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ttom-water geochemistry and stable isotopic values of the tests of living (stained)
calcareous benthic foraminifera from the North Pacific (on the Aleutian Margin, water depth 1988 m) and
Murray Canyons group in the Southern Indian Ocean (Australian Margin, water depths 2476 m and 1634 m)
provide modern environmental analogs to calibrate paleoenvironmental assessments. Consistent with the
hypothesis that microhabitat preferences influence foraminiferal isotopic values, benthic foraminifera from
both margins were depleted in 13C with respect to bottom-water dissolved inorganic carbon (DIC). The
carbon isotope values of deep infaunal foraminifera (Chilostomella oolina, Globobulimina pacifica) showed
greater differences from estimates of those of DIC than shallow benthic foraminifera (Bulimina mexicana,
Bolivinita quadrilatera, Pullenia bulloides). This study provides new isotopic and ecological information for
B. quadrilatera. The mean Δδ13C value, defined as foraminiferal δ13C values minus estimated ambient δ13C
values from the Aleutian Margin, is 0.97‰ higher for G. pacifica than the mean from the Murray Canyon. This
difference may result either from genetic or biological differences between the populations or from
differences in environmental isotopic influences (such as pore water differences) that were not accounted for
in the equilibrium calculations. These analyses provide calibration information for the evaluation of bottom
water conditions and circulation patterns of ancient oceans based on fossil foraminiferal geochemistry.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction

The geochemistry of cosmopolitan calcareous foraminifera has
been a focus of paleoenvironmental studies since researchers
recognized that carbon (δ13C) and oxygen (δ18O) isotopic compositions
of calcareous microfossils contain information pertaining to the
physicochemical environment (Emiliani, 1955; Shackleton, 1974,
1977; Boyle and Keigwin, 1985; Maslin and Swann, 2006). Assess-
ments of isotope data from microfossils, such as foraminifera, require
modern analog calibrations of the relationships between living
species and ambient conditions (e.g., Duplessy et al., 1970; Grossman,
1984a,b, 1987). Recognition that benthic foraminiferal isotope values
are commonly out of isotopic equilibrium with ambient water and
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that biological and ecological variables may impact the isotopic
signatures of foraminifera (e.g., McCorkle et al., 1990, 1997) high-
lighted the importance of an understanding of isotopic disequilibrium
between foraminifera and the wide variety of environments they live
in around the globe. Relatively few studies, however, have compared
the stable isotopic values of living benthic foraminifera from different
regions (e.g., Graham et al., 1981; Grossman, 1984a,b, 1987; McCorkle
et al., 1990, 1997; Mackensen et al., 1993, 2000; Rathburn et al., 1996;
Corliss et al., 2002; Schmiedl et al., 2004).

In this study, we present the first stable isotope (δ18O and δ13C)
values of live (identified through rose Bengal staining) benthic
foraminifera from locations in the North Pacific (on the Aleutian
Margin, water depth 1988 m) and Murray Canyons group in the
Southern Indian Ocean (Australian Margin, water depths 2476 m and
1634 m). Both areas are remote and largely unexplored regions, that
have not been investigated until recently. Submarine canyons,
adjacent to continents and deep-sea settings with little prior
information characterize both regions. These two locations thus
allow comparison of carbon and oxygen isotope values of live benthic
foraminifera from two unexplored geological settings. Standard
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techniques used by previous workers (e.g., Rathburn et al., 1996;
McCorkle et al., 1997) were employed to provide reasonable estimates
of environmental parameters, which are not available from these
locations. By comparing foraminiferal isotope data from remote study
sites with those of previous studies, it is possible to obtain better
information about isotopic equilibrium–disequilibrium relationships
from foraminifera in different hydrographic regimes. Typically there is
a narrow range of isotopic values within a species from a given study
area regardless of the sediment depth where specimens are found
(e.g., McCorkle et al., 1997). We seek to contribute to an understanding
Fig. 1. A) Sampling sites and GEOSECS stations from the North Pacific and SE Indian Ocean;
adapted and modified from Rathburn et al. (in press); C) South Australian Margin study are
(2005).
of this phenomenon by comparing foraminiferal isotopes fromwidely
separated regions that have not previously been studied.

2. Regional setting

Although submarine canyons are common features of continental
margins (Mulder et al., 2004), they have only recently been system-
atically sampled off the coast of South Australia (Hill et al., 2005) and
the Aleutian Islands in the North Pacific (Rathburn et al., in press). In
general, canyon systems, including the canyons and the ridges
B) Aleutian (Pacific) Margin study area bathymetric chart showing sampling site. Map
a bathymetric chart showing sampling sites. Map adapted and modified from Hill et al.



Fig. 1 (continued).
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between them, are often difficult to sample and are typically not well
studied, especially in remote locations. Previous studies of living
foraminifera from canyon environments include Jorissen et al. (1994),
Schmiedl et al. (2000, 2004), Fontanier et al. (2005), Hess et al. (2005),
and Koho et al. (2007).

The seafloor of the North Pacific near the Aleutian Islands is mostly
unexplored (Fig. 1A, B). A small region south of Unimak Island was
mapped and sampled during a cruise in July 10–23, 2004. During this
cruise, multibeam surveys revealed a complex canyon system with
thrust faults and a deeply eroded slope. This region is bathed by Pacific
Deep Waters (PDW) (Piepgras and Jacobsen, 1988).

The South Australia Margin includes the Murray Canyon Group,
located near the mouth of the Murray River, which is characterized by
a number of submarine canyons, including the Murray Canyon System
(Fig. 1A, C). East flowing Circumpolar Deep Current (CPDW)
constitutes the main water mass from the bottom to about 1200 m
water depth (Emery and Meincke, 1986; Gingele and De Deckker,
2005). Results presented here are part of a larger international
research effort (AUSCAN), which was designed to better understand
the geology, biology and oceanography of the region (see Hill et al.,
2005).

3. Materials and methods

Samples from the Aleutian Margin were collected during a single
cruise on the R/V Roger Revelle in 2004 (Fig. 1B). Many of the seafloor
samples collected in the region were dominated by agglutinated
foraminifera, but push core JD88 TC37 (inner core diameter=8.3 cm)
provided sufficient calcareous foraminifera to be used in this study.
Core JD88-TC37 was collected by the remotely operated vehicle (ROV)
JASON II from the floor of a canyon (1988 m water depth). The
Australian samples were collected using a multicorer (inner core
diameter=9.5 cm) deployed from the R/V Marion Dufresne during a
cruise conducted in January–March 2003. Samples were obtained at
water depths of 2476 m (core MC05) and 1634 m (core MC04) on
ridges between canyons of the Murray Canyon Group located 60 km
south of Kangaroo Island, Australia (Fig. 1A, C).

