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Abstract. The four naturally occurring Ra isotopes were measured in seawater, river and
groundwater samples collected in a series of small embayments of Ubatuba coastal region,
covering latitudes between 23°26°S and 23°46°S and longitudes between 45°02°'W and 45°11"W,
in order to estimate coastal mixing rates and groundwater discharge fluxes. During the period of
this investigation, the activity concentrations of *’Ra in surface seawater varied from 2.7 to 41
mBq 100 L', **Ra in excess from 8.5 to 624 mBg 100 L', ™ Ra from 131 to 187 mBq 100 L'
and Ra from 109 to 409 mBq 100 L. The activities of *'Ra, ***Ra, ***Ra and **Ra in a
surface river water sample (Escuro River), which reaches the coast on the local area, were 46
mBq 100 L', 954 mBq 100 L', 229 mBq 100 L' and 745 mBq 100 L', respectively.
Groundwater samples from monitoring wells presented activity concentrations up to 2,033 mBq
100 L for **'Ra, 72,540 mBq 100 L™ for “**Ra in excess, 2,722 mBq 100 L" for **Ra and 35,688
mBq 100 L' for **Ra. The “’Ra/"*'Ra activity ratios observed in seawater samples ranged from
0.7x10" to 0.46, whereas **Ra/*Ra AR varied in the interval from 0.6 to 1.9. These results
seems to indicate that Ra isotopes from *Th series prevail in a major number of samples, when
compared with Ra isotopes from By and U series. Based on this data, shore-perpendicular
profiles of *'Ra and “‘Ra in surface waters along the coast were modeled to yield eddy
diffusion coefficients. These coefficients allow an evaluation of cross-shelf transport and provide
further insight on the importance of groundwater to coastal regions.

INTRODUCTION

The fate of contaminants and natural compounds in estuarine and coastal ocean is
determined by a set of biological, geochemical and physical interactions. Although
scientists have a basic understanding of the major sources, sinks, and transformations
for many substances, to assess offshore fluxes of dissolved materials we need to know
coastal water residence times. Until today to quantify residence times in coastal areas
remains as a difficult task, since few methodologies are available to assess water
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exchange in this dynamic region, where currents, waves, tides, river flow and
groundwater discharge usually play together a complex role,

The cycling of Ra in oceans can be considered as the most interesting phase of
radium gsochcmisl?& The fact that in oceans ***Ra and ***Ra exist in excess of their
respective parents, *Th and **2Th (more than tenfold in excess for 26Ra), led some
authors 1o hypothesize that the excess radium was being supplied by diffusion from
deep sea sediments. This hypothesis was later confirmed by deficiencies of the radium
isotopes observed in deep sea sediments. It was recognized the potential of these
isotopes for studying oceanic circulation because they are the only ones amongst other
natural tracers which are injected directly into bottom water from underlying
sediments.

The first measurements of radium in the ocean water were made due not so much to
its radiological significance, but to the promising role of oceanic radium as a tool for
understanding marine geochemical processes. It was Koczy (1958) who first proposed
using Ra as a natural tracer in the ocean for the calculation of vertical diffusion
coefficients in the water column. This was extended later by Koczy & Szabo (1962)
for estimating the renewal time of water masses in the Pacific and Indian Oceans.
Numerous investig}ations have been conducted since then to obtain a fuller
understanding of “*°Ra distributions in the major oceans of the world, with
considerable attention devoted to the variability of *°Ra concentrations with regard to
depth and latitude, correlation with barium, silica concentrations, salinity, eic.
(Broecker er al., 1967).

*2*Ra concentrations in surface seawater (0-500 m) appear to be in a narrow range,
and nearly uniform in the Pacific (0.74-3.7 mBq L") and Atlantic Oceans (0.74-2.96
mBq L'). However, the Indian Ocean has levels of **Ra which cover a narrower
range (1.11-2.22 mBq L"). At the increasing depths, a trend of increasing
concentrations is observed uniformly in all of the oceans, which, according to most
investigators, results from the injection of ***Ra from thorium (***Th) bearing
sediments in the ocean floor.

Reports of an interesting correlation of silica and barium concentrations with those
of Ra in collateral seawater samples have been made by some researchers, calling
attention to the parallel geochemical behavior among these elements. It appears that
radium behavior in the marine environment closely parallels that of barium, both of
which are carried by marine diatoms, which are highly siliceous organisms.

