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Abstract. Oxygen isotope (H218O/H2
16O)/salinity data identify freshwater sources

along the northeastern North American continental margin. The oxygen isotope
(Æ18O)–salinity (S) properties of various water types are distinguished. Sea ice
formation on the Labrador Shelf is shown to influenceÆ18O–S values. It is
estimated that 2–3 m of freshwater is extracted from the water column to form
sea ice. It is hypothesized that waters on the Scotian Shelf, Gulf of Maine, and
the Middle Atlantic Bight are composed of slope water diluted by an upstream
low-salinity source. This upstream source is a mixture of brine-enriched Labrador
Shelf Water and St. Lawrence River water. TheÆ18O value of the apparent
freshwater component (Æ18OS=0) of waters on the Scotian Shelf and farther south
is��200=00, which has been used to suggest a sole high-latitude freshwater source.
We show instead that the St. Lawrence River contributes�35% of the freshwater
on the Scotian Shelf, in agreement with the physical oceanographic evidence.
The remaining freshwater is supplied by high-latitude rivers dominated by Arctic
runoff. Finally, the isotope evidence identifies Baffin Bay as an important pathway
by which freshwater from the Arctic Ocean can reach the Labrador Sea.

1. Introduction

The coastal ocean off northeastern North America is
strongly influenced by the large-scale coastal circulation
(Figure 1) extending from the Labrador Sea to Cape Hat-
teras [Fairbanks, 1982;Chapman et al., 1986;Chapman and
Beardsley, 1989]. This circulation carries relatively cold
and fresh subpolar water which influences the hydrographic
properties of coastal waters downstream, such as on Georges
Bank.Chapman and Beardsley[1989] were the first to draw
attention to the critical role played by freshwater in modulat-
ing the buoyancy-driven coastal current. However, attempts
to identify the freshwater sources responsible for seasonal
and interannual salinity fluctuations in coastal waters have
had mixed success. For example, hydrographic data suggest
that Baffin Bay and Hudson Bay are important sources of
freshwater for the coastal current [Mertz et al., 1993;Loder
et al., 1998]. On the other hand, studies based on oxygen
isotope data [Chapman and Beardsley, 1989] indicate that

the margin of the Labrador Sea is the dominant source. The
contribution of St. Lawrence River water to coastal waters
downstream has also been debated.

In this paper, we focus on the application of the
H2

18O/H2
16O ratio as a tracer for identifying the sources

that contribute to the coastal circulation. The H2
18O/H2

16O
tracer is uniquely suitable for this study because (1) source
waters have well-definedÆ18O–salinity relationships and (2)
theÆ18O–salinity tracer pair allows us to discriminate sea ice
meltwater from river runoff as well as to quantitatively esti-
mate the individual freshwater sources in the water column.
Here we concentrate on obtaining a better characterization
of upstream waters on the Labrador Shelf and in the Gulf of
St. Lawrence, on the basis of salinity and mass spectrometri-
cally determined H218O/H2

16O ratios, and show how the ad-
dition of oxygen isotope data can help to resolve the source
water ambiguities mentioned above. It should be stressed
that our data do not resolve seasonal or interannual changes
and our quantitative estimates of individual freshwater con-
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Figure 1. Schematic representation of the major circulation
features in the northeastern North American coastal ocean.
Adapted fromChapman and Beardsley[1989]. Total (fresh-
water) transports across key cross-shelf sections in Sv (mSv)
are indicated (1 Sv=106 m3 s�1). Large open arrows repre-
sent runoff in mSv. Large stippled arrows represent ice dis-
charge (mSv of water equivalent) by calving from the Green-
land Ice Sheet [Reeh, 1985]. Note that the arrows are not
scaled relatively and only indicate the general direction, not
the point at which the freshwater enters the ocean. Sections
extend from the coast to the 34.8 psu isohaline. Transport
and runoff estimates are fromLoder et al.[1998]. Isopleths
of Æ18O in precipitation are shown to emphasize the lati-
tudinal variation of oxygen isotopes [Fairbanks, 1982] and
hence the utility of this tracer in discriminating between dif-
ferent freshwater sources.

tributionsare tentative. Our main goal, however, is to present
a qualitative picture of the coastal circulation that is con-
sistent with both the hydrography and the available isotope
data.

2. Circulation

The coastal circulation and hydrography along northeast-
ern North America (Figures 1 and 2) have been discussed
extensively elsewhere [e.g.,Chapman and Beardsley, 1989;
Mertz et al., 1993;Loder et al., 1998], and only a brief out-
line is presented here. While a fairly robust description of the
large-scale coastal circulation exists, the transports shown in
Figure 1 are less well constrained. In particular, fluxes as
well as hydrographic properties could undergo interannual
and decadal changes due to variable freshwater and atmo-
spheric forcing [e.g.,Dickson et al., 1988]. These aspects,
however, are beyond the scope of this paper.