3.1. Foraminiferal processing

Each core had clear seawater overlying an undisturbed sediment–
water interface, indicating little physical disturbance of the sediment.
Only rose Bengal stained foraminifera, interpreted to be living or
recently living at the time of collection, were used for isotopic
analyses. The uppermost sample included the top 1 cm (0–1 cm),
followed by samples every 0.5 cm intervals down to 3 cm. Below
3 cm, samples were collected at 1 cm intervals down to at least 9 cm.
Sediments from each sampling interval were preserved in bottles
with 200 mL of 4% formaldehyde solution buffered with Mule Team
Borax© (diluting 37% formaldehyde solution by a factor of about 10
using filtered seawater) following procedures outlined in Rathburn
and Corliss (1994). The volume of the liquid added to each sample



Table 1
Description of samples used in this study and estimated bottom water (DIC) carbon
isotope and oxygen isotope values for sampling sites

JD88TC37 AUSCAN
MC05

AUSCAN
MC04

Core collection method ROV JASON
II

Multicorer Multicorer

Number of isotopic analyses (C & O) 13 30 11
Latitude 53°36.70 N 36°43.72 S 36°48.77 S
Longitude 164°12.335

W
136°32.81
E

136°48.98
E

Depth (m) 1988 2476 1634
Salinity (psu) x 34.691 34.549
Temperature(°C) 1.9 02.167 02.727
Oxygen (μmol/kg) x 183.877 160.87⁎
Bottom water δ13Cb.w used for all calculation

purposes (‰)
−0.5 0.37 0.25

Bottom water δ18Ob.w,SMOW used for all
calculation purposes (‰)

−0.15 0.08 0.06

⁎ Oxygen value from Levitus atlas.
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bottle was recorded to determine the sediment volume from each
interval. In the laboratory, 65 mL of rose Bengal stain solution (1 g/L
of 4% formaldehyde) was added to each sample bottle. Rose Bengal
staining provides a means to assess protoplasm-containing speci-
mens that were alive or recently alive at the time of collection. This
staining technique is commonly used in studies of modern
foraminifera and their isotopic signatures, and the advantages and
limitations of this technique are well known (e.g., Murray and
Bowser, 2000; Bernhard et al., 2006). Once samples had been stained
for at least a week, they were wet sieved using 63 µm and 150 µm
mesh sieves. The N150 µm fraction of the sediment was used for this
study while the 63–150 µm fraction was stored. As a result of the
larger volume of sediment in the N150 µm fraction, samples from the
Murray Canyon Group, Australia, were wet-split in a modified Otto
micro splitter. Each sample was placed in a gridded petri dish with
distilled water, and rose Bengal stained benthic foraminifera were
wet-picked and sorted onto micropaleontological slides for taxo-
nomic identification and subsequent isotopic analyses.

Only limited ecological information relevant to the isotope values
is presented here; a more complete assessment of foraminiferal
abundances and ecology will be discussed elsewhere. Vertical
distribution profiles are presented as number of individuals (ind.)
per 50 cm3. In accordance with previous studies (e.g., Corliss, 1985;
McCorkle et al., 1990, 1997; Rathburn et al., 1996) abundances were
plotted at the lowermost boundary of the sample interval. For
example, the abundance of foraminifera found in the 0–1 cm interval
would be plotted at 1 cm. Although Buzas et al. (1993) pointed out that
species occurring in the top 1 cm may be living within the sediment
and could be considered “shallow infaunal,” the microhabitat
preferences referred to in this study follow those defined in Corliss
and Emerson (1990). The term “epifaunal” refers to taxa that primarily
reside in the 0–1 cm interval (at or near the sediment water interface),
“shallow infaunal” refers to taxa that are able to live deeper in the
sediment within the upper few cm, and “deep infaunal” refers to taxa
that can have maximum abundances deeper in the sediment.

3.2. Environmental data

Seafloor sediments in the Aleutian Margin study area had total
organic carbon (TOC) values between 2.9 and 15.2 mg/g (dry weight)
and Carbon/Nitrogen ratios ranging from 8.3 to 9.3. The site at 1988 m
also examined in this study had one of the highest TOC values in the
study area at 15.2mg/g and a C/N ratio of 8.5 (Rathburn et al., in press).
Chlorophyll a and phaeopigment values of the sediments at this site
were the highest in the study area (8.5 µg/g and 25.9 µg/g respectively)
reported by Rathburn et al. (in press). Surface primary productivity
(represented by mean chlorophyll concentration) near the Aleutian
Islands observed frommonth bymonth satellite imagery indicates the
presence of a prominent seasonality. The range of mean chlorophyll
values during June–July (time of collection of cores) is about 3–5 mg/
m3. Estimates of primary productivity calculated using 14C-labeled
bicarbonate at eight different light intensities indicated the values to
be 910 +/−150 and 770 +/−70 mg Cm−2day−1 for June 2001 and 2002
respectively (Mordy et al., 2005). The core from the Aleutian Margin
used in this study was collected during the boreal summer so we
estimate that the primary productivity was in the range of between
770 and 910 mg Cm−2day−1 (Mordy et al., 2005). These values are
similar to those of some of the high productivity sites in the Southern
California Bight routinely monitored by the California Cooperative
Oceanic Fisheries Investigations (CalCOFI) program (e.g.,∼1072mgCm
−2day−1 (Station 80–55) and ∼782 mg Cm−2day−1 (Station 83.3–51) in
July 2007 (http://www.calcofi.org/newhome/data/2000s.htm).

Surface productivity studies are not available in the Southern
IndianOcean (near the AustralianMargin), but comparing themonthly
chlorophyll values from satellite images (over a year) (http://marine.
rutgers.edu/opp/Chlorophyll/Chlorophyll1.html) there seems to be no
seasonal variation. The mean chlorophyll value for February (time of
collection of the cores) was around 0.3 mg/m3. Based on the
chlorophyll values, which can be used as an indicator of primary
productivity (e.g., Hayward and Venrick, 1998), the overall surface
primary productivity of the Australian Margin sites during the time of
sampling was lower compared to the surface primary productivity of
the North Pacific sites.

We cannot reasonably estimate the influences of lateral transport
in the canyon systems off southern Australia and the North Pacific.
These are relatively unexplored areas, and, except for the cruises
where the studymaterial was collected, not much other relevant work
has been done in these regions. Since core locations on the Australian
Margin are on canyon ridges, lateral transport is probably not a major
factor influencing these sediments. Lateral transport may be a factor
for the site of the AleutianMargin core, but this is not easy to ascertain
quantitatively.
3.3. Stable isotope analyses

Living (Rose Bengal stained) specimens of calcareous benthic
foraminifera without any signs of chemical or physical alterations
were selected for stable isotope analyses. We were careful to use
specimens of comparable size from the N150 µm fraction to avoid any
isotopic effects due to ontogenetic variation. Each specimen was
subjected to two steps of cleaning following procedures outlined in
Rathburn et al. (2003). The first step involved mechanically cleaning
the specimen by repeated rinses in distilled water and reagent grade
methanol followed by ultrasonication to remove adhering detrital
material (Rathburn and De Deckker, 1997). The second step included
removal of the organic matter by soaking the specimens in 15%
hydrogen peroxide for 15 minutes followed by rinsing with methanol
(Rathburn and De Deckker, 1997; Rathburn et al., 2003; Martin et al.,
2004). Three specimens of Globobulimina pacifica and two specimens
of Globobulimina spp. from the Australian Marginwere broken using a
metal probe and the isotopic numbers for these specimens are
reported as an average of the two analyses of the broken test.

