
JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 91, NO. C2, PAGES 2574-2580, FEBRUARY 15, 1986 

Tracing the Amazon Component of Surface Atlantic Water 
Using 8Ra, Salinity and Silica 

WILLARD S. MOORE 

Department of Geology, University of South Carolina, Columbia 

JORGE L. SARMIENTO AND R. M. KEY 

Geophysical Fluid Dynamics Program and Department of Geology and Geophysics, Princeton University, New Jersey 

High 228Ra/226Ra activity ratios characteristic of waters in the Amazon estuary provide a sensitive 
indicator of the presence of these waters in the Atlantic Ocean. A conservative mixing model utilizing the 
228Ra/226Ra activity ratio (AR) tied to absolute measurements in the estuary allows us to estimate that 
20-34% of the surface water east of the Antilles during June, 5-9% from the same area during Decem- 
ber, and 15-20% of the eastern Caribbean surface water during December are derived from the Amazon 
estuary. Differences in 228Ra input occur in response to variable stratification of water near the river 
mouth. During high discharge, intense vertical mixing enriches the water in the estuary in 22SRa. A large 
fraction of this water moves to the north and east of the Antilles, where its relatively high 22SRa/226Ra 
AR distinguishes it over 1500 km from its source. During low discharge (northern hemisphere fall) a 
significant fraction of river water passes northwest of the zone of intense mixing into a vertically stratified 
region where 228Ra gain is lower. This water is transported by the Guiana Current along the coast of 
South America and into the Caribbean. 

1. INTRODUCTION 

River water contains several tracers which enable oceanog- 
raphers to identify its effect on the ocean. Near the point of 
intrusion a turbid plume provides strong visual evidence of 
the presence of river water. Further offshore negative salinity 
and positive silica anomalies are the most common indicators 
of river water in the ocean. In this paper we shall introduce a 
new tracer, the 228Ra/226Ra activity ratio, for identifying river 
water thousands of kilometers from its riverine source. 

Ryther et el. [1967] noted that Amazon River water was 
entrained in the Guiana Current and carried to the north and 

east where its presence could be recognized by anomalous 
salinity and nutrient composition and phytoplanktonic orga- 
nisms. The low salinity and high silica contents were the best 
indicators. Metcalf[1968] proposed that a major interruption 
of the Guiana Current in the vicinity of the Amazon mouth 
allowed low-salinity water derived from the Amazon to pen- 
etrate as much as 650 km into the Atlantic Ocean. 

During the BOMEX expedition, Landis [1971] observed 
low-salinity water (33%o) at 17øN in late July 1969. The 
BOMEX station network was arranged so that salinity con- 
tours clearly indicated that the Amazon River was the source 
of the freshened water. 

Steven and Brooks [1972] determined that at a station near 
Barbados, salinity and silica were inversely correlated at 5- 
and 25-m depths but not at greater depths. Their observations, 
which extended for almost two years, clearly showed that the 
low-salinity water passed the sampling station as distinct 
pulses. Borstad [1982] related salinity differences near Bar- 
bados to meanders of the Guiana Current and noted lowest 

salinities during July-August and highest salinities during 
December-January. 

Froelich et el. [1978] identified low-salinity, high-silica 
water in the central Caribbean, which they attributed to the 
Amazon and Orinoco rivers. Highest salinities were measured 
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during April-May and lowest salinities occurred during late 
October to early November, directly out of phase with the 
observations near Barbados. Through a three-point conserva- 
tive mixing model they were able to determine that at least 
60% of the freshwater in these seasonal signals originated in 
the rivers rather than as precipitation. If silica was non- 
conservative, the relative proportion of river water could be 
even greater. 

