standard error- 0.053 0.104 0.090 0.066 0.101 0.102 0.122 0.116 0.112 0.105 0.132 0.043 0.093 0.088 0.097
S feylingi 0.452 0.071 0.175 0.040 0.045 0.180 0.000 0.000 0.017 0.190 0.077 0.787 0.500 0.667 0.063
standard error- 0.072 0.067 0.094 0.054 0.050 0.106 0.000 0.000 0.032 0.097 0.072 0.077 0.136 0.129 0.060
B. eligantissima 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
standard error- 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Fissurina spp. 0.048 0.054 0.000 0.020 0.030 0.020 0.000 0.000 0.000 0.079 0.000 0.028 0.000 0.000 0.048
standard error: 0.031 0.059 0.000 0.039 0.041 0.039 0.000 0.000 0.000 0.067 0.000 0.031 0.000 0.000 0.053
Trochammina spp. 0.081 0.125 0.079 0.000 0.076 0.060 0.098 0.000 0.017 0.000 0.000 0.000 0.135 0.000 0.000
standard error: 0.039 0.087 0.067 0.000 0.064 0.066 0.082 0.000 0.032 0.000 0.000 0.000 0.093 0.000 0.000
N. stella 0.000 0.000 0.016 0.020 0.015 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.016
standard error- 0.000 0.000 0.031 0.039 0.029 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.031
B. pacifica 0.016 0.000 0.016 0.020 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.077 0.000 0.000
standard error- 0.018 0.000 0.031 0.039 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.072 0.000 0.000
S agglutinata 0.000 0.000 0.000 0.020 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
standard error- 0.000 0.000 0.000 0.039 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
M. fusca 0.000 0.000 0.000 0.000 0.015 0.020 0.000 0.000 0.000 0.000 0.000 0.000 0.019 o0.078 0.016
standard error- 0.000 0.000 0.000 0.000 0.029 0.039 0.000 0.000 0.000 0.000 0.000 0.000 0.037 0.074 0.031
I. helenae 0.016 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.032
standard error- 0.018 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.043
|. norcrossi 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
standard error- 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
C. reniformae 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
standard error- 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
N. labradorica 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
standard error: 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
S tenuis 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
standard error: 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
C. microgranulosum 0.000 0.000 0.000 0.000 0.045 0.000 0.020 0.000 0.017 0.032 0.000 0.000 0.019 0.000 0.000
standard error: 0.000 0.000 0.000 0.000 0.050 0.000 0.038 0.000 0.032 0.043 0.000 0.000 0.037 0.000 0.000
Buliminella sp. 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
standard error: 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
N. digitata 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
standard error: 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Rosalina spp. 0.000 0.000 0.000 0.020 0.015 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
standard error- 0.000 0.000 0.000 0.039 0.029 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Planktics 0.016 0.000 0.032 0.340 0.000 0.020 0.137 0.029 0.317 0.127 0.154 0.000 0.000 0.000 0.000
standard error: 0.018 0.000 0.043 0.131 0.000 0.039 0.094 0.040 0.118 0.082 0.098 0.000 0.000 0.000 0.000

Q-mode cluster analysis resulted in the recognition of five
biofacies (Figs. 3, 4). While only 58 of the 423 samples
examined contained statistically significant populations

these biofacies were concentrated together in specific part
of the cores and therefore provided valuable paleoceano

graphic proxy data. In addition, the faunal makeup of ad-
jacent samples with non-statistically significant populations
tended to be similar, permitting qualitative comparison. Al-

though most samples contained at least a few specimens

many samples, especially in the late Pleistocene sections
were barren of specimens6). The number of barren sam-

ples in cores 7H through 12H at Site 1033B and in cores
7H through 13H at Site 1034B was 89 and 86 respectively gida (Cushman), 1922, (18-52%) aridbatula fletcheri
(see downloadable pdf appendices PDF1 and PDF2 at(Galloway and Wissler), 1927, (6—38%). Other commonly
www.carleton.ca*tpatters).

BloFACIES AS BASED ON Q-MoODE ANALYSIS RESULTS

The biofacies described below are named for the most
abundant species in each cluster and further defined on the

Sasis of additional species present. The more abundant spe-

cies usually occur in all samples comprising a cluster, al-
though there are some exceptions. Ages given are calibrated
1“C AMS dates.

Figs. 3, 4)
This biofacies (16 samples) is dominatedByccella fri-

occurring species aréribroelphidium excavatum (Ter-

Lobatula fletcheri-Buccella frigidBiofacies (Biofacies 1;
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1033B 1033B 1033B 1033B 1033B 1033B 1033B 1033B 1033B 1033B 1033B 1033B 1033B
5H5 5H5 5H5 5H5 5H5 5H5 5H5 5H5 5H7 S5H7 S5H7 6H1 6H2
002-005 008-011 014-017 058-062 064-068 068-072 074-078 113-116 052-055 057-060 067-070 057-060 145-148
560 1088 736 50 132 102 114 104 104 120 64 152 184
1.641 1.762 1.759 1.434 0.650 1.468 1.244 1.352 1.157 0.977 0.900 1.485 1.366
1 1 1 2 2 2 2 2 1 2 2 2 1