Cleaned foraminifera were then treated with anhydrous phospho-
ric acid at 73 °C and analyzed using a Kiel III device connected to a
Finnigan MAT 252 isotope ratio mass spectrometer in the Department
of Geological Sciences at the University of Florida. Depending on the
size of the tests, broken tests or single tests were included in the
analyses. Data are reported with respect to PDB standard. Precision of
the technique was measured with an internal standard of Carrera
Marble calibrated with NSB-19, and found to be ±0.04‰ for δ18O and
±0.08‰ for δ13C.

http://www.calcofi.org/newhome/data/2000s.htm
http://marine.rutgers.edu/opp/Chlorophyll/Chlorophyll1.html
http://marine.rutgers.edu/opp/Chlorophyll/Chlorophyll1.html


Table 2
Stable isotopic values for all foraminiferal specimens analyzed in this study

Interval Taxon JD88TC37 AUSCAN MC05 AUSCAN MC04

Cm δ13C Δδ13C δ18O Δδ18O δ13C Δδ13C δ18O Δδ18O δ13C Δδ13C δ18O Δδ18O

0–1.0 Globobulimina pacifica x x x x −1.56 −1.93 3.81 0.34 x x x x
Globobulimina pacifica x x x x −1.80 −2.18 3.73 0.26 x x x x
Bulimina mexicana x x x x −0.65 −1.02 3.57 0.10 −1.07 −1.32 3.12 0.02
Hoeglundina elegans x x x x 1.45 1.08 4.06 0.59 x x x x
Bolivinita quadrilatera x x x x −0.78 −1.15 3.28 −0.19 x x x x
Bolivinita quadrilatera x x x x −1.11 −1.49 3.27 −0.20 x x x x

1.0–1.5 Bulimina mexicana x x x x −0.78 −1.16 3.02 −0.45 x x x x
Bulimina mexicana x x x x −0.55 −0.93 3.32 −0.15 x x x x
Globobulimina pacifica x x x x −1.00 −1.37 3.54 0.07 x x x x

1.5–2.0 Globobulimina pacifica x x x x −1.12 −1.50 2.80 −0.67 x x x x
2.0–2.5 Bulimina mexicana x x x x −0.77 −1.15 3.71 0.24 x x x x

Bulimina mexicana x x x x −1.14 −1.51 3.28 −0.19 x x x x
Globobulimina pacifica x x x x −1.30 −1.67 3.63 0.16 x x x x
Globobulimina pacifica x x x x −1.47 −1.84 3.48 0.01 x x x x
Globobulimina pacifica x x x x −1.54 −1.92 3.79 0.32 x x x x

2.5–3.0 Globobulimina pacifica −1.81 −1.31 3.64 0.29 x x x x x x x x
Globobulimina pacifica −1.12 −0.62 3.76 −0.41 x x x x x x x x
Bulimina mexicana x x x x −0.94 −1.31 3.33 −0.14 x x x x
Globobulimina pacifica −1.59 −1.09 3.64 0.29 −1.65 −2.02 3.66 0.19 x x x x
Globobulimina pacifica −2.85 −2.35 2.56 −0.79 −1.80 −2.17 3.55 0.08 x x x x

3.0–4.0 Chilostomella oolina x x x x −2.22 −2.59 3.52 0.05 −1.93 −2.18 3.24 0.14
Globobulimina spp. x x x x x x x x −1.29⁎ −1.39⁎ 3.43⁎ 0.33⁎
Globobulimina spp. x x x x x x x x −1.41⁎ −1.66⁎ 3.40⁎ 0.30⁎
Globobulimina pacifica −1.62 −1.12 3.20 −0.15 −1.66 −2.04 3.44 0.03 x x x x
Globobulimina pacifica −1.11 −0.61 3.45 0.10 x x x X x x x x
Globobulimina pacifica −1.82 −1.32 3.46 0.11 x x x X x x x x
Globobulimina pacifica −1.00 −0.50 3.75 0.40 x x x X x x x x

4.0–5.0 Globobulimina pacifica −1.65 −1.15 3.77 0.42 x x x X x x x x
Globobulimina pacifica −0.79 −0.29 4.21 0.86 x x x X x x x x
Globobulimina pacifica x x x x −1.95 −2.32 3.70 −0.23 x x x x
Globobulimina pacifica x x x x −1.49⁎ −1.87⁎ 3.45⁎ −0.04⁎ x x x x
Bulimina mexicana x x x x x x x X −0.59 −0.84 3.09 −0.01
Bulimina mexicana x x x x x x x X −0.48 −0.73 3.14 0.04
Bolivinita quadrilatera x x x x x x x X −1.24 −1.49 3.13 0.03
Chilostomella oolina x x x x −2.23 −2.61 3.32 −0.15 x x x x

5.0–6.0 Globobulimina spp. x x x x −1.72 −2.09 3.72 0.25 x x x x
Globobulimina spp. x x x x −1.73 −2.10 3.59 0.12 x x x x
Pullenia bulloides x x x x x x x X −1.21 −1.46 3.00 −0.10
Bulimina mexicana x x x x x x x X −0.91 −1.16 3.01 −0.09

6.0–7.0 Globobulimina pacifica −1.26 −0.76 3.57 0.22 −1.76⁎ −2.16⁎ 3.46⁎ −0.06⁎ x x x x
Globobulimina pacifica −0.73 −0.23 3.73 0.38 x x x x x x x x
Globobulimina pacifica −1.49 −0.99 3.56 0.21 −1.45⁎ −1.82⁎ 3.30⁎ −0.17⁎ x x x x

Note that although H. elegans is aragonitic, the Δδ18O value (0.59‰) reported here for this species is based on the calcite equation (for comparisonwith previous studies). Accounting
for the range of analytical error in the aragonite equation, the calculated range of Δδ18O values for H. elegans in this study is 0.56 to 0.59‰. See text for more details.
‘x'=No benthic foraminifera specimens. ‘⁎' =Average values of individual foraminifera which were broken into halves for isotope analyses.
S.D values for Δδ13C and Δδ18O: Aleutian (Pacific) Margin (Globobulimina pacifica=+/−0.56 and +/−0.38); South Australian Margin (Globobulimina pacifica=+/−0.25 and +/−0.24,
Bulimina mexicana=+/−0.24 and +/−0.19, Bolivinita quadrilatera=+/−0.20 and +/−0.13, Chilostomella oolina=+/−0.26 and +/−0.15, Globobulimina spp.=+/−0.26 and +/−0.08).