Moore [1981] and Elsinger and Moore [1983] demon- 
strated that estuarine processes enrich 2:8Ra in relation to 
::•Ra in the water. In direct measurements of the Amazon 

estuary, Key et al. [1985] measured :28Ra/::•Ra activity 
ratios of 3.2 extending from 12 to 30%0 salinity. At 36%0 the 
activity ratio decreased to 0.39. The a:SRa/2:6Ra activity ratio 
thus provides a sensitive indicator of the presence of Amazon 
River water in the ocean. Once the water leaves the nearshore 

zone, the ratio will only change by decay of ::8Ra (t x/: = 5.7 
yrs.) and mixing. The salinity signal can change by precipi- 
tation and evaporation, and the silica signal can change by 
biological uptake, but these processes have no effect on the 
2:SRa/::•Ra activity ratio. 

2. SAMPLING AND MEASUREMENT TECHNIQUES 

The samples were collected during the North Atlantic Study 
(NAS) and Tropical Atlantic Study (TAS) of the Transient 
Tracers in the Ocean (TTO) project (Figure 1). Surface water 
was sampled by suspending a bag of MnO•-coated fiber (Mn- 
fiber) [Moore, 1976] in the water while on station or passing a 
sample through a column of Mn fiber. This sample was used 
to determine the 2'•8Ra/e'•aRa activity ratio. At some stations, 
30-liter surface water samples were carefully passed through a 
small Mn-fiber column to quantitatively extract •aRa 
[Moore et el., 1985]. 

The •28Ra/•aRa activity ratio was determined by extract- 
ing the Ra from the fiber, coprecipitating with BaSO,•, and 
measuring gamma rays from •8Ra and 2'•6Ra daughters in a 
well-type intrinsic germanium detector or WeGe detector 
[Moore, 1984]. The detector was calibrated using the latest 
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Fig. 1. Map of station locations identified by cruise names' NAS 
legs 1 & 2 (April-May 1981), TAS leg 1 & 2 (December 1982), TAS leg 
4 (March 1983). 

NBS standards. Radium 226 was determined using the pro- 
cedures described by Moore et al. [1985]. 

These procedures allow a rapid assessment of the Ra iso- 
tope content of surface waters. No dedicated ship time and 
relatively little laboratory and counting time are required for 
these analyses. 

3. RESULTS 

The full data for samples reported in this study are available 
from WSM. 

The errors for the ::SRa/Z:6Ra AR are generally < + 5% 
on the basis of a weighted means assessment of three gamma 
ray peaks for each isotope. These errors do not include uncer- 
tainties in the calibration of the detector or the relative uncer- 

tainties of the gamma ray intensity of each peak. Such uncer- 
tainties may add another 2 to 4% to the absolute uncertainty 
of these measurements, but because the samples were mea- 
sured in standard geometry in a single detector, they do not 
affect the relative uncertainties. 

Throughout this d{seussion we refer to changes in ::SRa as 
changes in the ::SRa/ZZ6Ra activity ratio. This is because we 
have a great deal more data on the activity ratios than on the 
absolute ::6Ra activities that we use to compute absolute 
::SRa. We may sacrifice some information by only using ac- 
tivity ratios, but this does not seem to be a major problem. 
We do have excellent control for ::6Ra in the Amazon estuary 
and for the TAS leg 4 samples (Figure 2). The estuary data fall 
very close to a simple mixing line of the freshwater end- 
member and the maximum activity encountered in the estuary 
(21.5%o salinity), and the leg 4 samples fall within a triangle 
formed by this line and another mi.xing line connecting the 
estuary maximum with the offshore end-member. Note that 
for offshore samples the,, Ra varies between 3 and 55 
dpm/100 L, whereas the ::6Ra only varies between 8 and 21 
dpm/100 L. So although a doubling of the ::SRa/ZZ6Ra AR in 

offshore waters corresponds to more than a factor of 2 in- 
crease in 22SRa activity, th.e trend in each isotope is similar. 
Thus, little information is lost using the activity ratio as com- 
pared to the absolute 2:SRa activity. 

During legs 1 and 2 of NAS (April-May 1981) (Figure 3), 
high ::SRa/:26Ra ARs are observed in the 5 southernmost 
stations (16ø-20øN, 55ø-60øW). The rest of the legs 1 & 2 NAS 
samples show a rather consistent AR of 0.4 _+ 0.1. 