*2Ra concentrations in coastal waters are slightly higher relative to open ocean
water, Radium is released by coastal sediments, which form an important source of
Ra migration to the ocean. This was corroborated by measurements in South
Carolina (USA) by Elsinger & Moore (1980) who concluded that a desorption
mechanism can quantitatively explain the increase of “**Ra in brackish water. Moore
(1981) in his interesting investigations at Chesapeake Bay, demonstrated the clear
influence of salinity on the desorption of ***Ra from particulates: at salinities lower
than 0.5 %o, about 12 % of “**Ra in the water is in the soluble phase, while above 5 %o
salinity, over 80 % is in the dissolved phase.

The spread of ***Ra in coastal waters is more or less uniform (0.74-6.6 mBq L™,
except for estuarine and shelf water in west central Florida. There the %Ra levels can
vary from 1.83 to 53.8 mBq L' for surface water and from 1.83 to 22.0 mBq L' for
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deep water. These high concentrations are attributed to the geology of that area,
known for its rich phosphate deposits, seepage of groundwater and to the existence of
active geothermal springs.

It is generally observed that nearshore water, particularly from restricted bays and
sounds, has higher 2?’Ra levels than does open ocean surface water. However, these
concentrations tend to become lower as one moves away from the coast, thus showing
a close correlation between concentration and proximity to land (coastal activities
ranging from 0.7 to 11.5 mBq L''). Some nearshore Indian coastal waters displays
significant ***Ra levels (13.7-38.1 mBq L™') due to significant occurrence of monazite
sands.

Moore (1969) has discussed the use of **Ra in the oceans as a natural tracer for
studying marine processes occurring within a 3-30 year time-scale. He has also
described the applicability of 28Ra/ 7*Ra activity ratios as tracers for studying lateral
and vertical movements within the ocean.

Nearshore water, such as surface water close to continents and coastal water in
contact with terrigenous sediments were it is observed limited circulation with open
ocean, appear to have very high **Ra/***Ra activity ratios. For example, some of the
highest ***Ra/***Ra ratios (7.1) have been measured in the brackish water of
Mississippi Sound. Similar enhanced ratios have also been observed in Chesapeake
Bay (1.8); Long Island Sound (1.4); Davis Bay, Mississippi (2.5); Narragansett Bay,
Rhode Island (2.0); Wellington Harbour, New Zealand (1.7); Penang Harbour,
Malaysia (2.0) and few other places (Moore, 1969).

When nearshore water mixes with oceanic water, the ***Ra/***Ra ratio goes down.
However, within surface water, large variations in this activity ratio have been
observed by Moore (1969). Atlantic surface water generally has higher ratios than
Pacific surface water. For example, the Atlantic has activity ratios of 0.09-2.41 and the
Pacific 0.011-0.2. According to Moore, the ®Ra/**Ra ratio is determined by a
balance between the supply of **Ra to the water body and the lateral and vertical
mixing rates. The activity ratios in the Atlantic and Pacific Oceans indicate that the
rgixing rate of the surface water is considerably longer than ten year mean life of

The ***Ra/***Ra activity ratios in the surface water of the Mediterranean, Caribbean
and Black Seas are all less than unity and are also in a close range. Inversely, the
surface water of the Indonesian seas show t;}picaliy enhanced ratios, from 0.26 to 3.8,
which is due to considerable diffusion of ““*Ra from the continental shelves. Other
regions such as New York Bight (0.39-1.99), Chesapeake Bay (1.17-4.08),
Kalpakkam, India {2.4-4.9) and Bombag. India (1.6-1.9) further support the fact that
estuarine and coastal water is rich in “**Ra owing to diffusion from nearshore and
estuarine sediments, thereby leading to enhanced ““*Ra/**°Ra ratios, as observed.
Moore (1981), following his studies in Chesapeake Bay on “**Ra and *3Ra flux rates
and comparing his data with those from other bay and estuarine regions, has proposed
that the flux rate of **Ra from the sediments should be greater than that of “**Ra
owing to the faster growth of “*Ra from its parent “°Th and the effects of
bioturbation.

