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Stable isotopic composition (δ18O and δD of water, δ13CDIC) of the water column in the open ocean is related to
the origin of water masses. Due to the recent increase of paleoceanographic studies on continental shelves, it is
also important to understand their distribution and variability in those systems. To examine the influence of con-
tinental shelves internal processes on isotopic composition of water masses, we present data of stable isotopes
and phosphate content from a western boundary upwelling system located on the Southeastern Brazilian coast
and compare them with offshore observations. High mixing of the main water masses (SSW, TW and SACW)
was observed in themajority of the samples collected during different seasons in 2011 and 2012. Amixing trian-
gle approach was used to separate the water masses contribution and characterize their isotopic composition. In
addition, an isotopic three end-member model was established, proposing it as a paleoceanographic tool to re-
construct relative contribution of these water masses in sediment records. Variations of δ18O values are linked
to oceanographic dynamics, mixing, continental runoff and upwelling processes on the shelf. Differently the
δ13CDIC variations in the middle and inner parts of the shelf are related to the productivity of the upwelling sys-
tem. Seasonal variability of the δ13CDIC values may be also related to changes in the upwelling intensity.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

The oceans are an important redistribution agent for the constitu-
ents of the Earth's climate system, as heat, fresh water and carbon diox-
ide. Variations of these constituents affect the climate and leave
imprints that can be tracked by geochemical tracers. One of these
tracers is the isotopic composition of water masses. The relevance of
this specific tracer lies on the fact that biogenic carbonate is assumed
to be in isotopic equilibrium with water. As a consequence isotopic
composition of foraminifera has been one of the most widely used
tools to reconstruct both the variations in sea surface temperature and
salinity (δ18O) and paleoproductivity (δ13C) in marine cores (Ganssen
et al, 2011; Morley et al, 2011; Piotrowski et al, 2009; Thornalley et al,
2010). The establishment of isotopic equilibrium functions, based on
culture experiments (Bemis et al, 1998; Erez and Luz, 1983; Kim and
O'Neil, 1997) and calibrated by studies with tops cores (Grauel and
Bernasconi, 2010; Steph et al, 2009), trawled plankton nets (Mulitza
et al, 2003) and sediment traps (Sautter and Thunell, 1991; Wejnert
uímica, Universidade Federal
, Rio de Janeiro CEP 24020-150,

querque).
et al, 2010), make possible to reconstruct the variations of temperature
(SST) and salinity (SSS) in sea surface water in paleoceanographic stud-
ies. However, the accuracy of these SST–SSS reconstructions still de-
pends primarily on assumed values for the δ18O of seawater, which
despite being considered conservative and near the standard VSMOW
(Vienna Standard Mean Ocean Water) for the open ocean, can suffer
large variations on the continental margins resulting from the action
of oceanic and shelf watermixing including continental water contribu-
tion, the balance of precipitation–evaporation (P:E)which is distinct be-
tween west and east ocean boundaries, or even coastal upwelling,
bypassing thus the average signal of global scale (Bigg and Rohling,
2000; Mackensen, 2001; Meredith et al, 1999).

Moreover, searching high resolution records, especially for the Holo-
cene, many studies have used marine sediments deposited on the con-
tinental shelf (Limmer et al, 2012;Mendes et al, 2010;Nizou et al, 2011)
whose dynamics results from interactions of shelf processes such as
mixing, continental runoff and coastal upwelling, and the mesoscale
boundary processes, which contains much of the climatic oscillations
of the boundary currents. Under these conditions the oxygen isotopic
composition of seawater (δ18Ow) deviates from the values of open
ocean waters, and imprints significantly the oxygen isotopic composi-
tion of the carbonate (δ18Oc) used to reconstruct paleotemperatures
of calcification. Therefore, an assessment of the degree of mixing of

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmarsys.2014.06.009&domain=pdf
http://dx.doi.org/10.1016/j.jmarsys.2014.06.009
mailto:ana_albuquerque@id.uff.br
http://dx.doi.org/10.1016/j.jmarsys.2014.06.009
http://www.sciencedirect.com/science/journal/09247963


242 I.M. Venancio et al. / Journal of Marine Systems 139 (2014) 241–247
the shelf waters is critical to propose accurate paleotemperature recon-
structions based on the oxygen isotopic composition of carbonate shells
of foraminifers of sediments from the continental shelf.