During leg 1 of TAS (December 1982) (Figure 3), high ARs 
(>0.8) were measured throughout the eastern Caribbean Sea 
and immediately off the coast of South America; however, 
only moderate values (0.4-0.5) were encountered at the closest 
approach to the NAS leg 2 track where high values had been 
measured in May. Two high values (0.68, 0.74) were measured 
along this track at ~ 10øN, 50øW (Stations 22 and 23) and 
were clearly separated from the high nearshore values by 
waters of lower AR (0.2). At the end of leg 1 the Knorr entered 
the Amazon estuary, and it was here that the very highest 
(> 3) ARs were measured. We refer to this segment of leg 1 as 
the estuary to distinguish the samples collected from the re- 
mainder of TAS leg 1 samples. A full description of the estuary 
transect has been published by Key et al. [1985]. TAS leg 2 
(perpendicular to the South American coast south of the 
Amazon) encountered water with a consistently low AR of 
0.20 + 0.02. 

TAS leg 4 (February 1983) (Figure 3) was parallel to the 
coast of South America, and the water sampled had a range of 
ARs equilvalent to all of the other surface NAS and TAS 
samples. Again, the patchiness of the signal was very evident. 
Samples having ARs of 0.15 and 0.53 were sandwiched be- 
tween samples having ARs of 1.83 and 3.24. 

4. SILICA-SALINITY RELATIONSHIPS 

Significant differences exist in the relation of silica to salini- 
ty. For inshore samples, two distinct trends are evident. Sam- 

Amazon Estuary 

75- TAS leg 4 [] 

60 

E 45 
'O - 

c• 30 

15 

Est y o 

i ! i , .• 

x leg 4 

12 17 
226 Ra dpm/100L 

Fig. 2. Radium 228' radium 226 relationship in the Amazon estuary 
and TAS leg 4 samples collected offshore of the estuary. 
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Data for 228Ra/226Ra activity ratios in surface waters. See Figure 1 for cruise identification and date. 

pies collected in the Amazon estuary from 0-21.5%o salinity 
and reported by Key et al. [1985] and the two most inshore 
samples collected on TAS leg 1 north of the Amazon estuary 
have a silica-salinity (Si-Sal) slope of -3.7 ttm/gm. Samples 
collected in the Amazon estuary at salinities above 22%0, sam- 
ples from TAS leg 1 above 28%0, and all samples from TAS leg 
4 have a Si-Sal slope of only -1.3 ttm/gm (Figure 4). The 
differences encountered in the Amazon estuary were explained 
by Key et al. [1985] as originating from different source re- 
gions with the high-salinity, relatively low silica samples being 
derived from the Para distributary of the Amazon. However, 
Key et al. [1985] point out that higher biological productivity 
above 21%o salinity could be responsible for the differences 
observed. 

Further offshore, more subtle Si-Sal differences are ob- 
served. TAS leg 1 samples in the 34-37%0 salinity range have a 
Si-Sal slope of -1.7 ttm/gm (Figure 5). This slope is almost 
identical to the slope of the TAS leg 1 samples above 28%0 and 
to the slope of -1.6 ttm/gm measured by Froelich et al. 
[1978] in the Caribbean Sea. NAS leg 2 samples have a lower 
gradient of -0.55 ttm/gm, which is similar to a gradient of 
-0.59 ttm/gm reported by Steven and Brooks [1972] for sam- 
ples collected near Barbados. Thus it appears that waters en- 

tering the Caribbean have different Si-Sal relationships from 
low-salinity waters that move to the east of the Antilles. 

On the basis of these data alone it is difficult to determine 

the relative effects of biological activity, freshwater precipi- 
tation, and different source regions in determining the Si-Sal 
relationship. 