0.241 0.191 0.239 0.220 0.045 0.196 0.000 0.000 0.077 0.000 0.000 0.263 0.109
0.035 0.023 0.031 0.115 0.036 0.077 0.000 0.000 0.051 0.000 0.000 0.070 0.045
0.036 0.037 0.000 0.040 0.000 0.020 0.000 0.000 0.000 0.000 0.000 0.039 0.000
0.000 0.000 0.000 0.031 0.000 0.000 0.048 0.031 0.000 0.015 0.000 0.000 0.000
0.009 0.007 0.000 0.000 0.000 0.020 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.008 0.005 0.000 0.000 0.000 0.027 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.357 0.360 0.217 0.240 0.182 0.059 0.263 0.231 0.231 0.267 0.125 0.211 0.500
0.040 0.029 0.030 0.118 0.066 0.046 0.081 0.081 0.081 0.079 0.081 0.065 0.072
0.241 0.191 0.304 0.000 0.000 0.000 0.105 0.000 0.000 0.000 0.000 0.000 0.261
0.035 0.023 0.033 0.000 0.000 0.000 0.056 0.000 0.000 0.000 0.000 0.000 0.063
0.063 0.132 0.087 0.360 0.773 0.471 0.421 0.308 0.154 0.467 0.625 0.368 0.065
0.020 0.020 0.020 0.133 0.071 0.097 0.091 0.089 0.069 0.089 0.119 0.077 0.036
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.007 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.067 0.000 0.000 0.022
0.000 0.005 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.045 0.000 0.000 0.021
0.000 0.007 0.000 0.000 0.000 0.000 0.053 0.000 0.000 0.000 0.000 0.000 0.022
0.000 0.005 0.000 0.000 0.000 0.000 0.041 0.000 0.000 0.000 0.000 0.000 0.021
0.009 0.015 0.022 0.000 0.000 0.000 0.000 0.308 0.000 0.067 0.000 0.053 0.000
0.008 0.007 0.011 0.000 0.000 0.000 0.000 0.089 0.000 0.045 0.000 0.035 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.053 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.035 0.000
0.009 0.007 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.008 0.005 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.009 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.008 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.009 0.029 0.022 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.022
0.008 0.010 0.011 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.021
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.015 0.065 0.120 0.000 0.176 0.158 0.154 0.538 0.133 0.250 0.000 0.000
0.000 0.007 0.018 0.090 0.000 0.074 0.067 0.069 0.096 0.061 0.106 0.000 0.000

quem), 1876Buliminella elegantissima (d’Orbigny), 1839, cussed here had relatively low Shannon Diversity Index val-
Nonionella stella (Cushman and Moyer), 1938tainforthia ues indicating deposition under sub-optimal conditions.
feylingi (Knudsen and Seidenkrantz), 199@ribroelphi- The Lobatula fletcheri—Buccella frigida Biofacies bio-
dium halladense (Brotzen), 1945 ,Cribroelphidium fora- facies was found exclusively in Core 1033B in sediments
minosum (Cushman), 1939 and variolsssurina spp. This laid down little more than 1000 Years BP in laminated dark

biofacies is also characterized by the common occurrencegray diatomaceous mud, to progressively more massive di-
of planktic foraminifera (up to 34% in some samples). The atomaceous muds deposited 9,400 years BP. Foraminifera
average Shannon Diversity Index value for samples from were not as abundant in these samples as in other biofacies
this biofacies is 1.670. To put this value and those obtained but one sample did have a population of over 1,000 speci-
for the other biofacies in perspective, Shannon Diversity mens.

index values obtained for more stable environments under ) . ) i i i

optimal conditions are usually in the 2.5-3.5 range, whereas Stainforthia feylingiBiofacies (Biofacies 2; Figs. 3, 4)

low values of 0.1-1.5 are obtained where there is environ- This biofacies (18 samples) is dominated 8yfeylingi
mental stress (Sageman and Bina, 1997). All biofacies dis- accounting for 26 to 97% of the assemblage &ndrigida
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1033B 1033B 1033B 1033B 1033B 1033B 1033B 1033B 1033B 1033B 1033B 1033B 1033B 1033B 1033B
6H5 6H5 6H5 6H5 6H5 6H5 6H6 6H6 7H1 7H2 7H2 TH2 7H5 8H1 8H2
007-010 016-019 024-027 057-061 070-073 126-129 029-032 127-130 029-032 008-011 059-062 110-113 029-031 127-130 029-032
120 69 176 180 528 88 104 224 1760 219 262 134 237 57 137
1.640 1.573 1.427 0.811 1.379 0.474 0.790 0.257 1.110 0.145 1.259 2.436 1.270 1.034 1.360
2 2 3 3 3 3 2 2 5 2 5 4 4 5 5