Continental margins also represent the main productive compart-
ment of the oceans. The potential fertilization of coastal waters arising
from runoff and aeolian inputs and fromupwelling of deeper and colder
nutrient rich waters alters the carbon isotopic composition of the dis-
solved inorganic carbon (δ13CDIC), which is recorded in the δ13C values
of biogenic carbonates, thus influencing, the understanding of the vari-
ance of paleoproductivity signal (Eberwein and Mackensen, 2008;
Lückge et al, 2009). This is especially valid on the western boundary of
the oceans where the signal of local upwelling systemsmay vary signif-
icantly from the paleoproductivity of boundary current waters (Bickert
and Wefer, 1999).

On the Southwestern Atlantic, the only study that addresses the isoto-
pic composition of seawater was conducted by Pierre et al. (1991), that
through the pair δ13CDIC and δ18Ow showed a clear distinction between
the main water masses carried by the main Western Boundary Current,
the Brazil Current: TW (Tropical Water), SACW (South Atlantic Central
Water), and the waters on intermediate depths carried by less organized
deep currents AAIW (Antarctic Intermediate Water), NADW (North At-
lantic Deep Water) and AABW (Antarctic Bottom Water). However, the
oceanographic regime of the open ocean is distinct from the continental
shelf, which can lead to differences in the isotopic composition of the
water masses of the Brazil Current (TW and SACW). Albuquerque et al
(2014) and Belem et al (2013) showed that, in the Eastern Brazilian Con-
tinental Shelf (EBS), multiple oceanographic processes act together to
control shelf temperature variability near the shelf break and inshore of
the western boundary current, and the isotopic composition of these
shelf water masses will thus reflect in part these processes. Starting
from these pioneering results, this study aims to understand how the typ-
ical processes of dynamic shelf influence the isotopic compositions
(δ18Ow, δDw and δ13CDIC) of water masses of the Brazil Current and the
EBS to improve the accuracy of paleoceanographic reconstructions from
sedimentary cores of the continental shelf.

2. Oceanographic setting

The continental shelf of southeastern Brazil, especially between the
parallels 21°S and25°S (Fig. 1), iswidely studieddue to the upwelling sys-
tem in the area of Cabo Frio (e.g. Castelao, 2012; Castelao and Barth, 2006;
Castro and Miranda, 1998; Ikeda et al., 1974; Matsuura, 1996; Rodrigues
Fig. 1. Location of oceanographic stations and regional T–S diagram. The gray dots represent T–
lected in this study.
and Lorenzzetti, 2001; Diaz et al, 2012). The Brazil Current (BC) flows
southward along the shelf break and slope, as a component of South At-
lantic Subtropical Gyre and gains integrity and velocity south of Abrolhos
bank (Campos et al., 2000). However, around 23°S the continentalmargin
changes orientation from NE–SW sharply to E–W. Instability in the BC
flow associated with prevailing NE trade winds and a wind divergent on
the midshelf (Castelao and Barth, 2006) causes an enhanced pumping
of SACW on the shelf and the formation of an Upwelling System which
controls the local oceanography and production in the area (Belem et al,
2013). Moreover, this boundary current carries the Tropical Water (TW)
in the upper layer and the South Atlantic Central Water (SACW) in a
more intermediate depth southward (Stramma and England, 1999). The
TW and the SACW, additionally to the Coastal Water (CW), are the
main water masses in this region (Castro and Miranda, 1998).

These three different watermasses are characterized by their temper-
ature and salinity patterns (Fig. 1). The TW is associated with tempera-
tures higher than 20 °C and salinities above 36.4. The CW and TW have
the same temperature range but the CW is characterized by lower salin-
ities than the TW, as a result from the mixing of shelf waters and conti-
nental drainage (Castro and Miranda, 1998) although the contribution
of river discharge is minor (Oliveira et al, 2006). However some studies
also define the CW as Subtropical Shelf Water (SSW) (Piola et al, 2000)
andwe decided to adopt the term SSW in this study. Finally, the presence
of SACW on the shelf is characterized by temperatures below 20 °C and
salinities lower than those of TW (Castro and Miranda, 1998; Silveira
et al., 2000). The SACW can be found at the surface near the coast charac-
terizing the costal upwelling of Cabo Frio that is most associated with the
persistence of intense NEwinds and is also explained by bottom topogra-
phy, coastline geometry and wind stress curl (Castelao and Barth, 2006;
Rodrigues and Lorenzzetti, 2001). In the inner shelf, upwelling is en-
hanced during austral spring and summer and is seasonally modulated
by NE winds (Cerda and Castro, 2013). However in the mid-shelf, Belem
et al. (2013) and Albuquerque et al. (2014) pointed out that SACW intru-
sions in the euphotic zone (sub-surface upwelling) are intermittent all
over the year. This Western Boundary Upwelling System (WBUS) is con-
sidered unique due to its configuration in a mosaic of oceanographic sys-
tems, which acts synergetically in biogeochemical processes on the shelf
(Albuquerque et al, 2014). Typically, the region is defined as oligotrophic
due to the TW characteristics butwith enhanced local productivity due to
the upwelling.

