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Abstract

A detailed hydrographic survey of the water column of the Amazon shelf was performed using stable oxygen and hydrogen isotopes to
determine the source and fate of waters on the skéfO-H,O and 6D measurements were made on water column samples from
approximately 60 stations (three depths per station) which were each collected during four Amasseds (A Multidisciplinary Amazon Shelf
SEDiment Study) cruises: 18909-August 1989, falling river discharge; 19002-March 1990, rising river discharge; 19004-May 1990, peak
discharge; 19113-November 1991, minimum discharge. Isotopes were compared with salinity and temperature measurements in order to
identify water masses and mixing. The characteristics (salinity, temperatd®, 0D andd) are proposed for the following end-number
water masses: river water, open ocean surface water (0—100 m) and open ocean intermediate3@@ter).( River water: salinity = O;
temperatures 27—-29 °C;0*80 = —4.2 to —6.8 per mil)D = —22.1 to —38.9 per mikl = 9.4 to 17.0 per mil (compare t= 10 for Meteoric
Water Line). Open ocean surface water0-100 m): salinity= 35 to 37; temperature 25-29 °C;5*%0 = -1 to +2 per mil;0D =-3.6
to +10.2 per mil. Open ocean intermediate wateBQ0 m): salinity = 34.6 to 35.0; temperature = 4.8 to 9.6 580D = —0.2 to +0.3 per mil;
oD =-8.72 to —0.95 per mil. Amazon river water follows a seasonal isotopic cycle in response to basin hydrologic processes. River water
mixes with equatorial surface ocean water and intermediate ocean waters originating in mid-to-high southern latitudes. Near-surface waters
in the region of North Brazil Current retroflection were identical in isotope—salinity space to waters on the outer shelf during November
1991. © 2002 Ifremer/CNRS/IRD/Editions scientifiques et médicales Elsevier SAS. All rights reserved.

Résumé

Un suivi hydrologique de la colonne d’eau du plateau continental au débouché de '’Amazone a été réalisé en utilisant les isotopes de
I'oxygéne stable et de I'nydrogene pour déterminer I'origine et la destinée des eaux sur la plate-forme. Les mesif@sHig3 et 0D
ont été réalisées a soixante stations (trois niveaux par station) durant quatre campagnes Amasseds (A multidisciplinary Amazon shelf
sediment study) : la premiére en aolt 1989 en période d'apports décroissants, la seconde en mars 1990, quand ces apports croissent, |
troisiéme lors du pic de la décharge (mai 1990) et la derniére en novembre 1991, lors du minimum d’apports. Les isotopes ont été comparés
a la salinité et a la température pour identifier les masses d'eaux et leurs mélanges. L'article propose les caractéristiques (salinité,
température®0, 6D et d pour les masses d'eau suivantes: eau de riviére, eau océanique de surface (0 a 100 m) et eau océanique
intermédiaire ¥ 300 m). Les eaux amazoniennes suivent un cycle saisonnier isotopique en réponse aux processus hydrologiques du bassin.
Les eaux du fleuve se mélangent avec I'eau océanique équatoriale de surface et les eaux intermédiaires originaires des latitudes moyenne
ou élevées de I'hnémisphére Sud. En novembre 1991, les eaux proches de la surface dans la région de rétroflexion du courant Nord du Brésil
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sont identiques, en termes de salinité et de rapports isotopiques, aux eaux a I'extérieur du plateau continental. © 2002
Ifremer/CNRS/IRD/Editions scientifiques et médicales Elsevier SAS. Tous droits réservés.
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1. Introduction

The Amazon is the world's largest river, supplying
approximately one-fifth of the global runoff to the ocean
. The Western Equatorial Atlantic adjacent to
the Amazon shelf is the only known region of large-scale
cross-equatorial heat transport by surface currents
. The river-shelf system is tied into Atlantic salinity
distributions and global ocean circulation. Isotopic identifi-
cation of water masses in the region improves the under-
standing of water mass distributions here. The current study
is the first to systematically address the 0*¥O-sdinity
relationships in shelf waters off the mouth of the Amazon.
The Amazon outflow is so great that estuarine-like condi-
tions are imposed upon the shelf . The genera
observation was made during the four Amasseds cruises that
large event-scale variations in the shelf water column are
superimposed on a seasonal cycle of river discharge and
North Brazil Current (NBC) transport and eastward retrof-
lection. Event-scale changes may be greater in amplitude
than seasonal changes in some cases {Lentz_1995: | entd
bnd | imehurner_1995). The Amazon outflow is advected
into the North Atlantic by the NBC, which runs northwest
along the Amazon Shelf. m showed that the NBC
bifurcates between 4° N and 8° N into the coasta Guiana
Current and a retroflecting North Equatorial Countercurrent
(NECC) from July through September. Recent studies and
modeling have shown that plume behavior is highly coupled
to wind stress as opposed to NBC influencesﬁszﬁb
bnd Chan_1991; Geyer et al 1991 | imehurner and
Bearddey, 1989: lentz and | imehurner, 1995: | entz)
@. Residence time and total storage of fresh water on
the shelf during Amasseds was calculated from sdinity
balances (Limeburner, 1992), with maxima in March
(=380km3® and=22 days) and minima in November
(= 140 km?3) and May (= 15 days).