0.133 0.087 0.182 0.033 0.167 0.182 0.000 0.000 0.668 0.014 0534 0.194 0.165 0.070  0.197
0.061 0.066 0.057 0.026 0.032 0.081 0.000 0.000  0.022 0.015  0.060 0.067 0.047 0.066  0.067
0.000 0.043 0.045 0.000 0.030 0.000 0.000 0.000 0.036 0.000 0.061 0.030 0.051 0.018  0.058
0.009 0.000 0.029 0.029 0.028 0.034 0.039 0.000 0.048 0.095  0.000 0.000  0.000 0.000  0.032
0.000 0.000 0.000 0.000 0.015 0.000 0.000 0.000  0.023 0.000  0.015 0.000 0.013 0.018  0.000
0.000 0.000 0.000 0.000 0.010 0.000 0.000 0.000  0.007 0.000 0.015 0.000 0.014 0.034 0.000
0.200 0.130 0.000 0.000 0.023 0.000 0.231 0.071  0.073 0.000 0.015 0.075  0.051 0.000  0.000
0.072 0.079 0.000 0.000 0.013 0.000 0.081 0.034  0.012 0.000 0.015 0.044  0.028 0.000  0.000
0.000 0.130 0.000 0.000 0.000 0.000 0.000 0.000  0.005 0.000  0.000 0.030  0.000 0.000  0.000
0.000 0.079 0.000 0.000 0.000 0.000 0.000 0.000 0.003 0.000  0.000 0.029  0.000 0.000  0.000
0.333 0.391 0.227 0.433 0.000 0.000 0.692 0.929 0.164 0.973  0.008 0.119  0.000 0.000  0.000
0.084 0.115 0.062 0.072 0.000 0.000 0.089 0.034  0.017 0.022 0.011 0.055  0.000 0.000  0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000  0.000 0.000  0.000 0.000  0.000 0.000  0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000  0.000 0.000  0.000 0.000  0.000 0.000  0.000
0.000 0.043 0.000 0.000 0.008 0.000 0.000 0.000  0.000 0.000  0.000 0.000  0.000 0.000  0.000
0.000 0.048 0.000 0.000 0.007 0.000 0.000 0.000  0.000 0.000  0.000 0.000  0.000 0.000  0.000
0.067 0.000 0.045 0.000 0.000 0.000 0.000 0.000  0.005 0.000  0.000 0.000 0.139 0.000  0.000
0.045 0.000 0.031 0.000 0.000 0.000 0.000 0.000  0.003 0.000  0.000 0.000 0.044 0.000 0.000
0.200 0.000 0.455 0.533 0.568 0.818 0.077 0.000  0.000 0.000  0.000 0.030  0.000 0.000 0.022
0.072 0.000 0.074 0.073 0.042 0.081 0.051 0.000  0.000 0.000  0.000 0.029  0.000 0.000  0.025
0.000 0.000 0.000 0.000 0.068 0.000 0.000 0.000  0.000 0.000  0.000 0.000 0.013 0.000  0.000
0.000 0.000 0.000 0.000 0.022 0.000 0.000 0.000  0.000 0.000  0.000 0.000 0.014 0.000 0.000
0.067 0.000 0.000 0.000 0.000 0.000 0.000 0.000  0.000 0.014 0.004 0.090 0.000 0.684  0.547
0.045 0.000 0.000 0.000 0.000 0.000 0.000 0.000  0.000 0.015  0.007 0.048  0.000 0.121  0.083
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000  0.000 0.000  0.000 0.000  0.000 0.000  0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000  0.000 0.000  0.000 0.000  0.000 0.000  0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000  0.000 0.000 0.221 0.269  0.000 0.000  0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000  0.000 0.000  0.050 0.075  0.000 0.000  0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000  0.000 0.000  0.000 0.164  0.152 0.000  0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000  0.000 0.000  0.000 0.063  0.046 0.000  0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000  0.000 0.000  0.000 0.000  0.000 0.000  0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000  0.000 0.000  0.000 0.000  0.000 0.000  0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000  0.000 0.000  0.000 0.000  0.000 0.000  0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000  0.000 0.000  0.000 0.000  0.000 0.000  0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000  0.000 0.000  0.000 0.000  0.000 0.000  0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000  0.000 0.000  0.000 0.000  0.000 0.000  0.000
0.000 0.000 0.045 0.000 0.008 0.000 0.000 0.000 0.027 0.000 0.076 0.000  0.000 0.000  0.000
0.000 0.000 0.031 0.000 0.007 0.000 0.000 0.000 0.008 0.000 0.032 0.000  0.000 0.000  0.000
0.000 0.130 0.000 0.000 0.000 0.000 0.000 0.000  0.000 0.000  0.008 0.000  0.000 0.000  0.000
0.000 0.079 0.000 0.000 0.000 0.000 0.000 0.000  0.000 0.000 0.011 0.000  0.000 0.000  0.000
0.000 0.000 0.000 0.000 0.114 0.000 0.000 0.000  0.000 0.000  0.000 0.000  0.000 0.158  0.058
0.000 0.000 0.000 0.000 0.027 0.000 0.000 0.000  0.000 0.000  0.000 0.000  0.000 0.095  0.039
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000  0.000 0.000  0.000 0.000 0.063 0.053 0.102
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000  0.000 0.000  0.000 0.000 0.031 0.058  0.051
0.000 0.043 0.000 0.000 0.000 0.000 0.000 0.000  0.000 0.000  0.000 0.000  0.000 0.000  0.000
0.000 0.048 0.000 0.000 0.000 0.000 0.000 0.000  0.000 0.000  0.000 0.000  0.000 0.000  0.000

which accounts for 7 to 71% of the assemblage. Other com- cifica, Nonionella digitata (Ngrvang), 1945Fissurina spp.,

mon species includk. fletcheri, N. stella, Bolivinellina pa- Trochammina spp. andB. elegantissima are rare. The av-
cifica (Cushman and McCulloch), 194Rjssurina spp, Tro- erage Shannon Diversity Index value for the biofacies is
chammina spp. andCribroelphidium spp. The mean Shan- 1.023.

non Diversity Index of samples in this biofacies is 1.167. This biofacies is found exclusively in Core 1033B in ol-

This biofacies was found in gray diatomaceous mud de- ive gray diatomaceous mud deposited between about 9,500
posited 6,000-12,500 years before present (BP) in Coreand 11,000 years BP.
1033B and in a single sample deposited prior to 9,150 years
BP in Core 1034B. Islandiella norcrossBiofacies (Biofacies 4; Figs. 3, 4)

This biofacies (12 samples) is dominated Iislandiella
norcrossi (Cushman), 1933, (6—46%)slandiella helenae

This biofacies (4 samples) is dominated Nystella (45— (Feyling-Hansen and Buzas), 1976, (21-42%), &aido-
81%) andS. feylingi (0—43%).Cribroel phidium excavatum, sigmoailina tenuis (Czjzek), 1848, (8—43%). Other common
C. halladense andB. frigida occur commonly whileB. pa- species includ€. excavatum, C. foraminosum, andC. ren-