We emphasize that, although the SACW outcrops at the surface in the
coastal region, producing an upwelling in its sensu strict definition, it
S extracted from NODC database for the region and the black dots represent the data col-



Table 1
Oceanographic data.

Cruise Station Date/Hour Longitude Latitude Depth
(m)

Temperature
(°C)

Salinity
(psu)

δ18O
(‰)

δ13CDIC
(‰)

δD
(‰)

Phosphate
(μmol/l)

SACW
[%]

TW
[%]

SSW
[%]

WH11-01 WH11-01#01 2011-03-25T06:52:58 −41.5788 −23.6059 50.02 23.59 36.87 0.98 1.90 8.90 20.32 72.74 6.94
WH11-01 WH11-01#01 2011-03-25T07:04:00 −41.5984 −23.6370 81.68 20.61 36.23 0.97 1.30 8.20 38.07 48.86 13.07
WH11-01 WH11-01#02 2011-03-25T10:17:00 −41.7111 −23.3853 52.12 19.05 36.06 0.65 1.71 7.10 48.07 41.36 10.57
WH11-01 WH11-01#03 2011-03-25T12:34:00 −41.8583 −23.2013 49.29 18.14 36.03 0.64 1.84 6.70 54.20 39.08 6.72
WH11-01 WH11-01#04 2011-03-25T14:38:00 −41.9828 −23.0321 49.36 15.14 35.49 0.62 1.85 6.10 72.51 18.20 9.29
WH11-01 WH11-01#02 2011-03-25T10:19:00 −41.7105 −23.3847 98.12 14.73 35.46 0.54 1.52 5.50 75.20 16.67 8.12
WH11-01 WH11-01#04 2011-03-25T14:41:00 −41.9885 −23.0341 82.80 14.25 35.50 0.46 1.38 5.20 78.68 17.16 4.16
WH11-01 WH11-01#03 2011-03-25T12:38:00 −41.8583 −23.2013 91.29 13.52 35.36 0.57 1.57 6.10 83.10 11.82 5.08
WH11-02 WH11-02#01 2011-05-27T10:53:00 −42.0613 −23.1498 45.13 15.55 35.79 0.67 1.55 6.10 62.97 33.49 3.54
WH11-02 WH11-02#01 2011-05-27T10:56:00 −42.0613 −23.1498 90.71 14.43 35.67 0.53 1.28 5.40 70.13 28.18 1.69
WH11-03 WH11-03#03 2011-07-14T13:12:00 −41.9899 −23.3722 25.35 21.53 35.39 0.39 2.70 4.60 21.01 31.16 47.83
WH11-03 WH11-03#02 2011-07-14T09:47:00 −42.0121 −23.1535 23.63 20.99 34.90 0.18 2.60 3.90 22.91 15.87 61.22
WH11-03 WH11-03#02 2011-07-14T09:49:00 −42.0121 −23.1535 80.44 18.31 35.31 0.19 2.30 3.80 42.54 23.71 33.75
WH11-03 WH11-03#01 2011-07-14T07:10:00 −42.0309 −23.0142 23.34 17.42 35.12 0.53 0.92 2.93 47.89 16.70 35.40
WH11-03 WH11-03#03 2011-07-14T13:15:00 −41.9899 −23.3722 86.60 17.02 35.31 0.32 2.20 4.10 51.28 21.67 27.05
WH11-03 WH11-03#01 2011-07-14T07:13:00 −42.0309 −23.0142 63.72 16.94 35.10 0.05 1.90 3.20 51.07 15.36 33.57
WH12-01 WH12-01#02 2012-03-09T13:06:30 −41.8911 −23.0538 16.21 20.55 36.41 0.60 1.80 4.70 0.142 39.25 54.23 6.52
WH12-01 WH12-01#1B 2012-03-09T10:50:00 −41.9565 −22.9649 17.03 18.61 35.80 0.26 2.06 3.97 0.061 49.97 32.82 17.21
WH12-01 WH12-01#02 2012-03-09T15:43:20 −41.8911 −23.0538 36.38 18.25 36.21 0.61 1.44 2.56 0.948 54.21 44.70 1.08
WH12-01 WH12-01#1A 2012-03-09T09:40:05 −41.9565 −22.9649 18.59 17.84 35.79 0.08 2.43 3.10 55.23 31.36 13.42
WH12-01 WH12-01#01 2012-03-09T11:02:10 −41.9565 −22.9649 26.52 17.68 35.46 0.20 2.17 3.59 0.075 54.91 21.11 23.98