93C. Basak et al. / Marine Micropaleontology 70 (2009) 89–101
3.4. Bottom water δ13C and δ18O

We estimated ambient seawater stable isotopic values of
appropriate water column depths using previous geochemical data
repositories such as GEOSECS, Levitus and Boyer (1994), Levitus et al.
(1994), and the World Ocean Circulation Experiment (WOCE)
Database and Atlas. Using these resources to estimate bottom
water characteristics is not an unusual procedure, and data from
these resources yield reliable estimates (e.g., Rathburn et al., 1996).
In the North Pacific Ocean, the δ13C value of dissolved inorganic
carbon (DIC) at a water depth of 1945 m was estimated to be −0.5‰
based on section P17 (the Gulf of Alaska) of the WOCE Atlas. This
value is consistent with direct measurements of ambient water DIC
δ13C at 2000 m water depth in the Bering Sea (−0.5‰ unpublished
data, Daniel McCorkle, WHOI). Bottom water DIC δ13C was also
estimated to be −0.31 using apparent oxygen utilization (AOU) as
explained below. Both the estimated (−0.31‰) and direct (−0.5‰)
δ13C measurements were comparable and we choose to use the later.
Our estimated values are within the expected range of DIC δ13C
values based on reported values from the region, and we believe that
our estimates for the North Pacific and the Australian Margin are
within 0.2‰.

Bottom water DIC δ13C(b.w.) values were estimated for the South
Australian Margin bottom water using the relationship between
apparent oxygen utilization (AOU, dissolved oxygen saturation —

measured dissolved oxygen levels) and DIC δ13C(b.w.) in ocean water
according to Kroopnick (1985):

δ13C b:w:ð Þ = 1:5−0:0075⁎AOU ð1Þ

Oxygen data collected from the South Australian Margin during
the cruise (obtained onboard through oxygen sensors on CTD
lowerings) and oxygen values from Levitus and Boyer (1994), Levitus
et al. (1994) were used separately to estimate AOU at the water
depths of our site. Oxygen saturation at 2476 m and 1634 m was
estimated according to (Weiss, 1970). Seasonal changes in sea surface
productivity in the area might have an effect on bottom water AOU,
but monthly comparisons of surface water chlorophyll data show no



Table 3
Range of Δδ13C and Δδ18O of all specimens of benthic foraminifera used in this study

Microhabitat preference Taxon AUSCAN MC 05 AUSCAN MC 04

Range δ13C (‰) Range δ18O (‰) Range δ13C (‰) Range δ18O (‰)

Epifaunal (0–1 cm) Hoeglundina elegans⁎ (1.45) (3.57)
Shallow Infaunal (0–2 cm) Bulimina mexicana (−0.94)–(−0.65) (3.02)–(3.71) (−1.07)–(−0.48) (3.01)–(3.14)

Bolivinita quadrilatera (−1.11)–(−0.78) (3.28)–(3.13)
Pullenia bulloides⁎ (−1.21) (3.01)

Deep Infaunal (N4 cm) Chilostomella oolina (−2.22)–(−2.23) (3.32)–(3.53)
Globobulimina pacifica (−1.95)–(−1.0) (2.8)–(3.81)
Globobulimina spp. (−1.73)–(−1.27) (3.37)–(3.43)

See text for calculation details.
⁎ Single specimen analyzed, so no range could be obtained.
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prominent seasonality in this area. So it is reasonable to assume that
AOU had been more or less constant at this site. Using the two
different calculated AOU values, the bottom water DIC δ13C values
were estimated to be 0.37‰ and 0.25‰ for cores MC05 (2476 m) and
MC04 (1634 m) respectively (Table 1).

North Pacific bottomwater δ18O values are available fromGEOSECS
Station 219 (53.105 N, 177.305 W, about 870 km from the N. Pacific
site) and were compared with an unpublished δ18O profile (data from
D. McCorkle, WHOI) from the nearby Bering Sea. At GEOSECS station
219, the oxygen isotopic value was −0.06‰ (SMOW) at 2582 m water
depth, but may not be a good approximation because the GEOSECS
station is separated from our site by sills. In the Bering Sea, δ18 OSMOW

values were found to be −0.15‰ SMOW at 2000 m water depth (D.
McCorkle, written communication). In the calculations below, we use
the value of −0.15‰ (SMOW) to represent bottom water isotopic
composition. Murray canyon in situ water δ18O values (0.08‰ for
MC05 and 0.06‰ for MC04; Table 1) were estimated from the nearest
GEOSECS Station 435 (39.952 S, 109.970 E, about 2300 km from the
Australian sites).

3.5. Foraminiferal δ13C and δ18O

In accordance with procedures adopted in McCorkle et al. (1990,
1997) and Rathburn et al. (1996), carbon isotopic values are expressed
as the difference between THE VALUES OF the foraminiferal test and
Fig. 2. Vertical distributions of Globobulimina (number of foraminifera/50 cm3) in the N150 µm
the base (lowermost boundary) of the interval from which foraminifera were extracted.
those of bottom water DIC (Δδ13C=δ13Cforaminifera−δ13C(b.w.)), while
oxygen isotopic values are expressed as the difference between
foraminiferal test δ18O and the oxygen isotopic value in calcite in
equilibriumwith bottomwater conditions (Δδ18O=δ18Oforaminifera−δ18

O(e.c.)) (Table 2). For comparison purposes, the δ18O (e.c., SMOW) was
converted to δ18O (e.c., PDB) for a given δ18O (b.w., SMOW) and temperature
T (in degrees Kelvin) using Eqs. (2) and (3). Eq. (2) has been derived
using calcite–water fractionation factor from Friedman and O'Neil
(1977).

δ18O e:c:;SMOWð Þ = e 2:78×103=T2ð Þ− 2:89=103ð Þð Þ× δ18O b:w:;SMOWð Þ + 1000
� �n o

−1000

ð2Þ
δ18O e:c:;PDBð Þ = 0:97006×δ18O e:c:;SMOWð Þ

� �
−29:94 ð3Þ

All species of foraminifera used in this study are calcitic except
Hoeglundina elegans, which is aragonitic. Although H. elegans is
aragonitic, most previous studies examining living benthic forami-
niferal isotopes (e.g., Rathburn et al., 1996; McCorkle et al., 1997;
Fontanier et al., 2006) used the calcite equation to calculate isotopic
disequilibrium for this species. We used the same equation as others
did so that we could compare our values with theirs. However, we also
calculated disequilibrium values for H. elegans using the aragonite
equation.
fraction relative to sediment depth (in cm). Note the scale change. Values are plotted at



Fig. 3. Vertical distributions of selected species of benthic foraminifera (N150 µm) from core MC05 (2746 m) and MC04 (1634 m) expressed (number of foraminifera/50 cm3) relative
to sediment depth (in cm). Note the scale change. Values are plotted at the base (lowermost boundary) of the interval from which foraminifera were extracted.