This paper reports the determination of **Ra, ***Ra, ***Ra and **Ra in a series of
small embayments of Ubatuba, Sdc Paulo State-Brazil. The main aim of this
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preliminary work was to apply these isotopes as tracers 1o assess coastal mixing rates
and groundwater input. Concurrent analysis of **Ra in sediment, seawater and
sediment physical properties, besides nutrients improved the evaluation carried out in
this coastal region.

MATERIAL AND METHODS

The field work was carried out during January 2002 (summer), in a series of small
embayments of Ubatuba, covering latitudes between 23°26’S and 23°46’S and
longitudes between 45°02'W and 45°11'W. The main embayments selected 1o be
studied in this project are Flamengo Bay (Ubatuba Marine Laboratory site), Fortaleza
Bay, Mar Virado Bay and Ubatuba Bay (Fig.1).

FIGURE 1. Location of the four embayments studied at Ubatuba coastal area: Flamengo, Fortaleza,
Mar Virado and Ubatuba. Ubatuba county is located 250 km north from Sdo Paulo city, southeastearn
Brazil.

The study area comprises the northernmost part of Sdo Paulo Bight, southeastern
Brazil, and is considered a tropical coastal area. The geological/geomorphologic
characteristics of the area are strongly controlled by the presence of granites and
migmatites of a mountain chain locally called Serra do Mar (altitudes up to 1,000
meters), which reaches the shore in almost all of the study area, and limits the
extension of the drainage systems and of Quaternary coastal plains (Mahiques, 1995).
In most of the area, the sediments contain mainly silt and very fine sand, and few
samples show coarse sand or a clay modal distribution. Wave action is the most
effective hydrodynamic phenomenon responsible for the bottom sedimentary
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processes in the coastal area as well as in the adjacent inner continental shelf. Two
main wave directions affect the area, Waves coming from S-SE are associated to the
passage of cold fronts over the area and are the most important in terms of reworking
of sediments previously deposited. Waves coming from E-NE are mainly generated by
trade winds and also during post-frontal periods and are believed to be important to
the bottom dynamics. The interaction of wave directions with the extension and
orientation of bay mouths and the presence of islands in the inner shelf lead to the
occurrence of sensible variations in the dynamics characteristics of the bays, despite
that they can all be considered as enclosed bays. The terrestrial input of sediments is
strongly dependent on the rainfall regime, leading to a higher contribution of
sediments during summer season. During this period, the advance of the South
Atlantic Central Water (SACW) over the coast leads to the displacement of the
Coastal Water (CW) (Castro Filho et af, 1987), rich in continental suspended
materials, and to the transportation of these sediments to the outer portions of the
continental shelf. During winter, the retreat of the SACW and the decreasing of the
rainy levels restrict the input of sediments from the continental areas. The mean
annual rainfall is roughly 1,803 mm, the maximum rainfall rates being observed in
February. Sea level varies from 0.5 to 1.5 m, the highest values occurring in months
August/September due to greater volume of warm waters of Brazil Current (Mesquita,
1997),

The Ubatuba coastal area is known to be oligo-mesotrophic, because the primary
production is limited by the lack of inorganic compounds of nitrogen and phosphorous
(Braga & Muller, 1998). The region has been reported to receive nutrient inputs by
atmospheric contribution mainly in nitrogenous compounds, and in minor degree by
terrestrial contribution, which limit the local primary production. However, from time
to time, intrusions of nutrient and oxygen-rich South Atlantic Central Water (SACW)
from the open ocean thermocline may reach the shelf edge, and may further be
transferred by coastal upwelling, that is driven by northeasterly winds, providing a
third source of nutrients for primary production.

For the purposes of pre-concentration of Ra isotopes from large volume of seawater
samples described in this paper, Acrylic fibre (Cia. Sudamericana do Brasil, 3.0
denier) was treated with a hot solution of saturated KMnQO, for approximately 10
minutes, The KMnQ, oxidizes specific sites on the acrylic molecule and deposits
MnO; at these sites. The prepared fibre was washed with purified water free of radium
and was kept in plastic bags for use. This produces Mn-fibre having sub-micrometric
sized particles of MnO; chemically bonded to the fibre. The MnO; constitutes 8-10%
by mass of the Mn-fibre. This procedure was conducted in a 5 L beacker scale.