WH12-02 WH12-02#03 2012-04-03T11:43:15 −41.7395 −23.0561 7.02 23.58 35.31 0.26 2.02 2.43 0.09 6.83 32.04 61.12
WH12-02 WH12-02#02 2012-04-03T15:03:25 −41.8656 −23.0529 4.72 23.55 35.69 0.22 2.18 1.03 0.08 8.40 43.19 48.41
WH12-02 WH12-02#01 2012-04-03T17:05:00 −42.0093 −23.0561 8.97 20.66 35.79 0.26 2.01 1.50 0.264 28.34 41.57 30.09
WH12-02 WH12-02#03 2012-04-03T10:50:00 −41.7395 −23.0561 35.64 19.15 35.48 0.32 1.81 2.07 0.231 37.46 30.05 32.49
WH12-02 WH12-02#02 2012-04-03T14:39:05 −41.8656 −23.0529 60.29 15.49 35.87 0.36 1.86 1.97 0.259 63.66 35.75 0.59
WH12-02 WH12-02#01 2012-04-03T16:53:00 −42.0093 −23.0561 53.82 14.98 35.77 0.03 1.16 0.84 0.901 66.76 32.00 1.24
WH12-03 WH12-03#2B 2012-05-29T11:24:35 −42.1211 −23.2350 1.21 21.72 35.36 0.55 1.87 3.92 19.62 30.57 49.81
WH12-03 WH12-03#01 2012-05-29T08:38:15 −42.1772 −23.2092 5.09 20.23 35.09 0.26 2.04 1.63 0.183 28.74 20.26 50.99
WH12-03 WH12-03#03 2012-05-29T13:36:25 −42.1517 −23.2278 11.87 20.06 35.43 0.58 1.81 1.25 0.256 31.12 30.01 38.87
WH12-03 WH12-03#02 2012-05-29T11:09:26 −42.1211 −23.2350 8.89 19.59 35.23 0.37 2.02 2.49 0.224 33.58 23.38 43.04
WH12-03 WH12-03#03 2012-05-29T14:10:05 −42.1117 −23.0667 42.18 16.93 35.39 0.61 1.25 3.31 0.53 52.18 23.89 23.93
WH12-03 WH12-03#02 2012-05-29T11:36:00 −42.2981 −23.2908 40.85 15.10 35.16 0.42 1.21 0.68 0.808 63.75 14.21 22.03
WH12-03 WH12-03#01 2012-05-29T09:57:10 −42.3536 −23.2006 42.57 14.46 35.07 0.26 1.16 2.46 0.808 67.77 10.55 21.68
WH12-05 WH12-05#03 2012-08-22T08:56:50 −41.9797 −23.1272 13.18 22.26 35.84 0.52 1.55 3.41 0.234 17.68 45.57 36.75
WH12-05 WH12-05#02 2012-08-22T11:18:00 −42.0545 −23.0736 9.96 19.58 36.15 0.62 1.44 2.89 0.308 36.96 50.47 12.58
WH12-05 WH12-05#03 2012-08-22T09:24:00 −41.9948 −23.1290 47.85 16.71 35.99 0.64 1.19 2.78 0.447 55.83 41.22 2.96
WH12-05 WH12-05#02 2012-08-22T11:56:00 −42.0803 −23.0715 34.17 16.59 35.96 0.44 1.01 2.71 0.516 56.53 40.14 3.32
WH12-05 WH12-05#01 2012-08-22T13:57:00 −42.0619 −22.9843 6.23 12.81 35.33 0.41 1.19 1.97 0.298 79.88 15.60 4.51
WH12-05 WH12-05#01 2012-08-22T14:42:10 −42.0619 −22.9843 29.65 11.94 35.27 0.29 1.06 1.60 1.062 85.56 12.46 1.98
WH12-06 WH12-06#01 2012-09-21T06:39:20 −41.9533 −22.9780 8.91 19.59 35.46 0.63 1.62 3.18 0.144 34.41 30.15 35.44
WH12-06 WH12-06#02 2012-09-21T08:31:10 −42.0007 −23.0308 6.85 17.34 35.44 0.65 1.54 3.54 0.273 49.58 26.01 24.41
WH12-06 WH12-06#01 2012-09-21T07:32:00 −41.9760 −22.9859 34.88 15.44 35.40 0.47 1.01 2.49 0.695 62.31 21.82 15.86
WH12-06 WH12-06#03 2012-09-21T11:44:00 −42.0411 −22.9878 6.78 17.00 35.02 0.40 1.36 2.73 0.457 50.38 13.09 36.53