The Amazon Basin covers an area of about 6.4 mil-
lion km? and contains the largest remaining stand of tropical
rainforest in the world (Salati et al . 1979; Richey ef a |
@. The basin drains about one-third of South America's
land surface, and the main channel, the Urubamba—
Ucayali—Amazon River, is about 6500 km in total length,
with about one thousand tributaries [Salati and Vose, 1984).

Analogous studies in other regions have examined the
080 and oD signals of waters from moderately large rivers
mixing with the ocean. measured the 5180
and oD of 36 North American rivers from Florida to New
Brunswick during April-May 1975. The 5'80-sdlinity mix-

ing lines for coastal waters generally have increasing slope
with increasing latitude. This is because the fresh water
end-member of this mixing line is more depleted in 180 at
higher latitudes, while open ocean isotopic values are fairly
constant. However, in some regions, hydrography of conti-
nental shelves and river basin hydrology can complicate the
simple river—ocean mixing relationship.

2. Materials and methods

Cruises were timed so as to coincide with different river
stages, and will be referred to as such: falling water (August
1989), rising water (March 1990), peak discharge (May
1990) and minimum discharge (November 1991). The
cruises also coincided with different parts of the annual
cycles of modeled NBC flow and windstress. All data
referred to here resulted from measurements and water
samples taken during the large-scale hydrographic survey
(Leg 3) of each cruise by Amasseds researchers. Hydro-
graphic datafrom CTD measurements performed aboard the
RV lselin during the Amasseds cruises were supplied by
DeMaster, Limeburner and Beardsley.

Approximately sixty stations were sampled on each
cruise. Shore-perpendicular transects with stations spaced in
afairly regular manner were followed during the sampling
(Fig. 1). The stations cover a broad spectrum of salinity,
turbidity, depth and energy conditions, and give a represen-
tative picture of the range of water column variability on the
shelf. Several stations were designed to sample particular
features, such as the river mouth, the turbid coastal waters
north of the river mouth, high productivity regions, and
deep waters seaward of the shelf break. At each station,
approximately three depths were sampled: surface, interme-
diate (generally near the base of the halocline), and near-
bottom.

Water samples were collected from hydrocasts by with-
drawal through the Niskin bottle spigots into 60-ml sy-
ringes, then expelled through Whatman 0.45-um GF/F
filters into glass 45-ml serum bottles. Samples were poi-
soned with saturated (7%) HgCl, solution during the bot-
tling, stored out of light, and kept refrigerated. A set of 811
samples (including duplicates) was equilibrated with puri
fied tank CO,, according to amodified version of the method
of Epstein_and Mayeda (1953). During the equilibration
phase, the samples were maintained at 50 £ 0.1 °C, for at
least 12 h, then cryogenically purified through a double trap
system. Isotopic analyses were performed with a Finnigan
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Fig. 1. Station locations for the four Amasseds cruises. The river mouth, the shelf break/upper slope, the river plume, and high turbidity coastal areas north
of the river were included in the shelf survey. All but the outer-most stations are within shelf waters (depth < 200 m).

Mat 251 ratio mass spectrometer with an 18 port computer-
controlled automatic multiple inlet system. Two interna
laboratory standards, NCSU-Smow and IMSL-Smow, were

processed along with the samples in a ratio of approxi-
mately one standard per five samples, with a standard
deviation of approximately o, =+ 0.1 per mil $*¥0g 0
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Analyses for 6D were performed for 66 samples, ap-
proximately equally divided among the four cruises.
Samples with unusua 680 values were analyzed, aswell as
samples representing a range of salinities so as to establish
a oD—salinity mixing line and 6D—-6*0 mixing line for
each cruise. Hydrogen gas for 6D analyses was extracted
according to a modified version of the method of Ealemard

. Approximately 60 mg of special zinc reagent
F-20 (Indiana University, Dept. of Chemistry) was added to
a 9-mm glass breakseal along with a 1-ul glass capillary
tube of sample water. Evacuated sample breakseals were
placed in a 500-°C reaction oven for 30 min to allow
reduction of the water by the zinc, and the resulting
hydrogen gas was analyzed on the mass spectrometer.
Standards were processed at the rate of approximately one
per five samples. Both V-Smow (a distilled international
standard water) and IMSL-Smow (an internal marine stan-
dard water) were used. Precision of standards was approxi-
mately o, =+ 1 per mil.