Fig. 4. δ13C and δ18O values (‰, PDB) for benthic foraminiferal species collected from Aleutian Margin [(A, D) 1988 m] and Murray Canyon group [(B, E) 2476 m; (C, F) 1634 m]. Values
are plotted at the base (lowermost boundary) of the interval from which foraminifera were extracted.
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Fig. 5. Dark triangles (▲) and dark circles (●) represent the average Δδ13C and Δδ18O values of species from the South Australian Margin and Aleutian (Pacific) Margin respectively.
Error bars indicate standard deviations of the isotopic values. Species have been categorized as epifaunal (E), shallow infaunal (S), and deep infaunal (D). Data points without standard
deviation values represent a single isotopic value obtained through analysis of small specimens. Globobulimina species that could not be definitely identified as G. pacifica or G. affinis
are grouped together as Globobulimina spp. For comparisons with previous studies, Δδ18O (0.59) plotted for the aragonitic species, Hoeglundina elegans, has been calculated using a
calcite fractionation factor. The Δδ18O calculated for this species using an aragonite fractionation factor (αaragonite–water) produces approximately the same value. See text for more
details.
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Based on laboratory experiments at temperatures of 0–40 °C, Kim
et al. (2007) determined that the aragonite fractionation factor
(αaragonite–water) is defined by the equation,

1000lnαaragonite–water = 17:88F0:13 103=T
� �

−31:14F0:46:

Taking themaximumallowable analytical error in the fractionation
factor into consideration, a range of values was calculated for oxygen
isotopes in aragonite in equilibrium with ambient water.

4. Results

Below we present the vertical distribution patterns of taxa and
their stable isotope signatures, and only briefly discuss ecological
aspects as they pertain to isotopic compositions. The microhabitat
preferences (sensu Corliss and Emerson, 1990) of the taxa examined in
this study are given in Table 3.

4.1. Vertical distribution patterns

To be consistent with previous comparative studies (McCorkle et
al., 1997; Rathburn et al., 2003) foraminiferal abundances within the
sediments are plotted at the base of the interval sampled. Only
foraminiferal species with sufficient numbers (having at least 5 or
more specimens for more than one sediment interval) are presented
here. In the Murray Canyon Group, these foraminifera include Bolivi-
nita quadrilatera, Bulimina mexicana, Chilostomella oolina, and Globo-
bulimina spp. (G. pacifica and G. affinis combined), but only G. pacifica
was abundant in the North Pacific core.

Standing stocks of Globobulimina spp. in the North Pacific core
(61.84 ind./50 cm2; 0–9 cm)were different from those in the Australian
Margin (MC05=667.33 ind./50 cm2, MC04=117.10 ind./50 cm2; 0–
9 cm). Globobulimina spp. subsurface abundance patterns were also
different between and within sites (Fig. 2). Abundance distributions
also differed at the two sampled water depths along the Australian
Margin for the other three species that were analyzed. At water depths
of 2476 m (MC05), B. quadrilatera was most abundant at the 0–1 cm
sediment interval (18 ind./50 cm3) and abundances declined sharply
down core to 2 cm (Fig. 3). B. mexicana had an oscillating pattern down
core, with abundance maxima (about 23 ind./50 cm3) at 1–1.5 cm and
3–4 cm. C. oolina, a deep infaunal species, exhibited a subsurface
abundancemaximum (41 ind./50 cm3) at 4 cm. At 1634mwater depth
(MC04), B. quadrilatera displayed an abundance maximum at the
surface and at 2–2.5 cm (9 ind./50 cm3) (Fig. 3). B. mexicana exhibited
an abundance peak at 0–1 cm (14 ind./50 cm3) and a second abundance
maximum at 6–7 cm (29 ind./50 cm3). C. oolina had a subsurface
maximum (18 ind./50 cm3) at 3–4 cm, similar in pattern, but lower in
abundance compared to MC05 (2467 m).

4.2. δ18O and δ13C values

4.2.1. Aleutian (Pacific) Margin
Thirteen individuals of G. pacificawere measured for their isotopic

compositions. The δ18O values varied between 2.56‰ and 4.21‰
while δ13C values ranged from 2.85‰ to −0.73‰ (Fig. 4, Table 2). These
values yielded Δδ13C values that ranged between −2.35‰±0.56 and
−0.23‰±−0.56, with an average value of −0.95‰. The δ18O values are
close to calcite oxygen equilibrium values as shown by Δδ18O values
that ranged between −0.79‰±0.38 and +0.86‰±0.38with an average
value of +0.21‰.

4.2.2. South Australian Margin
Stable isotopes were measured on 41 individual foraminifera for

six different species (G. pacifica, B. mexicana, H. elegans, C. oolina,
Pullenia bulloides, and B. quadrilatera) from the Southern Australian
Margin (30 individuals from MC05 and 11 from MC04). These species
range in their microhabitat preferences (sensu Corliss and Emerson,
1990) (Table 3)) between epifaunal (H. elegans), shallow infaunal (B.
mexicana, B. quadrilatera, and P. bulloides), and deep infaunal (C. oolina
and G. pacifica). Ranges of δ18O and δ13C values for different species of



Fig. 6. Comparison of published carbon and oxygen isotope data with mean Δδ13C and Δδ18O from this study. The range of published values for each species is represented as a
horizontal bar. Published studies used for this figure include McCorkle et al. (1990, 1997), Rathburn et al. (1996), Corliss et al. (2002), and Fontanier et al. (2006). There are two mean
values for G. pacifica representing values from the Aleutian (Pacific) Margin and South Australian Margin specimens. The line drawn along the zero mean value denotes the
equilibrium value. Letters in parentheses indicate epifaunal (E), shallow infaunal (S) and deep infaunal (D) microhabitat preferences. Note that most of the mean Δδ13C values and
some of the mean Δδ18O values reported in this study fall on the extreme edge of the range of published values.
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benthic foraminifera are summarized in Table 3. There is no apparent
downcore trend in isotope values within a given species (Fig. 4),
although deep infaunal taxa have enhanced carbon isotopic disequili-
brium values (Δδ13C) compared to shallow infaunal taxa. These values
are enhanced as much as 1.36‰ between shallow infaunal and deep
infaunal species (Fig. 5, Table 3).