WH12-06 WH12-06#03 2012-09-21T12:16:00 −42.0411 −22.9878 17.38 14.39 35.07 68.24 10.44 21.32
WH12-06 WH12-06#02 2012-09-21T09:13:48 −42.0212 −23.0400 34.64 13.89 35.05 0.38 1.26 2.40 0.938 71.63 9.04 19.33
WH12-08 WH12-08#03 2012-10-30T10:02:00 −41.7674 −22.9377 11.35 20.86 35.88 0.53 1.63 2.34 0.098 27.31 44.54 28.15
WH12-08 WH12-08#02 2012-10-30T13:35:00 −41.8658 −22.9621 11.22 18.07 35.66 0.48 1.04 3.34 0.533 45.43 33.64 20.93
WH12-08 WH12-08#01 2012-10-30T15:37:00 −41.9479 −22.9666 11.36 17.04 35.65 0.42 0.88 1.40 0.626 52.37 31.72 15.91
WH12-08 WH12-08#01 2012-10-30T15:55:00 −41.9479 −22.9666 36.67 15.23 35.45 0.42 1.14 2.57 0.794 63.92 22.97 13.12
WH12-08 WH12-08#03 2012-10-30T11:06:00 −41.7674 −22.9377 49.59 15.94 35.67 0.43 1.15 3.81 0.724 59.90 30.57 9.53
WH12-08 WH12-08#02 2012-10-30T12:53:00 −41.8658 −22.9621 44.60 15.29 35.59 0.40 1.13 3.40 0.883 64.01 27.19 8.80
WH12-09 WH12-09#03 2012-12-13T09:19:00 −42.0193 −23.1042 17.22 22.35 36.50 0.65 1.22 5.24 27.26 59.66 13.08
WH12-09 WH12-09#02 2012-12-13T12:06:00 −42.0456 −23.0466 10.52 18.92 35.95 0.65 1.19 2.10 48.49 37.83 13.68
WH12-09 WH12-09#03 2012-12-13T09:53:00 −42.0193 −23.1042 28.49 19.37 36.05 0.45 0.85 4.37 45.82 41.54 12.64
WH12-09 WH12-09#02 2012-12-13T11:21:00 −42.0456 −23.0466 24.39 17.40 35.72 0.60 0.99 1.96 57.95 28.57 13.47
WH12-09 WH12-09#01 2012-12-13T14:37:00 −42.0556 −22.9955 10.96 16.99 35.34 0.32 1.43 3.15 59.14 16.44 24.42
WH12-09 WH12-09#01 2012-12-13T13:59:00 −42.0556 −22.9955 26.60 14.30 35.26 0.47 1.07 2.95 77.37 9.95 12.68
WHx12-01 WHx12-01#01 2012-05-10T15:40:02 −41.6026 −23.6413 10.56 24.99 36.55 0.89 1.85 2.83 0.105 1.74 70.81 27.46
WHx12-01 WHx12-01#01 2012-05-10T16:03:10 −41.6026 −23.6413 80.10 15.09 35.19 0.85 1.05 6.80 0.598 63.93 15.08 20.99
WHx12-02 WHx12-02#03 2012-09-03T21:51:19 −42.5308 −23.2263 1.61 21.72 36.60 0.76 1.46 4.98 0.070 24.07 67.11 8.82
WHx12-02 WHx12-02#02 2012-08-27T15:50:30 −42.8728 −23.0964 1.05 18.13 35.52 0.38 0.71 0.204 44.52 29.61 25.87
WHx12-02 WHx12-02#01 2012-08-27T13:11:58 −43.1239 −22.9665 1.25 15.77 35.39 0.27 1.82 2.35 0.501 60.04 22.05 17.91
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occurs only in a range of a fewmiles from the coast, i.e. the coastal Ekman
area. However, other important mechanisms in the mid- and outer
shelf are marked by constant intrusions of SACW in the photic zone
(Belem et al, 2013; Castelao and Barth, 2006), which does not fit
the classic definition adopted of upwelling, but produces significant
effects on productivity and biogeochemical processes in this region,
with pronounced impact on the isotopic composition of shelf water
masses.
3. Material and methods