Nonionella stellaBiofacies (Biofacies 3; Figs. 3, 4)
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1033B
12H2

1033B
12H2

1033B
12H2

1034B 1034B 1034B 1034B 1034B

1034B 1034B 1034B 1034B 1034B 1034B 1034B

8H1 9H1 9H2 OH2 9H3 9H3 9H3 9H3 9H3 9H4 9H4 9H4
025-028 079-082 128-131 140-143 046-049 015-018 045-048 062-065 097-100 102-105 108-110 125-128 028-031 038-041 048-051
100 290 90 604 64 58 60 249 94 56 188 132 63 80 50
4 1.447 1.495 1.897 1.297 1.529 1.783 1.832 1.585 0.959 1.655 1.380 1.543 1.030 0.637
5 5 5 2 4 4 4 4 4 4 4 4 4 5 4
0.560 0.414 0.333 0.000 0.094 0.172 0.150 0.193 0.043 0.000 0.085 0.167 0.143 0.500 0.360
0.097 0.057 0.097 0.000 0.071 0.097 0.090 0.049 0.041 0.000 0.040 0.064 0.086 0.110 0.133
0.000 0.224 0.300 0.000 0.000 0.000 0.000 0.072 0.000 0.000 0.043 0.000 0.000 0.000 0.000
0.000 0.000 0.029 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.120 0.034 0.133 0.000 0.000 0.000 0.000 0.205 0.000 0.000 0.064 0.000 0.000 0.000 0.000
0.064 0.021 0.070 0.000 0.000 0.000 0.000 0.050 0.000 0.000 0.035 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.119 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.026 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.258 0.000 0.000 0.100 0.000 0.000 0.000 0.000 0.000 0.000 0.200 0.000
0.000 0.000 0.000 0.035 0.000 0.000 0.076 0.000 0.000 0.000 0.000 0.000 0.000 0.088 0.000
0.000 0.000 0.000 0.245 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.034 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.053 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.018 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.106 0.000 0.000 0.000 0.000 0.064 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.025 0.000 0.000 0.000 0.000 0.049 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.073 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.021 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.200 0.207 0.133 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.078 0.047 0.070 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.344 0.241 0.200 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.116 0.110 0.101 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.040 0.103 0.100 0.000 0.000 0.000 0.000 0.217 0.362 0.429 0.255 0.288 0.238 0.300 0.000
0.038 0.035 0.062 0.000 0.000 0.000 0.000 0.051 0.097 0.130 0.062 0.077 0.105 0.100 0.000
0.000 0.000 0.000 0.119 0.063 0.276 0.200 0.181 0.234 0.464 0.362 0.409 0.238 0.000 0.640
0.000 0.000 0.000 0.026 0.059 0.115 0.101 0.048 0.086 0.131 0.069 0.084 0.105 0.000 0.133
0.000 0.017 0.000 0.020 0.063 0.069 0.150 0.060 0.149 0.107 0.085 0.000 0.000 0.000 0.000
0.000 0.015 0.000 0.0112 0.059 0.065 0.090 0.030 0.072 0.081 0.040 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.007 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.030 0.095 0.000 0.000
0.000 0.000 0.000 0.006 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.029 0.072 0.000 0.000
0.000 0.000 0.000 0.000 0.438 0.241 0.233 0.072 0.149 0.000 0.085 0.121 0.286 0.000 0.000
0.000 0.000 0.000 0.000 0.122 0.110 0.107 0.032 0.072 0.000 0.040 0.056 0.112 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

iforme. The average Shannon Diversity Index value for this
biofacies is 1.492.

This biofacies is found in gray clay and silty clay in both
cores 1033B and 1034B. Deposition of this biofacies in
Core 1033B is prior to about 12,000 years BP while in Core
1034B deposition is bracketed B§C dates indicating de-
position between 12,000 and 14,000 years BP.

Cribroelphidium excavaturBiofacies (Biofacies 5; Figs.
3, 4)

This biofacies (8 samples) is generally dominatedy
excavatum (7—66%) andSphonaperta stalkeri (Loeblich
and Tappan), 1953, (0—68%). Other common speciebdlare
digitata, I. helenae, 1. norcrossi and Rosalina spp. Other

rare species includ€. halladense, C. foraminosum, Cri-
broel phidium microgranulosum (Galloway and Wissler) in
Thalmann, 1951C. reniforme and N. stella. The average
Shannon Diversity Index value for the biofacies is 1.213.

This biofacies was deposited in silty clay and very fine
sands in both cores 1033B and 1034B. Deposition was prior
to 12,000 years BP in core 1033B. The single representative
of the biofacies in Core 1034B and was deposited around
12,000 years BP as well.

SPECIESASSOCIATIONSBASED ON R-MODE
ANALYSIS RESULTS

R-mode cluster analysis revealed five major groupings of
species and individual taxa with the relationships shown