3. Results

The results of oxygen isotope analyses of Amazon shelf
waters during Amasseds are plotted against salinity (Fig. 2).
For each cruise, the expected linear pattern emerges, with
the isotopically negative fresh river water mixing with
isotopically positive high salinity ocean water. Some data
points show varying degrees of positive and negative
deviations about the mixing lines, indicating the probability
of non-conservative processes (evaporation and precipita-
tion). A plot of 60 vs. depth (Fig. 3) revedls that the
deepest waters actually fall within the range of the isotopic
composition of surface ocean waters, but can be distin-
guished by their much colder temperatures and very narrow
isotopic range.
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Fig. 2. 180 depleted river water mixes with 80 enriched ocean waters on
the shelf. The slope of the mixing line is controlled by the river
end-member, which varies seasonally in response to Amazon Basin
hydrology.
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Fig. 3. Shallow waters show an isotopic range between river and open
ocean values. Deeper waters formed beyond the shelf break are tightly
constrained isotopically.

The following end-member water masses are proposed:

e river water: salinity =0; temperature= 27-29 °C;
00 =-4.2 t0 6.8 per mil; 6D =-22.1 t0-38.9 per
mil; d= 9.4 to 17.0 per mil (compare to d=10 for
Meteoric Water Line).

* open ocean surface water (= 0100 m): salinity = 35 to
37; temperature = 25-29 °C; 680 = -1 to +2 per mil;
0D =-3.6 to +10.2 per mil.

* open ocean intermediate water (= 300 m): salin-
ity=346 to 35.0; temperature=4.8 to 9.6 C;
00 =-0.2 to +0.3 per mil; 6D =-8.72 t0-0.95 per
mil.

4. Discussion and conclusion
4.1. Seasonal cycle of river mouth 620

Seasonal variations occur in the isotopic composition of
the river end-member. Fig. 4 shows the 680 values at the
river mouth superimposed on the annua river discharge
cycle. The 6*80 values obtained for the river end-member
on the Amasseds cruises agree reasonably well with those of

for their 1973-1974 data set, with a slight
phase lag in the seasonal isotopic progression of the newer
data vs. the older data. This may be attributable to interan-
nua and spatial variability, especialy since Amasseds
measurements span three calendar years, rather than repre-
senting one continuous annual cycle. Interannual variations
of about 1.5 per mil 5'80 appear in the data of
for river stations in the Amazon estuary. River water
(at the mouth) 620 is more positive during the rainy season
which includes the rising water period in March and the
peak discharge period in May, than during falling water in
August. This seems to contradict the ‘amount effect’ by
which precipitation and surface water 680 in a particular
location should be more negative during periods of high
precipitation and low evaporation, and more positive during
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Fig. 4. The annua cycle of Amazon River discharge plotted with the annual variation of 6280 at the river mouth during Amasseds. The isotopic signal appears
to be a phase-shifted mirror-image of the discharge cycle. This may be due to the lag time in delivery of isotopicaly depleted western Amazonian waters

to the mouth.

periods of low precipitation and high evaporation which
causes isotopic enrichment of residua waters, as observed
by previous studies in the interior basin, e.g.

. The discrepancy is due to basin residence-induced
lag time of isotopically depleted waters of western Amazon
origin in reaching the mouth after the less isotopically
depleted flood wave from the eastern part of the basin has
aready passed. Some Andean tributaries are as negative
as—9 to —15 per mil (Salati et al , 1980). The magnitude of
river discharge shows a phase lag going downstream, and
the seasonal discharge variation is greater downstream
(Richey et al ., 1989) so that in August during falling water,
waters of upstream (western) origin comprise a greater
proportion of the discharge at the mouth than during the
wetter period of March-May. Ri calculate
atotal of 65 days transit time for the flood wave from Sao
Paulo Olivenca to Obidos, a 2000-km reach. This is based
on residence times of the flood wave at sequentialy
downstream sections of the mainstem, although the flood
wave does not move downstream in a uniform manner. The
actual transit time for an individua parcel of water along
this reach is about one third as great (Deval et al _1987)] as
opposed to the migration of the flood wave, or peak river
level. The additional flood wave transit time for the reach
from Obidos to the mouth (= 700 km) may be about 20
days. Thus western Amazon water from precipitation during
May and June, when precipitation is high and its 6*80 is
generaly more negative, does not reach the mouth in