3.1. Sampling strategy

Between March 2011 and December 2012 a total of thirty two sta-
tions were sampled in 12 cruises on the Southeastern Brazilian Shelf
that were performed by two vessels, the navy ship “Aspirante Moura”
and the research trawler “PL Divers” (Fig. 1). Temperature and salinity



Fig. 2. Stable isotopic composition of each water mass and the three end-member model. (a) δ18O–δ13CDIC plot after the mixing triangle analysis, including Pierre et al. (1991). (b) 3 end-
member based δ18O and δ13CDIC for each water mass.
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profile data were obtained with a multiparameter YSI 6600V2 sonde.
After identifying the water masses by their TS pairs, water samples
were taken from specific depths using a 5 L Niskin bottle coupled with
the secondary YSI 6600V2 sonde mounted in a frame. A total of sixty
three discrete samples were collected and analyzed (Table 1).Samples
for stable isotope analysis were stored in 100 mL amber vials and
fixedwith 1ml of a saturatedmercuric chloride solution. For phosphate
analysis we separated sub-samples of 1 L, and dissolved (b0.45 μm, fil-
tered in GF/F filters) phosphate ionwas determined by spectrophotom-
etry (Grasshoff et al., 1999).

3.2. Technical procedures

Each water sample was analyzed for dissolved inorganic carbon
(DIC), oxygen and hydrogen stable isotopes of water. Abundances
were reported in δ notation in parts per thousand:

δ ¼ R sample=R reference – 1ð Þ x 1000

The δ13CDIC analyses were performed with an IRMS (Isotope Ratio
Mass Spectrometer) and international standard VPDB (Vienna Pee Dee
Belemnite) was used as reference. Subsamples of 700 μL were placed
in vials containing 30 μL of phosphoric acid. These subsamples were
pressurized with helium gas to release carbon dioxide (McCrea, 1950).
After 18 h at 25 °C, the released CO2 was sent to the IRMS
(ThermoFinnigan MAT Delta PLUS) through an open-split interface of
Finnigan II Gas Bench thatmanages the input and reference gas samples
aswell as their injection anddilution in the spectrometer. The analysis is
replicated and the average values are calculated among 10 peaks
Table 2
Termohaline coefficients and isotopic end-members for water masses types.

WATER MASS Termohaline Coefficients

Temperature Salinity

SSW 24a/25b 34.2a/34.4b

TW 25.75a/27b 37.5a/37.6b

SACW 9.65a/10.9b 34.97a/35.1b

a Values for winter condition (May–October).
b Values for summer condition (November–April).
analyzed for all samples and standards. The isotopic value for δ13CDIC

is reported in relation to the primary reference VPDB. The accuracy of
the measurement is 0.1‰.

For δ18O and δD analyses we used a CRDS (Cavity Ring-Down Spec-
trometer) (Berden and Engeln, 2009) and the primary reference was
the VSMOW (Vienna Standard Mean Ocean Water). The experimental
apparatus consists of a Laser System (Model L2120-I Picarro) containing
a resonant cavity ring-down type. Thus, 2 μL aliquots of water are
injected into a vaporizer at 110 °C to produce water vapor that is sent
to the analyzer along with a carrier gas N2. Each measurement is
based on the decay time of the intensity of the light beam, enabling to
determine the absorption coefficient and measure isotopic hydrogen
and oxygen ratios simultaneously. In CDRS, the δ value can be calculated
from themeasured absorption coefficient αnwhere n refers to the ligh-
ter isotope –more abundant (y = H16OH) and heavier – less abundant
(x = H18OH, H17OH or H16OD) respectively.

δ xð Þ ¼ Rsample
x

Rreferences
x

−1 ¼
ax=ay

� �sample

ax=ay
� �reference

−1 ¼
asample
x =areferencex

� �

asample
y =areferencey

� �−1

Each samplewasmeasured 8 times, thefirst 3were discarded due to
memory effect. The δ18O and δD valueswere calculated in relation to the
primary standards of the International Atomic Energy Agency (IAEA):
VSMOW, SLAP and GISP. The accuracy of measurement is 0.3‰ for δD
and 0.05‰ to δ18O. These measurements were performed at the Lab of
Nuclear Physics, Department of Physics of the Earth and the Environ-
ment, Federal University of Bahia.
Observed Adopted

13C 18O 13C 18O

2.31(0.41) 0.22 (0.06) 2.75 0
1.74 (0.24) 0.88 (0.11) 1.9 1.35
1.30 (0.22) 0.46 (0.10) 0.65 0.4

image of Fig.�2


Fig. 3. Plots indicating internal processes on the shelf. (a) δ18O-salinity plot of Pierre et al. (1991) data and this study data. (b) δ18O–δD plot below and above 45mwith linear regression
and correlation coefficients. (c) δ13CDIC-phosphate data. The solid line represents the biological fractionation trend and the dashed lines represent the thermodynamic shifts from biologic
trend (Broecker and Maier-Reimer, 1992).
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4. Results and discussion