5. 228RA/226RA AR-SALINITY RELATIONSHIPS 

A plot of the 228Ra/226Ra AR versus salinity (AR-Sal) in the 
13-37%o salinity range (Figure 6) reveals that the estuary sam- 
ples have an AR which is practically constant at 3.20 + 0.15. 
The low-salinity (20-28%o) TAS leg 1 samples have consider- 
ably lower ARs of 2.17 + 0.10. One of the TAS leg 4 samples 
has an AR of 3.24, the same as the estuary samples, but an- 
other has an AR of 2.23 at a salinity of 27.4%o, the same as 
TAS leg 1 samples of similar salinity. A third low-salinity TAS 
leg 4 sample has an AR falling between these two types. 

In the Amazon estuary, excess 226Ra (the amount above a 
conservative mixing of river and sea waters) is supplied pri- 
marily by desorption from river-borne particles [Key et al., 
1985]. Radium 228 is supplied by this source and by release 
from estuarine sediments. Little 226Ra is derived from estuar- 

ine sediments because its half life (which is proportional to the 
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Fig. 4. Silica-salinity relationships in the 13-37%o salinity range. 

time required for 23øTh in the sediments to generate new 
226Ra activity) is 1600 years. New activity of •8Ra is gener- 
ated in proportion to its 5.7-year half life. Thus sediments that 
are in active contact with estuarine waters lose 226Ra activity 
once but lose 228Ra activity many times before they are buried 
by new sediments. The flux of 228Ra from the estuarine sedi- 
ments elevates the AR to a level determined by the residence 
time of the water in contact with the sediments and the 

•8Ra/2•aRa AR supplied by the sediments (11.2 by Key et 
al.'s estimate). Apparently, the low-salinity waters sampled on 
TAS leg 1 northwest of the estuary had not stayed in contact 
with the estuary sediments long enough to achieve the high 
AR characteristic of the estuarine samples. The TAS leg 4 
samples apparently represent mixtures of waters having high 
and low contact times with estuarine sediments. 

Gibbs [1970] reported that during high-discharge con- 
ditions, no salt wedge entered the Amazon estuary, and turbu- 
lent mixing extended throughout the water column up to 80 
km offshore. During low discharge he noted that the zone of 
vertical mixing extended only 60 km offshore. 

Edmond et al. [1981] found that shoal areas adjacent to the 
Amazon mouth were areas of intense vertical mixing and up- 
welling where the halostratification was broken down and 
nutrient-enriched waters and resuspended detrital sediments 
were introduced to the surface layer. Northwest of the mouth 
the water column was highly stratified with low-salinity sur- 
face waters out of contact with the bottom [Edmond et al., 
1981; DeMaster et al., 1983]. 

Vertical mixing and resuspension of bottom sediments 
should increase the •28Ra/•aRa AR in unstratified waters 
near the Amazon mouth. However, Amazon water that passes 
to the stratified region north of the mouth with limited time in 
the zone of intense mixing should have less 228Ra input and a 
lower AR. This is what we observe. 

In the salinity range 34-37%0 there is a distinct difference in 

the AR-Sal relationship for NAS leg 2 and TAS leg 1 samples 
(Figure 7). Most of the TAS leg 1 samples have significantly 
lower ARs than NAS leg 2 samples of similar salinity. These 
differences may also be explained by postulating that most of 
the TAS leg 1 samples represent an estuarine component that 
left the estuary before receiving maximum 2•SRa input. 

6. UNMIXING THE AMAZON ESTUARY COMPONENT 

If we assume conservation of salt and radium, we can write 
equations which may be solved for various combinations of 
radium isotopes and salinity to yield an estimate of the contri- 
bution of the Amazon estuary to Atlantic and Caribbean sur- 
face waters. We expect these processes to operate on a time 

'scale of months, so we ignore •28Ra decay. 
1. Water conservation Vot,• = Vo½ + V• - (E -- P) defined' 

obs observed value 

oc ocean end-member 

es estuary end-member 
E evaporation 
P precipitation 
f fraction 

[I/o• + • -- (E -- P)] 

[•o• + v;• - (• - 

_(•_ P) 

f•-" = r•o• + v;•- (•- 
Therefore, 

foc q-f• +fe-v '- 1 (1) 
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Fig. 5. Silica-salinity relationships in the 34-379/0o salinity range. 
For TAS leg 1 samples, r e - 0.90, and the slope of the line is --1.70 
•m/gm. Samples 22 and 23 are omitted from this correlation. For 
NAS leg 2 samples, r 2 -- 0.85, and the slope is -0.55 $tm/gm. 
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Salt conservation (The effect of evaporation and precipi- . 

tation are implicit in the foc and fes terms.)' 