Although H. elegans is aragonitic, to facilitate comparisons with
previous studies, Δδ18O (0.59‰) plotted for this species has been
calculated using a calcite fractionation factor (αcalcite–water) from
Friedman and O'Neil (1977). Δδ18O calculated for H. elegans using an
aragonite fractionation factor (αaragonite–water) from Kim et al. (2007)
produces approximately the same value (using the maximum
analytical error in the factor, the value ranges from 0.56‰ to 0.59‰).

5. Discussion

The primaryweakness of this study is the paucity of environmental
isotope data from which to relate foraminiferal isotope data. We have
used available environmental data from previous studies, and use the
approach and equations employed by previous workers (e.g.,
McCorkle et al., 1990; Rathburn et al., 1996) when evaluating
foraminiferal isotope data without concurrent measurements of
some ambient parameters. This approach has limitations (see
Rathburn et al., 1996), but the isotopic estimates we have made are
reasonable. We believe the difference between estimated and
measured bottom water DIC δ13C from the North Pacific and the
Australian Margin (margin of error in estimated bottom water DIC
values) is about 0.2‰. As discussed below, the difference in mean
Δδ13C values for Globobuliminawe observe between sites, however, is
much greater than this margin of error (0.97‰). Despite limitations,
we believe that our analyses provide insight into the character of
relationships between foraminiferal isotopes and ambient conditions.
Given the relative scarcity of foraminiferal isotope data from living
(stained) benthic foraminifera, these results are presented as an
attempt to evaluate isotopic data from these remotely located regions.

Without pore water isotope data, we cannot assess the relationship
between the isotopic signaturesof infaunal taxawithporewater isotopic
compositions. However, the question we pose is: How different are the
isotopes of infaunal specimens within and between widely separated
environments?Typically there is a narrow range of valueswithin a given
studyarea regardlessof the changes inporewater valueswithdepth.We
seek to contribute to an understanding of this phenomenon. While it
would be very useful to have pore water isotope values, and more data
are needed to test our hypotheses, the narrow range of values in some
areas compared to others (regardless of pore water values or bottom
water estimates) needs to be addressed (see Rathburn et al., 1996, 2003;
McCorkle et al., 1997). Most previous papers dealing with infaunal
foraminiferal isotopes have correlated the values with bottom water
values, and not pore water values, even when isotopic values of pore
water DIC were measured (e.g., McCorkle et al., 1990, 1997). We can
therefore compare our isotopic data with their results.

Isotopic differences between foraminifera and ambient water DIC
may be influenced by a number of variables, including depth in the
sediment where foraminifera live, the isotopic composition of
dissolved inorganic carbon (DIC), and biological functioning (i.e.,
vital effects) (e.g., McCorkle et al., 1990; Rathburn et al., 1996, 2003;
Erez et al., 2002; Erez, 2003). A number of hypotheses have been
proposed to explain benthic foraminiferal isotopic disequilibrium. For
example, disequilibrium between benthic foraminifera and ambient
pore water may result from accretion of test carbonate (growth) in
very restricted microhabitats (e.g., McCorkle et al., 1997; Rathburn et
al., 2003), or ontogenetic changes that alter isotopic composition
(Schmiedl et al., 2004). Alternatively, foraminifera may calcify their
tests at shallower microhabitat depths with isotopically heavier
δ13CDIC than where they commonly live (e.g., McCorkle et al., 1997).
Ambient pore water composition is not likely to be the sole control of
foraminiferal isotopic composition, however, as individuals of any
given species have similar carbon isotope values, regardless of the
sediment depth where they are found (e.g., Rathburn et al., 1996;
McCorkle et al., 1997). In addition, seasonal studies of vertical
distribution patterns and extreme disequilibrium between foraminif-
eral isotopic signatures and δ13CDIC in methane seep habitats indicate
that migration within the sediments cannot completely account for
foraminiferal isotopic disequilibrium (Rathburn et al., 2003). Further-
more, epifaunal species, such as Cibicides wuellerstorfi in the Southern
Ocean (Mackensen et al., 1993) and H. elegans in the North Atlantic
(Corliss et al., 2002) can be out of isotopic equilibrium with bottom
water δ13CDIC in areas with high surface productivity, although no
appreciable influence of primary productivity was found to control
δ13C values of C. wuellerstorfi off Morocco (Eberwein and Mackensen,
2006). The magnitude of isotopic effects derived from sources other
than ambient isotopic conditions can be determined by subtracting
ambient isotopic values from measured foraminiferal isotopic values
(e.g., McCorkle et al., 1990, 1997). These calculations have provided
valuable information about the isotopic heterogeneity between
populations from different regions, particularly of live (stained)



Table 4
Mean Δδ13C and Δδ18O from this study and other similar studies

Microhabitat preference Taxon Aleutians Murray Canyon Published studies

Average Δδ13C Average Δδ18O Average Δδ13C Average Δδ18O Average Δδ13C Average Δδ18O

Epifaunal (0–1 cm) Hoeglundina elegans 1.08 0.59 1.03(2340 m)(1⁎)
2.22(3010 m)(1⁎)
0.85(2) 0.32(2)

Shallow Infaunal (0–2 cm) Bulimina mexicana −1.1 −0.06 −0.65(3⁎) 0.005(3⁎)
−1.14(5⁎)[single specimen] −0.07(5⁎)

Bolivinita quadrilatera −1.38 −0.12
Pullenia bulloides −1.46 −0.10 −1.36(5⁎) 0.06 (5⁎)

Deep Infaunal (N4 cm) Chilostomella oolina −2.46 0.01 −2.65(5⁎) −1.52(5⁎)
−2.15(5⁎⁎) −0.05(5⁎⁎)
−4.04(4) 0.38(4)

Globobulimina pacifica −0.95 0.21 −1.92 0.03 −1.14(3⁎) −0.04(3⁎)

See text for calculation details.
(1⁎) Corliss et al. (2002) (North Atlantic), (2) Fontanier et al. (2006), (3⁎) McCorkle et al. (1997) (California margin), (4) McCorkle et al. (1990), (5⁎)Rathburn et al. (1996) (Sulu sea),
(5⁎⁎) Rathburn et al. (1996) (South China sea).
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benthic foraminifera, in part because they lack diagenetic overprinting
(e.g., Rathburn et al., 1996).

Results of previous work suggest foraminiferal isotopic signatures
are controlled by microhabitat preferences and ambient water
geochemistry (e.g., McCorkle et al., 1990), ontogenetic changes (e.g.,
Schmiedl et al., 2004), and food preferences (e.g., Mackensen et al.,
2006). Although there has been a considerable amount of work on
deep-sea foraminifera, stable isotopic data are limited for several
important deep-sea species, particularly deep infaunal taxa (such as
Globobulimina and Chilostomella) from remote regions. To our knowl-
edge, the stable isotope data for B. quadrilatera presented here are the
only stable isotope data available for this species, although limited
vertical distribution data of this species have been reported previously
in Fontanier et al. (2003) in the Bay of Biscay and Heinz et al. (2005)
from methane seeps. There is still much that is not understood about
the relationships between environmental and ecological factors and
stable isotopic signatures (e.g., Rathburn et al., 2003; Martin et al.,
2004). Consequently, a worldwide data set of isotope data from living
foraminifera is needed to more confidently interpret paleoceano-
graphic signals recorded in foraminiferal tests.