Hydrographic data as well as isotopic values for each sample are
summarized in Table 1. From temperature and salinity pairs of each
sample, it was possible to estimate the relative contribution of the
main water masses. For this purpose, we used the classic method of
mixing triangle (Pickard and Emery, 1990) assuming that each water
mass in the study area has specific thermohaline coefficients and
allowing the calculation of proportions of eachwater type for individual
samples (Castro et al, 1998). The thermohaline coefficients applied here
were defined from a set of points of historical oceanographic stations of
theWorld OceanDatabase for the region and the TS index of eachwater
type was divided by a summer and by a winter set. Between November
andApril, the pairs of SSW (T= 25.5; S= 34.4), TW(T=27; S= 37.6)
and SACW (T = 10.9; S = 35.1) were established for the continental
shelf. From May to October, the mean values of SSW (T = 24; S =
34.2), TW (T = 25.75; S = 37.5) and SACW (T = 9.65; S = 34.97)
were slightly different.
Fig. 4. Conceptual model based on oceanographic settings and distribution
Theproportions obtained from themixing triangle analysis (Table 1)
show that themajority of the samples collected on the continental shelf
have a high degree of mixing. This was expected since the continental
shelf is a very dynamic and complex system with multiple factors
influencing the physical structure of the water column like, continental
runoff, coastal upwelling and the mid-shelf upwelling driven by wind
stress curl. Samples withmore than 60% of contribution from a particu-
lar water mass were chosen to calculate the mean and standard devia-
tion of their isotopic characteristics (Fig. 2a). These values were then
compared with the study of Pierre et al. (1991), which surveyed some
of these water masses in an offshore region. Our isotopic data for the
TW (δ18O = 0.88 ± 0.11; δ13CDIC = 1.74 ± 0.24) and SACW (δ18O =
0.46 ± 0.10; δ13CDIC = 1.30 ± 0.22) on the shelf are quite similar
from those found offshore, with a slight deviation for the δ18O toward
lower values, suggesting that internal processes from the continental
shelf can influence the δ18O values of those water masses, as expected.
In our understanding this deviation is possibly caused by two distinct
factors. One is the mixing triangle approach itself, because since no
of stable isotopes on the shelf of a western boundary current system.

image of Fig.�3
image of Fig.�4
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sample was found with N90% of contribution of a singular water mass
type, residual contribution from other water masses remains in each
sample. This shift can be attributed to processes on the shelf that
lower δ18O values. In that case, the deviation could be linked to conti-
nental runoff that brings fresh water depleted in 18O or to mixing with
a large contribution of the SSW, which carries water with lower δ18O
values. Although we cannot rule out the influence of the evaporation-
precipitation balance for the TWentering the shelf where the increasing
influence of precipitationmight contribute also to lower the δ18O values
(Craig and Gordon, 1965; Gat et al, 1996).

For SSW (δ18O = 0.22 ± 0.06; δ13CDIC = 2.31 ± 0.41) there are no
values available for comparison. However, the δ13CDIC values found for
this water mass indicate large 13C enrichment. Considering that the
main factors influencing the δ13CDIC are the thermodynamic and biolog-
ical fractionations, we tried to found the dominant factor by considering
the amplitude of the deviation. The 1‰ difference of the δ13CDIC values
of SSW and TW, cannot be explained by the thermodynamic effect as
the main factor since according to Broecker and Maier-Reimer (1992)
such variation would represent at least 10 °C difference between TW
and SSW, which was never observed in any previous data (Belem
et al, 2013; Castelao and Barth, 2006). Conversely, this shift could be at-
tributed to biological isotopic fractionation from high productivity trig-
gered by SACW intrusions in the euphotic zone, either by coastal Ekman
transport caused by northeast winds or by wind-stress-curl driven up-
welling (Castelao and Barth, 2006). Therefore, these specific oceano-
graphic events drive the fertilization of the euphotic zone, promoting
consumption of nutrients by enhanced primary production and the
preferential use of 12C-rich DIC by phytoplankton (Charles et al, 1993;
Kroopnick, 1985).

Based in these results a three end-member water masses can be de-
fined with their characteristic isotopic (δ18O–δ13C) values (Fig. 2b,
Table 2). This approach will allow to characterize the structure of the
water column and to further estimate the relative contribution of each
water mass in past conditions, using the isotopic records of foraminifers
(Mackensen, 2001).