The principal water sources for the Labrador Shelf are (1)
the Arctic Ocean via the East/West Greenland Current Sys-
tem and the Canadian Archipelago, (2) outflow from Hud-
son Strait, and (3) outflow from Baffin Bay through Davis
Strait. These sources combine to form the Labrador Cur-
rent, the main branch of which is concentrated over the shelf
break and upper slope. A small branch is located over the
inner Labrador Shelf [Lazier and Wright, 1993;Mertz et al.,
1993], a part of which results in a small net inflow of 0.22 Sv
(1 Sv=106 m3s�1) [Petrie et al., 1988] through the Strait of
Belle Isle to the Gulf of St. Lawrence (GSL). A part of the
main Labrador Current also turns eastward north of Flem-
ish Cap. The remaining transport continues to flow south-
ward into the Grand Banks region in two branches: a shelf-
break branch carrying�90% of the transport and an inshore
branch carrying�10% of the transport. The inshore branch
flows south and west along the Newfoundland Shelf. Some
of the offshore branch turns eastward and leaves the shelf
break, while the remaining current turns westward and flows
along the southern Newfoundland Shelf break. The west-
ward flowing branches generate an inflow of�0.5 Sv into
the GSL through the eastern side of Cabot Strait. This inflow
combines with the inflow through the Strait of Belle Isle and
river runoff to contribute to the circulation in the GSL. Water
from the GSL flows out on the western side of Cabot Strait,
joining the direct flow of Labrador Current water from the
southern Newfoundland Shelf, to flow south over the Sco-
tian Shelf in two main arteries over the inner shelf and shelf
break. These waters enter the Gulf of Maine and are a pri-
mary source for Georges Bank.
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Figure 2. Locations of stations occupied on several cruises
in 1995. Samples were collected from the Labrador Shelf
(June) during a cruise of CSSHudsonand from the Gulf of
St. Lawrence (October–November), South Newfoundland
Shelf (November), Scotian Shelf (June and November), and
Gulf of Maine (June) during cruises of CSSParizeau. Sta-
tion numbers and sections referred to in the text are also in-
dicated. Solid triangles represent surface samples from the
Newfoundland Shelf (March, May, June, July, October).

3. Freshwater Sources

Oxygen isotope analysis of waters from the Scotian Shelf,
Gulf of Maine, and Middle Atlantic Bight suggested that the
dominant freshwater input must originate at high-latitude,
rather than locally [Fairbanks, 1982;Chapman et al., 1986;
Chapman and Beardsley, 1989]. In particular,Chapman and
Beardsley[1989] hypothesized that river runoff and glacial
meltwater around southern Greenland and the Labrador
Coast are major sources of the freshwater in the Labrador
Current and the Middle Atlantic Bight. In contrast, salt bal-
ance calculations made byMertz et al.[1993] indicate that
outflow from Hudson Bay and Baffin Bay could be the dom-
inant freshwater sources, while runoff and glacial meltwater

fluxes into the Labrador Sea are less significant. More re-
cent work byLoder et al.[1998] suggests that the Baffin
Island Current out of Baffin Bay is the main source of fresh-
water, with a freshwater transport (relative toS=34.8 psu) of
�117 mSv (Figure 1). Much of this freshwater originates as
runoff into the Arctic Ocean [Aagaard and Carmack, 1989].
The freshwater flux in the East Greenland/West Greenland
Currents (transporting Arctic waters) is�30 mSv, compa-
rable to the outflow through Hudson Strait [Loder et al.,
1998]. Thus, in the flux calculations ofLoder et al.[1998]
the Arctic Ocean emerges as the dominant source of fresh-
water to the northeastern North American Shelf. We note
that precipitation exceeds evaporation by 4 cm yr�1 [Ikeda,
1987], contributing a negligible 1.3 mSv of freshwater to
the Labrador Sea. Farther south, the St. Lawrence River
could also contribute to the freshening of coastal water [Sut-
cliffe et al., 1976].Smith[1989] detected the influence of St.
Lawrence discharge on the salinity of shelf waters off Cape
Sable at phase lags of�9 months, although he found no sig-
nificant negative correlation between the anomaly time se-
ries of salinity off Cape Sable and the anomaly series of St.
Lawrence discharge (phase-lagged appropriately). The ab-
sence of an isotopic signature of St. Lawrence River Water
on the Scotian Shelf and the Middle Atlantic Bight [Fair-
banks, 1982], however, appeared to contradict this result.