Ereatest proportion until August. Longinelli and EFdmond

found river water 580 in the downstream reaches
more negative in July, during falling water, than during peak
discharge in May. In November 1991, during the period of

minimum discharge and low precipitation, the river-mouth
080 reached its least negative values. This is due to the
amount effect, as described above, along with the aforemen-
tioned phase lag. In general, the isotopic cycle of the river
mouth is a somewhat phase-shifted mirror-image of the
discharge cycle. The interpretation is strengthened by the
results of 6D analyses of river mouth water, which follow
the relationship determined by the global meteoric mixing
line (6D = 80*0 +10) very closely and also show the most
negative value at falling water. Excess deuterium enrich-
ment (d) is greatest during falling water. This would be
expected, since at this time a greater proportion of river
water comes from the western basin waters which have
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Fig. 5. Samples taken from the NBC retroflection region during November
1991 fall into the 6*80-salinity field of Amazon shelf full marine waters,
indicating that the shelf is the source of these NBC waters.
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Amazon shelf break fall between South Atlantic central water and Antarctic
intermediate water.

undergone extensive recycling and kinetic fractionation,
depleting them along 6D/680 slopes less than 8, the slope
of the Meteoric Water Line as defined by

4.2. Samples from the NBC retroflection area

At the end of the November 1991 cruise, during the
return trip of the RV Iselin to Miami, 13 samples were
collected for 6*80-H,0 and 6D in the general vicinity of the
NBC retroflection (6° 21' N to 10° 46’ N and 43° 46.4' W
to 50° 02" W.) Four samples were collected from depths of
95-98 m, while the rest were collected at a depth of 1-2 m.
The samples represent waters of the NBC, including those
that have resided on the Amazon shelf and contain Amazon
outflow. Surface samples are generally less saline than deep
samples, owing to mixing with low salinity Amazon lenses.
The isotope-salinity coordinates of the NBC samples fall
squarely in the marine end-member range for the November
(minimum discharge) cruise (Fig.5). The association of
NBC retroflection waters with Amazon shelf waters was

previously demonstrated by IMoare and Astwood (1991)]

who measured natural and artificial radium tracers in these
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Fig. 8. 6D—-0*80 dlopes are similar for al seasons, indicating little effect
from shelf residence time or atmospheric processes on isotopic composi-
tion of shelf waters.

waters during July and September 1990 during Amasseds.
Excess 224 Ra (half-life=3.6 days) of 8 dpm 1001 oc-
curred in waters of 31-34 salinity in the retroflection area,
compared with excess 224 Ra of 15-20 dpm 100171 in
waters of similar salinity in the river—ocean mixing zone on
the shelf. Thisindicated atransit time of 5 days for Amazon
waters advected north to the retroflection area, requiring
sustained currents of 50 cm s™. Apparently the stable iso-
topic composition of these waters was not significantly
atered during this transit time. Moore (pers. comm., 1991)
believes that the watersin this region are chiefly of Amazon
shelf origin. This is in agreement with the observations of
previous investigators (Neumann_1969)] regarding the ad-

vection of Amazon waters into the North Atlantic.

4.3. 6*®0, oD and water masses

Surface waters of the shelf record the extent of the river
plume with 680 (Fig. 6). The open ocean surface water is
likely a mixture of local surface and subsurface waters with
subtropical intermediate water (SIW). Available data repre-
senting SIW [Craig and Gordon, 1965) indicate that it
should fall in the range of 620 +0.5 to +1.0 per mil. T-S
characteristics of Amasseds samples above 24 °C corre-
spond well to SIW, as defined in [Sverdrup, Johnson and
Eleming (1946). The Amasseds samples taken

from = 300 m and deeper seem to be continuousin T-S and
0'80-S space (Fig. 7a, b) with the gradation of South
Atlantic central water into Antarctic intermediate water.
Values of 6D are plotted against 680 in Fig. 8. Some
samples showed evidence of excess evaporation resulting in
kinetic fractionation and enrichment of residual waters
along 0D/0*0 dopes less than that for the 6D vs. 6180
mixing line for that cruise. However, these plots indicate
little overall atmospheric modification of surface waters on
the shelf, such that their properties are not significantly
determined by their residence time on the shelf.
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In conclusion, Amazon River water mixes in conserva-
tive fashion with surface and intermediate ocean waters on
the shelf, with minimal modification by atmospheric pro-
cesses on the shelf. The seasonal cycle of river mouth 6180
is likely controlled by a combination of amount effect and
lag time for isotopically depleted western basin waters to
reach the mouth. Ocean intermediate waters appear to
represent South Atlantic central water mixing with Antarctic
intermediate water.
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