5.1. Vertical distribution patterns

Observations of the vertical distribution patterns of living benthic
foraminifera provide information on preferred habitat depth and can
be used to infer how ambient conditions may influence their isotopic
compositions (e.g, McCorkle et al., 1990). Although depth distributions
for most taxa examined in this study have been observed elsewhere,
little is known about the vertical distribution patterns of B.
quadrilatera. In the South Australian Margin, B. quadrilatera preferred
a shallow infaunal habitat (Fig. 2), consistent with the pattern
observed for this species by Fontanier et al. (2003) in the Bay of
Biscay and by Heinz et al. (2005) in methane seeps in the NE Pacific.
Bimodal distribution patterns have been reported for Bulimina species,
and are discussed in Jorissen (1999). Nevertheless, high infaunal
abundances of B. mexicana found deep (∼6–7 cm) in the cores from
the South Australian Margin were unusual for this species (e.g., see
Rathburn and Corliss, 1994). Pore water chemistry maybe altered at
depth bymacrofaunal burrows (e.g., Aller and Aller, 1986; Langer et al.,
1989; Thomsen and Altenbach, 1993), allowing typically shallow
dwelling foraminifera to live deeper in the sediment. However, no
evidence of burrows was noted at the depth of high foraminiferal
abundance. Similarly, not all species have the same deep-core pattern,
suggesting that macrofaunal burrowing is not the cause of the deep
infaunal occurrence of B. mexicana. Although bimodal distribution
patterns are not uncommon among benthic foraminifera, these results
suggest that B. mexicanamay live at a wider range of sediment depths
than previously estimated, and may have similar preferences to those
of B. marginata and B. aculeata (e.g., Rathburn et al., 1996; Jorissen,
1999).

Responses to the availability of food and redox conditions also
appear to be important controls on the distribution of foraminifera
(e.g. Gooday, 1986; Gooday and Rathburn, 1999; Gooday 2003;
Jorissen et al., 2007). For example, the deep infaunal G. affinis and C.
oolina have different diets and ecologies (Fontanier et al., 2003;
Nomaki et al., 2005, 2006) and may also respond differently to pore
water redox conditions (see Jorissen, 1999). Fresh organic matter may
be rapidly buried in areas prone to redeposition of sediments from
much shallower environments (e.g., Rathburn et al., 1996) changing
both food quality and redox conditions in habitats such as those in
submarine canyons. In South Australian sediments, the deep abun-
dance maxima of C. oolina and Globobulimina spp. (Figs. 2 and 3)
suggest that subsurface conditions such as redox conditions and food
availability were favorable for these taxa.

Previous authors have suggested that Globobulimina species
respond to the position of redox boundaries (see Jorissen, 1999). At
least one Globobulimina species appears to use nitrate to respire,
enabling this species to live in anoxic sediments for extended periods
(Risgaard-Petersen et al., 2006). Without additional data on the
availability and quality of the organic material, ontogenetic differ-
ences in distributions, and geochemical preferences/tolerances, we
can only speculate how these factors may have influenced forami-
niferal distribution in the study areas.

5.2. Foraminiferal δ13C isotopic composition

Average Δδ13C values from this study are similar to previous work
(Fig. 6, Table 4) for some species but differ for other species. For
example, the aragonitic species, Hoeglundina elegans and the calcar-
eous species B. mexicana, have similar isotopic offsets (H. ele-
gans=1.08‰, B. mexicana=−1.1‰) relative to bottom water DIC as
those of previous studies (e.g., Rathburn et al., 1996; McCorkle et al.,
1997; Corliss et al., 2002). No comparative data are available for B.
quadrilatera, although this species has an average isotope value
consistent with its shallow infaunal habitat. In contrast withH. elegans
and B. mexicana, Globobulimina and C. oolina show larger than
expected isotopic deviations from bottom water DIC. In the Aleutian
Margin, G. pacifica, a deep infaunal species, had a mean Δδ13C value of
−0.95‰±0.56. On the South Australian Margin, C. oolina had a mean
Δδ13C value of −2.46‰±0.25. Differences in the biology of G. pacifica
and C. oolina could account for isotopic differences between these
species, as they do not have similar values when found within the
same interval.

Given the probable variability of isotopic compositions of infaunal
microenvironments (pore water DIC) around the world, appreciable
heterogeneity might be expected in the Δδ13C values of deep-dwelling



99C. Basak et al. / Marine Micropaleontology 70 (2009) 89–101
Globobulimina. Since previous workers also used bottomwater values
to calculate Δδ13C for Globobulimina, but found relatively little isotopic
heterogeneity within each study area, it is possible to examine, on a
more global scale, comparative data sets from widely dispersed
locations. An average Δδ13C value of −1.15‰ for Globobulimina was
reported by McCorkle et al. (1997) from the California margin, while
Fontanier et al. (2006) reported the average Δδ13C for Globobulimina
spp. to be −2.03‰, 3.26‰ and −2.93‰ for three stations from the Bay
of Biscay. The mean Δδ13C value for G. pacifica from the Southern
Australian Margin was −1.92‰, near the lower end of the range of
Globobulimina spp. values from the Bay of Biscay (Fontanier et al.,
2006). Mean Δδ13C of G. pacifica from the North Pacific was −0.95‰,
similar to themean value from the California margin (e.g., McCorkle et
al., 1997). Thesewide variations inΔδ13C values within a deep infaunal
genus indicate that the low variability of isotopic values commonly
observed within study areas may not hold true when more data are
viewed on a global scale. Since Δδ13C values are based on the
difference between test δ13C values and bottomwater DIC δ13C values,
the influence of pore water DIC is not accounted for. As we might
expect, based on the likely variability of redox boundaries, organic
input, and pore water isotopic characteristics between study areas,
some characteristic of deep sediment habitats influences these taxa
differently in different environments. Pore water δ13CDIC values
commonly vary by as much as 2‰ within a given region (see
McCorkle et al., 1997), which could be responsible for the observed
carbon isotopic variation within an infaunal species living within a
wide sediment depth range. Without organic flux or pore water
isotope data for the canyon systems off southern Australia and the
North Pacific, it is not possible to accurately determine the influence of
pore water variations, phytodetrital flux or lateral organic flux on
foraminiferal isotope signatures in this study. However, as noted by
Fontanier et al. (2006), δ13C values of shallow infaunal taxa are
influenced more by changes in phytodetritial flux than those of Glo-
bobulimina. This limited correspondence in phytodetrital flux and
deep infaunal δ13C values may account for the disequilibrium of Glo-
bobulimina δ13C values in some regions, but should reduce isotopic
variability within Globobulimina species (since phytodetrital flux
variation is a primary factor influencing pore water DIC carbon
isotopic gradients).