In addition to their paleoceanographic interest, stable isotopes of
present day ocean waters support the understanding of modern ocean-
ographic dynamics and biogeochemical processes active in the water
column. Analyzing the δ18O, δD and δ13CDIC behaviors with physical pa-
rameters, some of these processes were evidenced. The relation be-
tween δ18O and salinity suggested a different correlation on the shelf,
when compared with offshore condition described by Pierre et al
(1991) (Fig. 3a). The high offshore correlation can be attributed to a
well-defined vertical TS structure of the water column. In contrast, the
continental shelf under strong lateral and vertical mixing does not
show the same pattern. Continental discharge and coastal upwelling
may contribute to mixing and a poor correlation between δ18O and sa-
linity. Another important aspect is the influence of multiple sources
with different δ18O signatures, but not necessarilywith different salinity
values, which is a possible explanation for the observed trend (Meredith
et al, 1999). This is evidenced by the large range of δ18O values inwaters
with salinity between 35 and 36. Furthermore, δ18O values are lower on
the shelf, when compared with offshore, indicating influence of coastal
plumes, as well as the mixing of SSW with other water masses, which
are internal processes able to lower the mean δ18O signal on the shelf.

To estimate the influence of vertical mixing on the shelf the relation
δD–δ18Owas plotted (Fig. 3b). In general, these isotopes are linearly cor-
related in the open ocean, since the same fractionation mechanisms are
affecting both elements (Craig and Gordon, 1965). However, under a
shallow and variable water column structure, deviations from this gen-
eral trend are expected and data showed distinct relations relative to
the depth of the sample. A threshold limit of 45mwas chosen after test-
ing the change of the correlation along the depth gradient. Above this
depth, δD and δ18O presented a non-conservative behavior, indicating
that the structure of the water column is not stable with a high degree
of mixing. Below 45 m depth, a conservative behavior between these
isotopes was found, resulting probably from conservative mixing be-
tween SACW and TW. The works of Cerda and Castro (2013) and
Castro (2013) have shown that the average mixing layer depth is 45–
50 m in Cabo Frio, which corroborates with our findings. These results
confirm the idea of a complex oceanographic scenario on the shelf, but
also improve our knowledge, since it gives us a vertical dimension of
the influence of mixing processes.

Finally, to confirm the hypothesis of δ13CDIC in the water column
being modulated mainly by biological productivity, a good correlation
with phosphate was found. Fig. 3c shows the relation between δ13CDIC
and phosphate, compared with the “Redfield line” proposed by
Broecker and Maier-Reimer (1992). The same approach was made in
other upwelling systems to verify the magnitude of biological processes
in the δ13CDIC variability (Bickert and Wefer, 1999) and our results con-
firms the dominance of fractionation due to biological productivity, dem-
onstrating that δ13CDIC in the water column reflects productivity on the
shelf. Seasonal changes in the upwelling activity may also cause varia-
tions in the δ13CDIC values. Nevertheless, the lack of points for some
months and the sampling design do not allow a definitive conclusion
about the seasonality of the data. This result allows one tomake possible
paleoproductivity reconstructions on the shelf, or to reconstruct the po-
tential fertility of the SACW using δ13C from benthic foraminifers. We
also expect that future interpretations based on the δ13C of the carbonate
of these organisms should take into account the differences between the
shelf and open ocean systems relative to δ13CDIC signal in the water col-
umn, which is extremely important as shown by previous studies
(Bickert and Wefer, 1999; Pierre et al, 1994).

Coupling our understanding of the regional physical oceanography
and interpretations of stable isotope variations, a conceptual model of
functioning of the continental shelf is proposed (Fig. 4). The model
shows that oscillations of the BC and consequently improved relative
contribution of the TW, carry waters with high δ18O values on outer
and middle shelf. In the case of SSW and SACW, the oxygen isotopic
compositions are lower and the influence of the SSW is more restricted
to the inner and middle shelf, whereas SACW can influence the whole
water column. Higher δ13CDIC are found in the inner and middle shelf,
where the upwardmovements of SACW(upwelling and sub-surface in-
trusion of SACW)promote higher productivity and imprint this signal to
the SSW. In the outer part, the oligotrophic TW maintains the δ13CDIC
levels stable and close to its own δ13CDIC signature.

5. Conclusions

The continental shelf of the Southeastern Brazilian coast is submit-
ted to the influence of different water sources. There is a significant var-
iability of δ18O and δDcomprised in a short salinity interval that is linked
to inputs of different sources of waters on the continental shelf (e.g.
coastal plumes). The influence of these plumes, as other surface pro-
cesses (upwelling), seems to be the main driven mechanism of vertical
changes in correlation between δD and δ18O. In contrast, the δ13CDIC de-
viations were less expressive for TW and SACW characterized on the
shelf. The δ13CDIC values for the SSW and the correlation between
δ13CDIC and phosphate indicate the major imprint of biological cycling,
with a possible seasonal variability demonstrating the magnitude of
productivity in this upwelling system and focusing attention for the po-
tential of paleoproductivity proxies on the shelf.
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