4. Methods and Samples

Our primary tool is the tracer pair H218O/H2
16O and

salinity. The fractional distillation of H218O and H216O
in atmospheric water vapor due to their different molecu-
lar masses results in a decrease in the H2

18O/H2
16O ra-

tio in precipitation with increasing latitude [e.g.,Dans-
gaard, 1964]. This trend is quite pronounced along the east
coast of North America (Figure 1) and allows us to differ-
entiate between different meteoric (precipitation or river)
water sources and to quantify the proportions in which
they are mixed [Torgerson, 1979; Fairbanks, 1982]. The
H2

18O/H2
16O ratio is not affected by biological processes

within the ocean, and thus variations in the H2
18O/H2

16O
ratio are largely a result of mixing between different wa-
ter masses. Further, oxygen isotope measurements are par-
ticularly useful in distinguishing meteoric water and sea
ice meltwater [e.g.,Craig and Gordon, 1965;Redfield and
Friedman, 1969;Tan and Strain, 1980a;Bédard et al., 1981].

The H218O/H2
16O ratio is usually expressed in the

Æ18O notation, defined as the permille deviation of the
H2

18O/H2
16O ratio in the sample from that of a standard:

Æ18O =

�
(H2

18O/H2
16O)sample

(H2
18O/H2

16O)standard
� 1

�
1000
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The reference used in this study is VSMOW (Vienna
Standard Mean Ocean Water). The H2

18O/H2
16O ratios are

measured on a VG PRISM II mass spectrometer with a pre-
cision (1�) of about�0:030=00 (based on repeated analyses
of an internal laboratory standard over several months).

Water samples used in this study were collected from var-
ious locations which are shown in Figure 2. At most stations,
samples were collected through the entire water column at
standard oceanographic (bottle) depths, with a vertical reso-
lution ranging between 30 m and 50 m. We also use isotope
data from the northern Labrador Sea and Baffin Bay reported
by Tan and Strain[1980b]. Our approach will be first to de-
fine significant water masses in terms ofÆ18O and salinity
and then to discuss the data within the framework of those
end-members.

5. Water Mass Definitions

Water mass definitions in terms ofÆ18O–salinity (S) are
presented in Figure 3 and summarized in Table 1. TheÆ18O–
S data (Figure 3) demonstrate that waters both in the
Gulf of St. Lawrence and on the Scotian Shelf are a mix-
ture of Labrador Shelf Water, Labrador Slope Water, and St.
Lawrence River Water. We can useÆ18O and salinity mixing
diagrams to quantify the fractional contribution from various
sources. As seen in the corresponding potential tempera-
ture (�)–S plot (Figure 4), this is not possible using tradi-
tional oceanographic temperature/salinity data in such shal-
low coastal environments. Temperature is useful however in
distinguishing the deeper slope waters, but in this paper we
concentrate on the shelf region and our principal tracers will
beÆ18O and salinity. It should be emphasized that our data
were collected from a single year and also do not resolve
seasonal changes in theÆ18O–Srelationships. Thus some of
our water mass definitions should be seen as operational and
subject to future revision as additional data become avail-
able.

The Æ18O isopleths in Figure 1 indicate that the high-
latitude meteoric sources of freshwater to the Labrador Cur-
rent should have a value of��210=00. As mentioned above,
net precipitation to the Labrador Sea is negligible; thus rivers
constitute the main meteoric source of freshwater. In partic-
ular, the large inflow of low-salinity water from the Arctic
Ocean via the Canadian Archipelago and the East Green-
land/West Greenland Currents (see above) has a freshwa-
ter component withÆ18O��210=00 [Östlund and Hut, 1984;
Schlosser et al., 1994]. Oxygen isotope measurements also
suggest that the typicalÆ18O value of local glacial meltwater
and river runoff into the Labrador Sea [Bédard et al., 1981],
Baffin Bay [Tan and Strain, 1980a], and Hudson Bay [Tan
and Strain, 1996] is about�210=00. UsingÆ18O alone, we

are unable to discriminate between these different freshwa-
ter sources. However, the hydrographic evidence [e.g.,Aa-
gaard and Carmack, 1989;Lazier and Wright, 1993;Loder
et al., 1998] suggests that the Arctic is the dominant source
of freshwater. Thus we call our high-latitude meteoric end-
member Arctic River Water (ARW), with the understanding
that it also includes runoff into Baffin Bay and Hudson Bay.
ARW is assigned aÆ18O value of�210=00.