Although variations in pore water chemistry influence the isotopic
values of foraminifera living within the sediment, G. pacifica and other
taxa in MC05 have nearly constant δ13C values regardless of the
sediment depth where they were found. As mentioned previously, a
narrow range of isotope values of a given species has been noted by
previous studies of benthic foraminifera, but the causes are unknown
(e.g., Rathburn et al., 1996; McCorkle et al., 1997). δ13C values of G.
pacifica had a wide range on the Aleutian Margin, but the isotopic
variation was not associated with sediment depth (Fig. 4). Since
isotopic variation of individuals is not related to the sediment depth
where they are found living, it seems reasonable to assume that
microhabitat preference alone (including tracking of redox bound-
aries) is not sufficient to explain isotopic disequilibrium and isotopic
variability between species. If differences in organic flux do not
appreciably affect Globobulimina carbon isotopic compositions as
implied by Fontanier et al. (2006), and isotopic heterogeneity between
individuals of a given study area remains low regardless of sediment
depth, some other factor(s) must account for isotopic differences
within this taxon. These are important considerations and warrant
further investigation.

The more traditional explanations of infaunal isotopic homogene-
ity within species, such as pore water DIC influences, calcification in a
narrow zone, and averaged isotopic values over the life span of an
individual (see review in Jorissen, 1999) have recently been augmen-
ted with suggestions of other potential influences on foraminiferal
isotopic compositions, such as food preferences (e.g., Rathburn et al.,
1996; Mackensen et al., 2006), “nano-environments” (on the order of
microns) that are different than the average surroundings (e.g.,
Rathburn et al., 2003), and the influence of symbionts. Bernhard et
al. (2001) noted that individuals of the same species from two
different habitats did not both have endobionts. We might expect
more isotopic variability between individuals of some taxa if
endobionts (symbionts?) in benthic foraminifera influence carbonate
isotopic composition, as is the case with planktonic foraminifera.
Given the potential processes affecting foraminiferal isotopic compo-
sitions, biological influences need to be understood to more
confidently interpret paleoenvironmental conditions from foraminif-
eral carbon isotopic signatures in the geologic record.

5.3. Foraminiferal δ18O isotopic composition

Schmiedl et al. (2004) hypothesized that food availability and
interspecific competition at different subsurface habitat depths
increased metabolic rates of epifaunal and shallow infaunal benthic
foraminifera and produced a negative relationship between δ18O
values of benthic foraminifera and their microhabitat preferences.
Schmiedl et al. argued that deep infaunal foraminifera feed on more
degraded organic matter, resulting in a lower metabolic rate, which
influences calcite precipitation. Studies by McCorkle et al. (1990,
1997), Rathburn et al. (1996) and Fontanier et al. (2006), however, did
not report a systematic relationship between foraminiferal δ18O and
the sediment depth where the foraminifera lived, arguing against a
metabolic control over foraminiferal δ18O values.

Despite greater than expected variability, comparisons of AUSCAN
and Aleutian foraminiferal Δδ18O with depth also show no relation-
ship betweenΔδ18O and sediment habitat depth of the studied species
(Fig. 5), supporting the inference that metabolic rate does not
influence δ18O values. Benthic foraminiferal Δδ18O values from both
study sites showed limited downcore and inter-specific variations
similar to previous benthic foraminiferal δ18O studies (e.g., McCorkle
et al., 1997) (Fig. 6 and Table 4). Mean Δδ18O values of G. pacifica from
this study (0.21‰±0.38 from the Aleutian core and 0.029‰±0.24 for
the core from the South Australian sector) were in general agreement
with values (−0.04‰±0.09) reported by McCorkle et al. (1990).
Variations in Globobulimina oxygen isotope values from this study
are larger than those observed in previous work (Fig. 6). Standard
deviations are ±0.38 (n=13) for specimens from the Aleutian Margin,
±0.24 (n=17) for the specimens from the South AustralianMargin, and
±0.09 (n=21) for data from McCorkle et al. (1997), reflecting wider
natural variability in individuals of δ18O of G. pacifica than previously
reported.

Oxygen isotopic values of deep sea benthic foraminifera commonly
have a very narrow rangewithin a species. In the Australian Margin, C.
oolina, was nearly at equilibriumwith bottomwater δ18O values with a
mean Δδ18O value of 0.01‰. Previously reported Δδ18O values for C.
oolina are variable, ranging from +0.37‰ in the Atlantic (McCorkle et
al., 1990), to −1.5‰ in the Sulu Sea and −0.05‰ in the South China Sea
(Rathburn et al., 1996). It is unclear what controls the differences in
disequilibrium of different individuals of this species. Since these
differences occur in a single species, taxonomy alone cannot account
for isotopic disequilibrium, because vital effects should alter isotopic
compositions of specimens equally within species. Consequently,
ecological and/or metabolic differences are likely to influence the
compositions of these individuals.

6. Conclusions

The δ13C values for shallow (B. mexicana, B. quadrilatera, P.
bulloides) and deep infaunal (C. oolina, G. pacifica) benthic foraminifera
agree with the hypothesis that microhabitat preferences influence
stable isotopic composition of benthic foraminifera. This study
provides new isotopic and ecological information for B. quadrilatera.
As more isotopic data become available, the causes of homogeneity of
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isotopic values within study sites, and any heterogeneity of isotopic
values between sites need to be addressed. In order to more fully
assess the relationship between benthic foraminiferal isotope com-
positions and ambient conditions, additional comparative work is
needed from a wide range of environments. G. pacifica δ18O values are
in equilibrium with δ18Oe.c. in specimens from the Murray Canyon
Group with a slightly wider range of values observed in specimens
from the North Pacific. Despite greater than expected variability,
comparisons of South Australian and Aleutian Margins foraminiferal
Δδ18O with depth also show no relationship between Δδ18O and
sediment habitat depth, supporting the inference that metabolic rate
does not influence δ18O values in these regions.
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Appendix A. Taxonomic references

Bolivinita quadrilatera (Schwager)=Textilaria quadrilatera Schwa-
ger, 1866

Bulimina mexicana Cushman, 1922
Chilostomella oolina Schwager, 1878
Hoeglundina elegans (d'Orbigny)=Rotalia elegans d'Orbigny, 1826
Globobulimina affinis (d'Orbigny)=Bulimina affinis d'Orbigny, 1839
Globobulimina pacifica Cushman, 1927
Pullenia bulloides (d'Orbigny)=Nonionina bulloides d'Orbigny, 1826
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