118 R. TIMOTHY PATTERSON AND ARUN KUMAR

PN o
a
% 1
wk ar
Y= |
24 oL
Relative Abundance az )
g
@ >050 F R i el I e Sl -- ] ":’r"l -----
O 035049 S I — lj:r‘:'_‘ S L B3
32 er
@ 0.20-0.34 2§ | rtrrr Tt
L = a0 o = o s s =
= S22 2582d32085 25228 rpmaA=2SS 550> dJ 002 S22 22S2SQE222 = =
O 0.05-0.19 £L SEZRIE3S§232E08R25 1205858 SRR NS ryEEEEE2 5222502282 5332
® 0.01-0.04 $ = BZ4dediTadildadredldazraT e S R R Rl < Rl R R R S a3
. . T T x2lCs-oaghioxtelugzieoneyeg FIAZ Qbbb dTd Tt T TS T &b
0 <0.01 REagZS o iioeeaotadiaa o2l EFsoZ|meS8zrsEedsyasd S AS % Qg
‘ SEcEEscoznffunEabiiesizas e L R R E T EE
ZeNRRC A 2ERLARAIEaR|RaEEeY H e A E2E3 3258833550355
g S A3 © a aras w EEIERRR - S S N E RS -3
& & i 3 RS b &
EUCLIDEAN DISTANCE
25 20 15 10 5 0
vy~ T 7T T 1
! C.microgranulosum e o ® ® |® O Qe
: N.labradorica o O
\ Rosalina sp. ° ) lo) @/®)
| B.pacifica O oe Qe ® O [
' Buliminelia sp. O ] [ NeX J o
1 Fissurina sp. ° o ® o0 |© Y [ Jo] ocQe
1 N.digitata 8 0o
! B.elegantisfima ®
: Trochammina sp. [e]e] O O e ® OO0 O oQO0 |e O o
. C. foraminosum ® o ® o0 e [ ] @ o0 o O ee0
h C.reniformae ® [e] Q000 o O O [ ]
. C hallandense e @O ® 0000 (60 ¢ 9000 000® 0 o OeOe sO0® Oe°
' M.fusca O o [ ] Y [ ] @
1 S.tenuis [T Yoo lelele) )
1 Planktic foraminifera @] O00eO e°* o0 o0 o000 © Q
1 S.stalkerf [ O [ ] o0 .g 8 ®
1 I.helenae [ ] ® @ o0e [ 4
: |_ Lnorcrossi O ..OOO
! N.stella O ©80 O O e @ o __oe00 o 0000 L) .
Birgida o) 008800000000088889 4 - o“ . Q0 *0
] . fletcheri ‘ )
—E__':c,exmmmm I" ' .I o ::8‘3688‘00888°00808888909600080080oo°0 Oooom
! S.feylingi L X ] QO
[
N.stella
S. feylingi L. fletcheri - B. frigida biofacies 1. norcrossi C. excavatum
biofacies (2) biofacies (1) (3) biofacies (4) biofacies (5)

Ficure 4. Integrated Q- and R-Mode cluster dendrograms utilizing 58 samples with statistically significant number of specimens and the 23
taxonomic units with statistically significant populations. For both the Q- and R-Mode clusters correlation coefficients greater than a selected level
(dashed vertical line) are considered to indicate recognizable relationships.

closely matching those observed in the Q-Mode cluster ever, sedimentological analysis of these same core horizons,
analysis results (Fig. 4Sainforthia feylingi groups sepa-  and from similarly aged land-exposed sites in the vicinity
rately from all others reflecting the overwhelming domi- of Saanich Inlet, provide evidence that during that time
nance of this species in tH&ainforthia feylingi Biofacies much of the region was still covered with ice (Huntley and
(2), in which it has a mean abundance of 41.6%. There is others, 2001). These researchers define this interval as the

a strong grouping oB. frigida, L. fletcheri and C. exca- early to middle deglacial phase (15,000 to 13,000 years BP).
vatum as appears in thieobatula fletcheri—Buccella frigida During this time ice began to clear from the peaks and high
Biofacies (1), in which these species average 30.3%, 22.3%ridges of Vancouver Island and was increasingly confined
and 14.5% respectively. The separation @f excavatum to valleys and coastal lowlands.

from these other two species within the R-mode cluster anal-  |sostatically depressed lowland areas surrounding Saanich
ysis results reflect the high dominance of this species ( |nlet were also inundated by the sea, and sea level in the
41.6%) in theCribroelphidium excavatum Biofacies (5), in  region was higher relative to land than it is today with a
which B. frigida and L. fletcheri are absent. AlthougiN. late glacial marine limit of about 90 m amsl being reached

stellais found in all biofacies except Biofacies 5 it clusters jn the Saanich Inlet area (Huntley and others, 2001). In-
separately from the balance of the species reflecting its dom-creased oceanic influence to the inlet was largely offset by

inance k = 59.4%) in theNonionella stella Biofacies (3). a massive influx of freshwater from retreating ice sheets.
The rest of the taxa group together, in part a reflection of The |arge number of barren samples in the lower part of
the more equitable distribution of species in tsandiella both cores is most likely related to the inhospitable fora-

norcross Biofacies (4). The absence of some taxa in this miniferal habitat provided by the resultant very low salinity
group, such asB. elegantissma and assorted fissurinids, |ayels  as well as the relatively high sedimentation rates
from this biofacies is indicative of the relatively low abun- (Blais-Stevens and others, 2001)

dance of all these taxa. The fact that they are present in Sediments deposited pr,ior telﬁ 000 years BP at Site

ge?herally low numbers causes them to artificially group to- 1033B and as old as 14,000 years BP in core 1034B are
gether. variably comprised of massive gray silts interspersed with
sandier units. The presence of dropstones and contorted silt
DISCUSSION and sand laminae in the interval provides evidence that this
Sediments from cores 1033B and 1034B deposited prioris a glaciomarine marine unit (Blais-Stevens and others,
to 13,000 years BP are nearly devoid of foraminifera. How- 2001). TheCribroelphidium excavatum Biofacies (5) that
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TABLE 2. 'C dates obtained at Lawrence Livermore Laboratory for samples from ODP Sites 1033B and 1034B presented in both radiocarbon
years and corrected calendar years (see text for explanation). Reservoir correction value applietl B38¢Hars (after Robinson and Thomson,
1981).