SobsVobs-" SocVoc -{- SesVes 

Sobs = So•fo• + Sesfes 

3. Radium conservation, ignoring decay' 

A 22 s Raob • 
ARøbs = A 22•Raob s 

228Raoefo½ + 228Raesfe s 
226Rao•fo • + 226Raesfe,, 

The unknowns are foc, f,s, and fE- r 
We obtain from (2) and (3) 

Søbs [ARobs 226Raoc -- 228Raoc ] 
Soc 

ARob , 226Rae,- 22BRae ' -• 
Soc 

Sob s -- Sesfe s 

(2) 

(3) 

And from (2) 

And from (1) 

oc 

fz-r-- 1-foc-Ls 

Thus by determining end-member activities of 228Ra and 
226Ra in the estuary and ocean and the salinities of these 
end-members, the system is uniquely defined. Figure 8 is a 
map of the estuarine component in the Atlantic and Carib- 

228Raoc = 1.2 _+ 0.2 dpm/100 L 

226Rao½-- 8.90 _ 0.02 dpm/100 L 

We also computed the estuarine fractions using an estuarine 
end-member of 21.50/oo, 228Ra = 74 _+ 2 dpm/100 L, and 
226Ra = 21.7 + 0.4 dpm/100 L. This reduced the computed 
Amazon components in the ocean by about 30%. 

We present this model as an illustration of how 228Ra may 
be used to trace the estuary component. Before a comprehen- 
sive accounting of the Amazon contribution to the surface 
Atlantic may be completed, several factors must be under- 
stood better. For example, do the end-member compositions 
vary with time? Our own measurements suggest that during 
low-flow conditions, water with a lower AR and relatively low 
salinity moves to the north of the estuary. If such an end- 
member were used in the model, the Caribbean surface waters 
with which this end-member appears to mix would have a 
significantly higher component of Amazon estuary water. The 
role of the Orinoco River which may contribute to the Carib- 
bean signal has not been evaluated. Other factors that would 
have to be considered in a comprehensive model are ad- 
ditional inputs and sinks of radium such as diffusion from 
nearshore sediments away from the estuary (although this is 
probably minimal for stratified waters) and radioactive decay. 
Biological utilization of radium should not affect the model 
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Fig. 7. Radium 228/radium 226 AR-salinity relationships in the 
34-37%0 salinity range. For TAS leg 1 samples, r 2 = 0.87 with a slope 
of -0.40 per •. Samples 22 and 23 are omitted from this correlation. 
For NAS leg 2 samples, r • = 0.89 with a slope of -0.34 per •. 
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Map of the estuarine component fe, in the Atlantic and Caribbean surface waters using the model and end- 
members discussed in the text. Note that these data are not synoptic (see Figure 1). 

because the two radium isotopes should be utilized in the 
same AR as they occur; however, biological removal in the 
estuary could change the end-member concentrations. 

7. TEMPORAL VARIABILITY OF THE SIGNALS 

Borstad [1982], in a summary of his measurements and 
those of earlier workers near Barbados, noted maximum sal- 
inities during winter (December-January) and minimum sal- 
inities during summer (July-August). Ryther et al. [1967] 
found that freshwater lenses were restricted to an area fairly 
close to the Brazil coast during October-December, but 
during May-June, freshwater lenses occurred much further 
north. 

In contrast to the observations east of the Antilles, Froelich 

et al. [1978] measured maximum freshening in the Caribbean 
during October-November and highest salinities during 
April-May. 