The inner branch of the Labrador Current is the princi-
pal input at shallow and intermediate depths to the Gulf of
St. Lawrence, entering the gulf through the Strait of Belle
Isle. We designate this input Labrador Shelf Water (LShW).
LShW continues to flow south in the Labrador Current, and
as demonstrated below, its influence can be detected iso-
topically as far south as the Scotian Shelf. The influence
of sea ice formation on the Labrador Shelf is clearly re-
flected in theÆ18O–S“mixing” diagram (Figure 3) and illus-
trated schematically in Figure 5. Formation of sea ice leads
to brine rejection, as freshwater is removed from the water
column. Oxygen isotopes undergo negligible fractionation
during sea ice formation [Craig and Gordon, 1965]; there-
fore the isotope ratio in the resultant brine is close to that
in the original water mass. A combined salinity,Æ18O, and
mass balance can distinguish between meteoric and sea ice
meltwater in the water column. On the Labrador Shelf the
most brine-enriched sample (station 4, 40 m) has salinity and
Æ18O values of 32.78 psu and�1.530=00, respectively. We
adopt these values as a working definition of Labrador Shelf
Water. As supporting evidence, we note that both deep and
surface waters in the northeastern GSL and on the Labrador
Shelf appear to mix with LShW (Figure 3). This is surpris-
ing considering that samples from the Labrador Shelf were
collected in June, while those from the GSL were collected
in November. This leads us to speculate that LShW (more
specifically, the brine enriched subsurface layer) is a more
stable end-member than we might anticipate from the sea-
sonal variation of salinity on the Labrador Shelf.

Labrador Slope Water (LSW) is defined as the most saline
water found on the Labrador Slope at a depth of about 400–
500 m (Æ18O=0.220=00, S=34.81 psu,�=3.28oC). LSW, as
defined here, differs from earlier definitions [e.g.,Gatien,
1976;Brown and Irish, 1993] in being considerably colder.
This is because we define Labrador Slope Water near its
source (i.e., on the Labrador Slope) rather than farther down-
stream on the Scotian Slope or in the Gulf of Maine where
it has already mixed with warmer and saltier waters. The
solid line in Figure 3 is a theoretical mixing line between
Labrador Slope Water and Arctic River Water. It is impor-
tant to note thatÆ18O–S data from the Labrador Shelf are
not distributed along this line. South of Nova Scotia the
dominant slope water is Warm Slope Water (WSW) [Gatien,
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Figure 3. A Æ18O-salinity plot of data from selected stations used to define regional and upstreamÆ18O–Smixing lines and
end-members. Water masses defined in the text are shown as solid circles. Dashed line represents a linear regression through
Æ18O–Smeasurements of near-surface samples in the St. Lawrence Estuary. Dotted line is a similar regression through data
from the northeastern Gulf of St. Lawrence. Solid line is a theoretical mixing line between Labrador Slope Water and a
high-latitude freshwater source (Arctic River Water).

Table 1. Water Mass Definitions

Water Mass Abbreviation Salinity Æ18O Potential Temperature,oC

River Water ARW 0 -21
Labrador Shelf Water LShW 32.78 -1.53
St. Lawrence River Water SLRW 0 -10.3
Labrador Slope Water LSW 34.804 0.22 3.28
Warm Slope Water WSW 35.16 0.36 11.11
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1976], which is distinguished from LSW best by tempera-
ture (Figure 4). We define WSW as the warmest water in
the Gulf of Maine (�=11.11oC) with a corresponding salin-
ity of 35.16 psu andÆ18O of 0.360=00. LSW modified by
mixing with WSW flows into the Gulf of St. Lawrence at
depth via the Laurentian Channel and is an important source
of salt and heat. As a result of this modification, deep waters
in Cabot Strait have a higher salinity andÆ18O compared
with Labrador Slope Water (Figure 3). This is more clearly
seen in temperature/salinity space. Note that the deep wa-
ters off the Scotian Shelf or entering the Gulf of Maine are
neither pure LSW or WSW. However, we expect these two
water masses to span the range ofÆ18O–S values found in
slope waters. Where we are unable to unambiguously iden-
tify a specific slope water end-member, we call the mixture
of LSW and WSW Slope Water (SLW).

The third important input to the Gulf of St. Lawrence
is river water, of which the St. Lawrence is the largest (16
mSv [Koutitonsky and Bugden, 1991]). A linear regression
throughÆ18O–S measurements of near surface samples in