Core section 1C age Calibrated“C age
interval (cm) Sample Taxon (yr BP) (yr BP)
169S-1033B-
2H-7, 28 Shell Bivalvia Compsomyax subdiaphana 2,420+ 60 1,407-1,715
3H-5, 144 Charcoal 2,940+ 50 2,892-3,316
5H-1, 8 Charcoal 5,430+ 50 6,059-6,389
6H2, 15 Shell Bivalvia Macoma calcarea 8,880+ 50 8,929-9,226
6H2, 60 Shell Bivalvia Axinopsida serricata 9,030+ 50 9,078-9,388
6H2, 90 Shell Bivalvia Axinopsida serricata 9,150 + 50 9,246-9,474
6H4, 110 Shell Bivalvia Axinopsida serricata 10,190+ 70 10,304-10,879
6H5, 135 Shell Bivalvia Macoma calcarea 10,600+ 60 10,952-11,452
6H5, 141 Shell Bivalvia Macoma calcarea 10,700+ 50 11,003-11,643
6H6, 13 Shell Bivalvia Macoma calcarea 10,710* 60 11,000-11,687
6H6, 88 Shell Bivalvia Macoma calcarea 11,050+ 60 11,668-12,336
169S-1034B-

2H-4, 118 Shell Bivalvia Mytilus edulis 1,880+ 80 868-1,199
3H-2, 113 Wood 1,880+ 50 1,631-1,923
4H-2, 52 Wood 2,840+ 50 2,781-3,156
4H-2, 108 Wood 2,810+ 60 2,762-3,156
4H-4, 56 Wood 4,260+ 50 4,554—-4,977
6H-4, 3 Wood 5,670+ 50 6,303-6,632
6H-CC, 0 Shell Bivalvia Macoma calcarea 7,320+ 50 7,271-7,471
7H-4, 107 Shell Bivalvia Macoma calcarea 8,590 + 50 8,469-8,891
7H-6, 129 Shell Bivalvia Macoma calcarea 9,060+ 50 9,148-9,419
7H-CC, 0 Shell Bivalvia Macoma calcarea 11,070*= 70 11,677-12,377
8H-2, 57 Shell Bivalvia Macoma calcarea 9,790+ 50 9,914-10,185
8H-3, 53 Shell 10,280+ 60 10,429-10,927
8H-5, 16 Shell Bivalvia Macoma calcarea 10,800+ 70 11,098-11,944
8H-5, 134 Shell 10,490+ 50 10,870-11,083
8H-6, 66 Shell 10,710+ 50 11,009-11,662
8H-7, 10 Shell 11,070= 60 11,702-12,361
9H-5, 21 Shell Bivalvia Nuculana fossa 12,630+ 60 13,557-14,067

dominates this interval provides corroborative evidence of cool. Cassidulina reniforme may have been even more
a glaciomarince origin for these sediments as indicated by abundant in these samples if it was not so susceptible to
the presence of key indicator speci&sstalkeri, C. exca- dissolution (Patterson and others, 1998)andiella helenae
vatum, C. reniforme and|. helenae. was also very common in lower salinity regimes such as
Sphonaperta stalkeri has previously been reported from existed in the Champlain Sea and in modern glacial seas
courser substrates on the British Columbia shelf and in Ho- (Guilbault, 1989, 1993). Thus evidence provided by these
locene sediments from the Fraser River delta, thus explain-species indicate that both water temperature and salinity was
ing its presence in these silty and sandy samples (Pattersordepressed during deposition, confirming the sedimentolog-
and Cameron, 1991; Patterson and others, 199%lproel- ical evidence that sediments deposited prior to 12,000 years
phidium excavatum is presently widely distributed at shal- BP in Saanich Inlet were glaciomarine in origin.
low depths in both temperate and polar seas (Phleger, 1952; The Islandiella norcrossi Biofacies (4) is concentrated
Loeblich and Tappan, 1953; Hald and others, 1994; Patter-within a single unit in both cores 1033B and 1034B and
son and others, 1995; Hald and Korsun, 1997; Korsun andlike the Cribroel phidium excavatum Biofacies (5) was de-
Hald, 2000). It is also very common in late Pleistocene, and posited during the middle to late deglaciation phase between
modern, glaciomarine deposits in higher latitude areas, at~12,000 and 14,000 years BP. The flux of melt water and
times comprising as much as 80% of the foraminiferal fauna sediment into Saanich Inlet was maximal between 13,500
(Hutchinson and others, 1998). The presence of this speciesand 12,500 years BP as evidenced by the presence in the
has also been previously used to provide evidence that sa-area of substantial glacial prodeltas of this age (Huntley and
linity during deposition was depressee 35%0; Patterson others, 2001). Even lower salinity conditions than found in
and others, 1995). Thus the presence of high numbe@ of the Cribroel phidium excavatum Biofacies (5) characterized
excavatum alone in these sediments is indicative of either these horizons, as clearly indicated by the dominance of
cold, normal-salinity marine waters (the warm ice-margin helenaein these samples. The co-dominance of species such
fauna of Scott and others, 1989) or low salinity conditions. asl. norcrossi, S tenuis, |. helenae, and C. reniforme that
Definitive evidence of the glaciomarine origin of these sed- also occur in icy cold temperate waters and glacial marine
iments is the additional presence lothelenae and C. ren- sediments provide additional evidence of a low salinity sub-
iforme, as both prefer Arctic-like conditions (Patterson and glacial environment (Vilks, 1980; Patterson and others,
others, 1995; Korsun and Hald, 2000). The presence of thesel995; Guilbault and others, 1997).
species provides evidence that oceanic conditions were very The Nonionella stella Biofacies (3) (Fig. 4) was depos-
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PLATE 1