Our sampling was fortuitously arranged so that we sampled 
the area NE of Barbados during May (NAS leg 2) and entered 
the Caribbean during December (TAS leg 1). Thus we sampled 
each area during the time maximum freshening had histori- 

cally been recorded. We also repeated the sampling of the 
region NE of Barbados during December. 

Our studies support the observations that Amazon River 
injections supply fresh water to the Caribbean during the 
winter when river discharge is a minimum and to the area NE 
of Barbados in the spring and early summer when the river 
discharge is maximum. 

Recent studies of ship drift observations [Richardson and 
McKee, 1985] and high-resolution equatorial models [Philan- 
der and Pacanowski, 1984] show that the near coastal currents 
change quite dramatically with season in association with the 
annual cycle of the North Equatorial Countercurrent. The 
North Equatorial Countercurrent, which occupies the region 
between 5øN and 10øN, is at its maximum in the Northern 
Hemisphere summer and essentially nonexistent in winter 
I-Boisvert, 1967; Garzoli and Katz, 1983; Philander and Paca- 
nowski, 1984; Richardson and McKee, 1985] owing to changes 
in the wind forcing [Garzoli and Katz, 1983]. The Guiana 
Current contributes to the North Equatorial Countercurrent 
during the summertime, with a portion of it turning away 
from the coast toward the east. The freshwater lens referred to 
as the Amazon Anticyclone by Cochrane et al. [1979] forms 
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where the Guiana Current turns offshore during the summer 
and may be related to the presence of eddies in this region 
[Bruce, 1984]. We believe that the variability observed at 
Barbados is also related to the changes in the coastal flow, 
with the lower summertime salinities corresponding to the 
time that the coastal currents develop a stronger eastward 
component. 

Our data indicate that the mixing pathways carrying water 
to each region are different. In high-discharge conditions 
during winter when the North Equatorial Countercurrent is 
very weak, water passes through the estuary where there is 
strong vertical mixing, loss of Si, and maximum gain of 228Ra. 
Water following this path enters the Atlantic and flows to the 
north and east of the Antilles. The alternate pathway is most 
pronounced during the summer. Water of <22%0 salinity is 
carried into a vertically stratified region to the north of the 
estuary where contact with bottom sediments and vertical 
mixing are inhibited. This relatively high silica, low-228Ra 
water is carried by the Guiana Current along the South 
American coast and into the Caribbean. 

As usual, more data would be useful in confirming these 
observations. Nevertheless, the 228Ra data provide a clear sig- 
nature of the source of the freshened waters consistent with 

historical observations. During December, 15-20% of the 
Caribbean surface water was derived from the Amazon estu- 

ary, but only 5-9% of the water near Barbados was from this 
source. During May, 20-34% of the surface water near Bar- 
bados came from the Amazon estuary. Although the data are 
patchy, the signal is quite evident. 

8. CONCLUSIONS 

The 228Ra/226Ra activity ratio provides a sensitive indica- 
tor of the presence of river water in the ocean which may be 
identified thousands of kilometers from the riverinc source. 

Using a conservative mixing model we can estimate the pro- 
portion of Atlantic and Caribbean surface waters originating 
in the Amazon estuary. The transport of these waters responds 
to the seasonal wind and current regimes. 

1. During periods of high Amazon discharge (northern 
hemisphere summer) a large fraction of the river water passes 
through a zone of intense vertical mixing near the river 
mouth. Maximum 228Ra input and silica removal occur 
before this water is transported into the Atlantic, where its 
northward flow causes freshened conditions in the surface 
waters east of the Antilles. 

2. During periods of low Amazon discharge (northern 
hemisphere winter), a large fraction of the river water passes 
to the northwest of the zone of intense mixing into vertically 
stratified waters. The input of 228Ra to these waters is less 
than for waters passing through the zone of intense vertical 
mixing. These waters, which are relatively lower in 
228Ra/2•6Ra AR, are carried by the Guiana Current into the 
Caribbean. 
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