the St. Lawrence Estuary (dashed line in Figure 3) has a
zero-salinity interceptÆ18OS=0 of ��10.30=00 (Figure 3),
similar to theÆ18O value of water from the St. Lawrence
River reported byTan and Strain[1988]. This provides di-
rect evidence of the presence of St. Lawrence River wa-
ter throughout the Gulf and, as elaborated on below, far-
ther south on the Scotian Shelf. A similar regression for
data collected from the northeastern GSL has a zero-salinity
interceptÆ18OS=0 of ��12.60=00 (dotted line in Figure 3).
According toTan and Strain[1988] the various rivers enter-
ing the GSL have differentÆ18O values depending on their
catchment area. However, since the St. Lawrence River is
by far the largest source (�65% [Koutitonsky and Bugden,
1991]), we use St. Lawrence River Water (SLRW) with a
Æ18O value of�10.30=00 to represent freshwater entering the
GSL. This choice is further justified by the fact that outflow
from the GSL sampled in Cabot Strait shows the dominant
influence of SLRW (Figure 3). It is important to note that
Labrador Shelf Water lies close to both regression lines, im-
plying that shallower waters in the GSL are a mixture of
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Labrador Shelf Water and river water entering the GSL. The
influence of St. Lawrence River Water appears to be re-
stricted to the upper part of the water column, a feature pre-
viously noted byTan and Strain[1988]. The deeper waters
fall on a mixing line between LShW and LSW. This three–
layered water column maintains its structure all the way to
the Scotian Shelf. It should be noted that sea ice formation in
the gulf could also distort theÆ18O–Smixing line. However,
the volume of sea ice involved is only�40 km3 annually
[Dickie and Trites, 1983], insignificant compared with the
7000 km3 yr�1 of Labrador Shelf Water inflow [Petrie et al.,
1988;Loder et al., 1998] or river runoff (600 km3yr�1).

As stressed earlier in this section, the limited temporal
coverage of the data does not allow us to resolve variations in
isotope ratios corresponding to the observed annual hydro-
graphic variations in the coastal region. Along the Labrador

and Newfoundland Shelves, the annual cycle of salinity is
largely due to sea ice formation and melting, with the min-
ima in salinity at these locations occurring at the end of the
melting season in July–August [Lazier, 1982;Myers et al.,
1990]. In contrast, the salinity cycle in the Gulf of St.
Lawrence has a minimum in June [Petrie, 1990], reflecting
the annual signal of runoff which peaks in May–June [Kouti-
tonsky and Bugden, 1991]. The influence of these sources is
complicated by sea ice melt and runoff advected from Hud-
son Bay and Baffin Bay. However, owing to advective lags,
these upstream sources impact the Labrador, Newfoundland,
and Scotian Shelves progressively later in the year [Myers
et al., 1990]. Mitigating these complications is the fact
that theÆ18O–Sproperties of our principal “source” waters
(ARW, SLRW, and LSW) are relatively stable. For exam-
ple, theÆ18O values of Arctic River Water and St. Lawrence
River Water are independent of any processes operating on
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the Labrador Shelf and do not vary except on relatively long
timescales. In section 6 we discuss the oxygen isotope data
within the framework of end-members developed above.

6. Interpretation of Oxygen Isotope Data

6.1. Influence of Sea Ice

As discussed in section 5, the influence of sea ice on the
water column of the Labrador Shelf and even farther down-
stream is significant. This is not surprising given the large
amount of sea ice formed annually in this region. For in-
stance, the total sea ice extent in Baffin Bay, Davis Strait, and
the Labrador Sea reaches a seasonal maximum (in March)
of about 1.45� 106 km2 [Gloersen et al., 1992]. Most of
the sea ice in this region is single-year ice. Sea ice extent in
Hudson Bay is almost as large (1.16� 106 km2 at the annual
maximum), although it is not clear what proportion of the
freshwater leaves the system via Hudson Strait to contribute
to the Labrador Shelf. In this section we use isotope data
to compute the inventory of sea ice meltwater and meteoric
water on the Labrador Shelf. The conservation equations for
mass, salinity, and oxygen isotopes are [Östlund and Hut,
1984]

fL + fI + fR = 1 (1)

fLSL + fISI + fRSR = Sm (2)

fLÆ
18OL + fIÆ

18OI + fRÆ
18OR = Æ18Om (3)

wherefL, fI, andfR refer to the fraction of Labrador Slope
Water, sea ice meltwater, and Arctic River Water in any par-
cel of water, respectively andSL, SI, SR, Æ18OL, Æ18OI,
and Æ18OR are the corresponding salinity andÆ18O val-
ues. Sm and Æ18Om are the measured salinity andÆ18O
values, respectively;Æ18O–Svalues for Labrador Slope Wa-
ter and Arctic River Water were specified in section 5. Val-
ues for sea ice meltwater were chosen as follows: Given the
large seasonal cycle of sea ice extent in Baffin Bay, Davis
Strait, and on the Labrador Shelf [Gloersen et al., 1992]
and the fact that much of the meltwater is advected south-
ward, we do not know precisely where the sea ice fraction
was formed. We therefore use theÆ18O values of surface
waters to derive theÆ18O value of the sea ice meltwater
[Schlosser et al., 1994]. We assume that both surface wa-
ters and the brine were advected southward to the region in
the Labrador Current. Then the use of surfaceÆ18O values
to derive sea ice meltwater isotope ratios can be justified be-
cause (1) both surface water and brine are advected into the
area from the same region (although, in general, at differ-
ent velocities) and (2) an examination of available surface