Bar size:<0.5 cm= 10 pm; >0.5 cm= 100 wm. 1. Cribroelphidium excavatum (Terquem); side view showing gently curved, incised sutures
and pustules along sutures; 300. 2. Homalohedra guntheri (Earland); side view showing longitudinal costae and apertural necBPO. 3.
Buccella frigida (Cushman); ventral view showing pustule concentration along depressed swtud@f). 4. Lobatula fletcheri (Galloway and
Wissier); coarsely perforate spiral view; 300.5. Lobatula fletcheri (Galloway and Wissier); dorsal view with only a few perforations500. 6.
Globigerina quinqueloba Natland; typical of cool-water planktic foraminifera found in these sampleg}50. 7. Cribroelphidium excavatum
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ited during the Late Pleistocene—early post-glacial phasedroughts, a reflection of greater-than-present summer solar
(12,000 to 10,000 yr BP) of Huntley, and others (2001). By radiation and less-than-present winter solar radiation (Ma-
this time Cowichan Valley and adjacent parts of southeast- thewes, 1985; Hebda and Whitlock, 1997). Proxy palyno-
ern Vancouver Island had become free of ice (Alley and logical results suggest that temperatures in the area were up
Chatwin, 1979; Huntley and others, 2001). As a result of to 4°C warmer, and much drier, than at present during the
the disappearance of ice the flux of meltwater and sedimentpeak warming betweer9000 and 7500 years BP. The re-
markedly decreased. Relict wave-cut platforms and raisedsultant lower freshwater flow into the southern Strait of
beaches, ranging in elevation from 5 to 20 m amsl, indicate Georgia from the Fraser River would have created condi-
that glacio-isostatic rebound continued well after deglacia- tions conducive to increased injection of oxygenated water
tion. By the time that theNonionella stella Biofacies (3) to bottom water areas of Saanich Inlet.
came into being relative sea-level had fallen several tens of Changes in oceanic circulation through this interval are
meters lower than today (Huntley and others, 2001). As a also indicated by the occurrence of planktic foraminifera in
result water depth over the sill at north end of the Saanich these cores for the first time through the horizons dominated
Inlet was about 15 m lower than the 70 m present today by both theSainforthia felylingi and Lobatula fletcheria—
resulting in circulation patterns much different than now Buccella frigida biofacies (Fig. 4).
(Huntley and others, 2001; Blais-Stevens and others, 2001). Species characteristic of tHdonionella stella biofacies
This change was the result of Late Quaternary sea-levelare more temperate in character as indicated by the common
variations in the region that were governed by a combina- occurrence of species such Msstella and C. halladense
tion of eustatic lowering, as well as isostatic loading and (Patterson and others, 1995; Guilbault and others, 1997).
rebound, and persisted for several thousand years (Clague The deposition of the gray clay bed in the core 6H-5, 67—
and others, 1982). It would seem that this lowering of sea 123 cm at Site 1033B, found within the interval containing
level would have restricted circulation, and thus depressedthe Nonionella stella Biofacies has been interpreted as a
oxygen levels, further in the basin. Although stella, the massive flood event at 11,000 yr BP caused by breakage of
dominant species in this assemblage, is widely distributed an ice dam (Bornhold and others, 1998). Bornhold and oth-
on the continental shelf of western North America (Uchio, ers (1998) concluded that because of similar periodic mas-
1960; Stott and others, 1996; Patterson and others, 2000)sive floodings the salinity of Saanich Inlet remained de-
Bernhard and others (1997) found that the species thrivespressed. The foraminiferal fauna of this biofacies can easily
in most oxygen-depleted sediments of the Santa Barbaratolerate such lowered salinities (Guilbault and others, 1997),
Basin of the California Borderland. The presence of other and the low diversity of this fauna may provide some in-
species in the assemblage, less tolerant of reduced oxygemlication of the local oceanic instability that prevailed at the
conditions, suggests that other factors must have been im-time.
pacted circulation in the inlet as well. Foraminiferal evidence of the Younger Dryas Cold epi-
At present the oceanography of the southern Strait of sode (11,000-10,000 years BP) that occurred isochronous
Georgia region, including Saanich Inlet, is controlled by a with deposition of theNonionella stella Biofacies is scant
combination of surface discharge from the Fraser River, in- here despite being well developed elsewhere on the British
trusion of partially mixed high salinity water from the Pa- Columbia shelf (Mathewes and others, 1993; Patterson and
cific through the Strait of Juan de Fuca and Haro Strait, and others, 1995). The explanation for the lack of foraminiferal
by the seasonally variable direction and strength of prevail- evidence is that key indicator species suctCaseniforme,
ing winds in the area (Thomson, 1981). Currents above thel. helenae andl. norcrossi, useful YD event indicators else-
sill located at the entrance to the inlet are controlled by tidal where on the British Columbia shelf, do not occur in the
and estuarine circulation. Exchange of bottom waters in the Nonionella stella Biofacies due to the inhospitable condi-
inlet with bottom waters in Haro Strait are severely limited tions.
because of this barrier. Thus, renewal of bottom waters in  Sediments deposited betweerl2,000 and 6,000 years
Saanich Inlet can only occur when surface salinities in Haro BP became more distinctly laminated up core reflecting pro-
Strait exceed those of the bottom waters, a phenomenon thagressively declining oxygen levels. The predominant fauna
only occurs when freshwater input to the southern Strait of found through this interval is th&ainforthia feylingi Bio-
Georgia is at a minimum; usually at the end of the summer facies (2). This fauna is almost identical to thebatula
(Thomson, 1981). Palynological evidence suggests that ter-fletcheri—Stainforthia feylingi Subbiofacies of Blais-Stevens
restrial conditions were characterized by severe summerand Patterson (1998). This fauna is comprised of a mixture