ocean measurements ofÆ18O [this study;Tan and Strain,
1980b] from the Newfoundland Shelf, Labrador Shelf, Davis
Strait, and Baffin Bay indicates a relatively small range of
Æ18O values. TheÆ18O values for those samples range from
�2.530=00 to �0.730=00, with a mean of�1.580=00 (vertical
bars in Figure 5; see also Figure 6). For samples collected
from the Labrador Shelf, surfaceÆ18O values range between
�1.650=00 and�1.390=00 with a mean of�1.570=00. Us-
ing a fractionation factor of 1.0021 andSI=3 psu [Melling
and Moore, 1995], we estimateÆ18OI=0.520=00 (i.e., 2.10=00
heavier than average surface oceanÆ18O).

Equations (1)–(3) were solved forfL, fI, andfR, and the
fractions were integrated down the water column to the depth
of the deepest available sample, resulting in the inventory of
sea ice meltwater, Arctic River Water, and Labrador Slope
Water in the upper water column (Table 2).

The calculations presented above indicate that 2–3 m of
freshwater (3 psu) has been extracted from the water column
to produce sea ice. However, the observed average mean
thickness of sea ice on the Labrador shelf is�1 m [Ice Cli-
matology Services, 1992]. A possible explanation for this
discrepancy is that sea ice is continuously exported from the
region. As a result, the total amount of sea ice formed at any
given location (reflected in our mass balance calculations)
will be greater than the amount of sea ice present at any
given time. The latter likely corresponds to a quasi steady
state balance between formation and export. It is also pos-
sible that the largerÆ18O-based results reflect advection of
brine-enriched waters from the north where sea ice is gener-
ally thicker. Thus our estimate of sea ice production should
be considered an upper bound.

6.2. Sources of Freshwater in the Labrador Current

Additional isotope measurements from the Labrador
Shelf allow us to resolve the discrepancy between isotope-
derived and hydrographic estimates of freshwater sources
contributing to the Labrador Current. In particular, oxy-
gen isotope data [Chapman and Beardsley, 1989] were used
to rule out a significant freshwater contribution from Baf-
fin Bay, while hydrographic and current meter data suggest
that Baffin Bay might be an important source of freshwater
[Lazier and Wright, 1993;Mertz et al., 1993;Loder et al.,
1998].Chapman and Beardsley[1989] showed that the mix-
ing line forÆ18O–Sfrom the northern Labrador Sea (dashed
line in Figure 6) had a zero-salinity intercept of��220=00
which is characteristic of glacial melt and river runoff along
the West Greenland Coast. In contrast, data from western
Davis Strait and Baffin Bay showed an apparentÆ18OS=0

value of��400=00 and was clearly influenced by sea ice
formation (Figure 6). SinceÆ18O–Sdata from the northern
Labrador Sea showed no effect from sea ice formation, they



Khatiwala et. al.: Freshwater Sources to coastal Northwest Atlantic 9

-2.5

-2.0

-1.5

-1.0

-0.5

0.0

0.5
δ18

O
 (

‰
)

3534333231302928

Salinity

 Northern Labrador Sea (Aug 1977)
 E. Davis Strait (Aug 1977) and 

        W. Greenland Shelf/Slope (Jun 1995)
 W. Davis Strait (Aug 1977)
 Baffin Bay (Sept 1977)
 Labrador Shelf (Jun 1995)
 New Foundland Shelf (Mar, May, Jun, Jul, Oct 1995)

 St. Lawrence
Estuary Water

  Labrador 
Slope Water

LShW

  Average Surface Water
      on Labrador Shelf 

δ18
OS=0 = -22 ‰

Warm Slope Water
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Table 2. Water column inventories of Labrador Sea Water, River Water, and Sea Ice Meltwater

Station Maximum Depth, m Labrador Slope Water River Water Sea Ice Meltwater

1 180 169.6 12.8 -2.5
2 270 258.3 14.8 -3.2
3 140 131.7 10.1 -1.8
4 150 142.4 9.8 -2.2
5 180 171.9 10.3 -2.2
6 230 219.8 11.8 -1.6
7 350 342.2 10.0 -2.2
8 910 909.1 2.0 -1.1

In meters.
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concluded that waters in and north of Davis Strait did not
contribute significantly to the Labrador Current. The wider
geographic coverage of our data shows that sea ice meltwa-
ter is isotopically detectable on the Labrador Shelf (as dis-
cussed in section 5). Furthermore, the persistence of brine
on the Labrador Shelf and the calculations presented in sec-
tion 6.1 suggest an important contribution from Baffin Bay
consistent with hydrographic data [Lazier and Wright, 1993;
Loder et al., 1998].

6.3. Source Waters for Scotian Shelf and Middle
Atlantic Bight

Fairbanks[1982] showed that theÆ18O–salinity proper-
ties of coastal waters in the Gulf of Maine and the Mid-
dle Atlantic Bight are distributed along a “mixing line” be-
tween “Slope Water” and “Scotian Shelf Water” with an
apparent zero-salinity interceptÆ18OS=0��200=00 (Figure
3). Because meteoric water entering the Labrador Sea has a
Æ18O��200=00, he concluded that the freshwater in the Gulf
of Maine, on Georges Bank, and along the Middle Atlantic
Bight was predominantly derived from the Labrador Sea
rather than the St. Lawrence River, as suggested bySutcliffe
et al. [1976]. However, the apparent absence of an isotopic
signature of St. Lawrence River Water (Æ18O��10.30=00)
has been a puzzle.

The greater upstream scope and resolution of the isotope
data presented here identify the contribution from the St.
Lawrence River, as inferred from theÆ18O–S data shown
in Figures 7a–7f. Figure 7a is a plot ofÆ18O–salinity data
from stations south of Newfoundland (section A in Figure
2). TheÆ18O–S relationship closely follows a mixing line
between LShW and SLW. The near-surface data also show
the influence of a third source, either St. Lawrence River
Water or runoff from Newfoundland. Figure 7b is a plot
of data from the eastern Scotian Shelf just south of Cabot
Strait (section B in Figure 2). TheÆ18O–S relationship for
most stations on this section follows a mixing line between
LShW and SLRW with the exception of the two shelf-break
stations (stations 27 and 28). TheÆ18O–Srelationship at sta-
tion 27 appears to follow a mixing line between LShW and
WSW, although the near-surface data once again show the
influence of SLRW. Station 28, farthest offshore, follows a
mixing line between SLW and an apparent freshwater source
with a Æ18O value of��19.30=00 (close to the high-latitude
Arctic River Water end-member defined above). Note, how-
ever, that data from the Labrador Shelf and Slope (upstream
of the Newfoundland and Scotian Shelves) showed that the
Æ18O–Srelationship was distorted by sea ice formation (Fig-
ures 3 and 6). The presence of a high-latitude freshwater
source withÆ18O��210=00was indirectly inferred from our
knowledge of the behavior of oxygen isotopes under the in-

fluence of sea ice formation/melting as well as theÆ18O val-
ues expected in high-latitude runoff. To explain this discrep-
ancy, we propose the following hypothesis. The Labrador
Shelf Water defined here is not simply slope water diluted
by meteoric water but is influenced by sea ice formation and
is therefore saltier because of brine rejection. As it flows
south, the brine-enriched Labrador Shelf Water is freshened
by the addition of St. Lawrence River Water (the resultant
mixture will of course lie on the mixing line between LShW
and SLRW). We then expect theÆ18O–Srelationship of wa-
ters downstream to lie on a “mixing line” between slope wa-
ter and this low-salinity LShW–SLRW mixture. It is impor-
tant to note that the zero-salinity intercept of this mixing line
does not represent a real freshwater end-member. The fact
that it is close to theÆ18O value of a high-latitude fresh-
water source is simply an artifact. The influence of SLRW
and LShW further south on the Scotian Shelf is seen in Fig-
ure 7c (section C, Figure 2). TheÆ18O–S data from the
nearshore station (station 29) are aligned along a “mixing
line” between LShW and SLRW. The properties of waters
deeper than 80 m lie along a “mixing line” between LShW
and SLW. As mentioned in section 5, this vertical structure
is formed in the GSL and maintained all the way to the Sco-
tian Shelf. Farther offshore, theÆ18O–Sdata are distributed
between LShW and WSW, but once again they show the in-
fluence of a fresher dilutent which is a mixture of LShW and
SLRW. Samples collected farther south at the western end of
the Scotian Shelf (Figure 7d; section D in Figure 2) and the
Gulf of Maine (Figures 7e and 7f) no longer show the indi-
vidual influence of LShW and SLRW. TheÆ18O–Sdata ap-
pear to define mixing lines between slope water and a fresh-
water end-member whoseÆ18O ranges between�180=00 and
�210=00. As noted earlier, however, the zero-salinity inter-
cepts are not meaningful and, if interpreted literally, would
appear to imply a single freshwater source for the Scotian
Shelf, Gulf of Maine, and Middle Atlantic Bight originat-
ing at high-latitude, precluding any contribution from the St.
Lawrence River.