-

(Terquem); side view showing gently curved, incised sutures and pustules along sytdf;8. Islandiella helenae (Feyling-Hansen and Buzas);
side view showing smooth surface and slitted aperture along peripkeB$0. 9. Sphonaperta stalkeri (Loeblich and Tappan); side view showing
terminal aperturex 80. 10. Buccella depressa (Anderson); umblical view showing straight sutures and perforated xe200. 11. Protoglobob-
ulimina elongata (d’Orbigny); side view showing distinct elongate test;300. 12. Cribroelphidium foraminosum (Cushman); side view showing
perforate surface and fossettes along sutire200. 13. Cribroelphidium hallandense (Brotzen); side view showing pustules concentrated along
sutures;x 300. 14. Cribroel phidium foraminosum (Cushman); side view showing perforate surface and elongate fossettes along sut@fes5.
Nonionella stella (Cushman and Moyer); dorsal view showing straight to slightly curved sutiréO0. 16. Bolivinellina pacifica (Cushman and
McCulloch); side view showing elongate test;250. 17. Spirosigmoilina tenuis (Czjzek); side view showing lipped aperture atop elongated neck;
X 270.18. Lagena striatocollis (d’Orbigny); side view showing poorly developed longitudinal costae restricted to neck and basal regiof;

19. Stainforthia feylingi (Knudsen and Seidenkrantz); side view of elongate specimen showing distinct aperture and perforate>xsa@aca0.
Balivinellina pacifica (Cushman and McCulloch); side view showing elongate test,50.
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PLATE 2

Bar size:<0.5 cm= 10 pm; >0.5 cm= 100 pm. 1. Spirosigmoilina tenuis (Czjzek); side view showing lipped aperture atop elongated neck;
X 230.2. Angulogerina angulosa (Williamson); side view showing discontinuous longitudinal costaes00. 3. Favulina melo (d’Orbigny); side
view showing curved cross-hatched surface sculptir&00.4. Sphonaperta stalkeri (Loeblich and Tappan); side view showing terminal aperture
with tooth; X 140. 5. Fissurina eburnea (Buchner); side view showing almost circular profike; 800. 6. Islandiella norcrossi (Cushman); side
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of allochthonous (e.gL. fletcheri and B. frigida) and au- dium excavatum (5), Islandiella norcrossi (4), and Noni-
tochthonous (primarilys feylingi) components. The alloch-  onella stella (3)) in Saanich Inlet was strongly controlled
thonous taxa were supplied regularly via down slope trans- by the influence of cold low salinity waters associated with
port where they mixed with the low diversity in-situ fauna deglaciation.
(e.g., Alve, 1995). At the 90 m maximum depth where this  Early Holocene sediments are characterized by3thim-
modern fauna is found oxygen levels are typically in the forthia feylingi Biofacies (2). Despite sea level being 15 m
suboxic (0.3-1.5 ml/l [13.3-6jdM]; see Kaiho, 1994) with lower than at present, resulting in a sill depth at the entrance
mean values of around 0.5 ml/l (Herlinveaux, 1962). The of Saanich Inlet of only 55 m, sedimentological evidence
dominant species in this faund, feylingi, can persist under  and the presence of this fauna indicate a minimum suboxic
dysoxic (0.1-0.3 ml/l [4.4-13.3.M] conditions (Patterson  level of oxygenation. At present oxygen renewal in bottom
and others, 2000). However, the presence of possibly au-waters can only occur in the inlet when surface water salin-
tochthonous, less low oxygen tolerant species suclB.as ity exceeds those of bottom waters, a rare occurrence due
elegantissima suggest that oxygen levels may have been to the strong influence of the Fraser River. During the early
higher than the minimum concentration required $ofey- Holocene temperatures were up ttC4warmer and much
lingi to survive at the time of deposition. In a transect to drier than at present resulting in reduced freshwater flow
progressively less well oxygenated levels in Effingham Inlet into the southern Strait of Georgia. This resulted in condi-
Patterson and others (2000) found tBaglegantissima be- tions conducive to the free exchange of Saanich Inlet bottom
came progressively less abundant and disappeared beneatfyaters with those of well-oxygenated Haro Strait.
60 m where oxygen levels fell beneath the low oxic thresh  As the Holocene progressed the climate cooled in the area
hold of 1.5 ml/l (67uM). Regardless of the absolute levels and by 7000 years BP, as the influence of freshwater from
present during deposition, oxygen concentrations were de-strajt of Georgia increased, the injection of oxygen into
pressed as further evidenced by the low Shannon Diversity saanich Inlet bottom waters became a progressively rare
Index value for this biofaciesx(= 1.167%). occurrence. The development of generally anoxic conditions
The uppermost 40-50 m of sediment in both cores 1033B gt gepth in Saanich Inlet was conducive to the development
and 1034B were deposited under primarily anoxic condi- s finely laminated sediments. Once these restrictive modern
tions as indicated by the varved sediments and low benthic 4ceanographic circulation conditions developed it became
foraminiferal fauna counts. THeobatula fletcheri—Buccella generally impossible for benthic foraminifera to inhabit the
frigida Biofacies (1) characterizing this interval is primarily  geeper anoxic portions of Saanich Inlet except during brief
allochthonous, being redeposited from shallower more oX- jyiaryals following infrequent exchanges of bottom water
ygenated portions of the inlet. Although feylingi can live iy Haro Strait. Thelobatula fletcheri—Buccella frigida
under very low oxygen conditions because this biofacies gjtaies (1) found in these sediments is allochthonous and

was found primarily in massive and brecciated layers, the derived by down slope transport from shallower more ox-
fauna seems to have been mostly transported. For compar- genated regions of Saanich Inlet.
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