We conclude by calculating the relative contributions of
the two main freshwater sources (Arctic River Water and St.
Lawrence River Water) from theÆ18O–S data. The calcu-
lation proceeds in two steps. First, the proportion of Arctic
River Water in LShW is found to be�8%. This is done
by solving equations (1)–(3), with LSW, ARW, and sea ice
meltwater as the three end-members. Second, any water par-
cel downstream of the Labrador Shelf is then considered to
be a mixture of Slope Water, Labrador Shelf Water, and St.
Lawrence River Water. Since the proportion of freshwa-
ter (ARW) in LShW is known, we can compute the rela-
tive contributions of ARW and SLRW in any water parcel.
Table 3 shows the column-integrated proportions of SLRW
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Table 3. Freshwater Contribution From St. Lawrence River Water and Arctic River Water

Station St. Lawrence River Water, % Arctic River Water, %

Section A, Southern Newfoundland Shelf (Nov. 1995)

16 28.9 71.1
18 27.5 72.5
19 18.3 81.7
20 15.1 84.9

Section B, Eastern Scotian Shelf (Nov. 1995)

21 47.4 52.6
22 42.3 57.7
23 32.7 67.3
24 42.1 57.9
25 27 73
26 40.2 59.8
27 23.8 76.2

Section C, Central Scotian Shelf (Nov. 1995)

29 38 62
30 35.2 64.8
31 41.2 58.8
32 34.6 65.4
33 21.6 78.4
34 32.8 67.2

Section D, Western Scotian Shelf (June 1995)

36 42.8 57.2
37 40.8 59.2
38 43.7 56.3
39 42.1 57.9
40 39.7 60.3

Gulf of Maine (June 1995)

41 48.2 51.8
42 47.5 52.5
43 42.6 57.4
44 35.8 64.2
45 40.9 59.1
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Figure 7a. A Æ18O–S plot for various locations along section A, southern Newfoundland Shelf. For station positions, see
Figure 2.

and ARW for stations along sections A, B, C, and D and
in the Gulf of Maine. There are three main results to note.
First, the calculations for sections A, B, and C (occupied
in November) are fairly robust and consistent with what we
might expect from the circulation. For example, stations
16–20 on the southern Newfoundland Shelf show the low-
est proportion of SLRW, and the contribution from SLRW
generally decreases offshore on all three sections. The vari-
ability present is not surprising given the complicated cross-
shelf flow structure. Second,Loder et al.[1998] show that
the southward freshwater transport on the Scotian Shelf is 48
mSv,�1/3 of which (16 mSv) comes from the St. Lawrence
River. Our results for the Scotian Shelf (section C) show that
St. Lawrence River Water contributes�35% of the freshwa-
ter, consistent with the flux estimates ofLoder et al.[1998].
Third, waters on the western Scotian Shelf (section D) and in
the Gulf of Maine show a much higher proportion of SLRW
(40–50%). However, note that these stations were occupied

in June. Thus the difference might be due to the fact that
both St. Lawrence runoff and the flow along the Labrador
Shelf [Lazier and Wright, 1993] vary seasonally with differ-
ent phase lags and also impact downstream regions at differ-
ent advective lags. Additionally, runoff into the GSL also
shows substantial interannual variability [Koutitonsky and
Bugden, 1991]. These complications will be addressed in
future work as more data become available and our knowl-
edge of seasonal variations inÆ18O–Son the Labrador Shelf
is refined. An effort is also underway to collect isotope data
from multiple years to study interannual changes in freshwa-
ter fluxes.

7. Conclusions

It is clear that hydrographic variability in coastal waters
off northeastern North America owes its origins to upstream
fluctuations in various freshwater sources. The oxygen iso-
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Figure 7b. A Æ18O–Splot for various locations along section B, eastern Scotian Shelf. For station positions, see Figure 2.

tope measurements presented in this paper have allowed us
to identify and quantify the primary upstream sources to the
Scotian Shelf, Gulf of Maine, and Middle Atlantic Bight.
These sources are Labrador Shelf Water, St. Lawrence River
Water, and Labrador Slope Water. The two main sources of
freshwater are high-latitude runoff (originating in the Arctic)
and the St. Lawrence River, in a 2:1 ratio. In addition, the
Æ18O data demonstrate the pervasive influence of sea ice on
the Labrador Shelf and identify Baffin Bay as an important
conduit for freshwater from the Arctic Ocean to reach the
Labrador Sea. These results are consistent with the recent
estimates ofLazier and Wright[1993], Mertz et al.[1993],
andLoder et al.[1998], based on salinity, geostrophy, and
current meter measurements.
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