To assess the spatial distribution of the Ra tracers, five shore-perpendicular
transects were sampled in January 2002, the horizontal profiles were collected up to
about 30 km from shore (Fig.2). Large volume seawater samples (196 L) were
pumped from 5 m below the surface into plastic drums on the R/V Velliger ll. The
sample volume was recorded and the seawater was percolated through a column of
manganese coated acrylic fibre to quantitatively remove radium from seawater
(Moore, 1996). Temperature and salinity profiles were obtained at each station using a
2.00” Micro CTD, from Falmouth Scientific Inc. Samples for salinity and nutrients
were also collected in each station.
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FIGURE 2. Location of the horizontal profiles established for Ra isotopes in Ubatuba region {Jan. 2002).

In each profile, samples for the determination of phosphate, silicate, ammonium,
nitrite and nitrate were also collected. Water samples were frozen until time of
analysis. The analytical procedures adopted for these determinations were vanadium
reduction followed by chemiluminescence detection of NOx for nitrate-nitrite, phenate
method for ammonia and ascorbic acid method for phosphate.

In an onshore laboratory each Mn fibre sample was partially dried with a stream of
air and placed in an air circulation system described by Moore & Arnold (1996).
Helium was circulated over the Mn fibre to sweep 2'°Rn and °Rn generated by **‘Ra
and *Ra decay in a 1.1 L scintillation cell. The alpha particles from the decay of
radon and its daughters were recorded by a photomultiplier tube (PMT) attached to the
scintillation cell described previously. Signals from the PMT were routed to a delayed
coincident counter system adapted for Ra measurements (Moore & Arnold, 1996). The
delayed coincidence system utilizes the difference in decay constants of the short-lived
Po daughters of *'*Rn and *Rn to identify alpha particles derived from **’Ra and
**Ra captured on the Mn fiber. The expected error of the short-lived Ra isotope
measurement is 10%.

After completing the Ra and **’Ra measurements, the Mn fibre samples were
aged for 5 weeks to allow excess “*'Ra to equilibrate with ***Th adsorbed to the Mn
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fibre. The samples were measured again to determine ***Th activity and this value was
used to correct the 2**Ra activity to its unsupported activity.

Following these analyses, the Mn fibre was leached in a beaker with 200 mL HCI
under controlled heating, to quantitatively remove the longer-lived Ra isotopes. For
the radiochemical separation of *°Ra and **®Ra, carriers of stable barium (20mg) and
lead (20 mg) were added to the water sample in the presence of 5 mL of | M citric
acid and 5 mL of 40% hydroxylamine hydrochloride solutions. The radium was co-
precipitated as Ba,Pb(Ra)SO; by adding 50 mL of 3 M H;SO,. The precipitate was
dissolved with alkaline EDTA. When the pH is adjusted to 4.5 with glacial acetic acid,
Ba(Ra)SOy is re-precipitated, while interfering elements remain in the solution. The
Ba(Ra)SO, precipitate was transferred to a 2 mL polypropylene tube and sealed to
avoid the escape of *?Rn. ?°Ra and **®Ra were measured by gamma spectrometry of a
Ba(Ra)SO, precipitate in a WeGe well germanium detector, after 21 days from the
precipitation. The detector is a 78 cm’ coaxial intrinsic germanium crystal with a 1 ecm
diameter and 4 cm deep well produced by Princeton Gamma Tech.. The “**Ra
activities were determined by taking the mean activity of three separate photopeaks of
its daughter nuclides: *'*Pb at 295.2 keV and 351.9 keV, and *'*Bj at 609.3 keV. The
*?®Ra content of the samples was determined from the 911 keV and 968 keV gamma-
ray peaks of 28Ac. Both measurements were performed at the Radioisotope
Geochemical Laboratory of the University of South Carolina.

Radium Isotope Disequilibrium to Delineate Coastal Dynamics and
Groundwater Input

In the natural radioactive series, there are four radium isotopes: **Ra (1,2 = 1620
years); *®Ra (t;, = 5.75 vears); “Ra (t;» = 11.3 days); ?*Ra (1, = 3.66 days). Each
isotope is produced from the decay of a thorium parent: *°Th (1,2 = 7.54 x10° years);
P2Th (42 = 1.40x10" years); **'Th (t, = 18.7 days); *Th (2 = 1.91 years),
respectively.

Because thorium remains tightly bound to particles while radium daughters are
mobilized into the marine environment, sediments provide a continuous source of Ra
isotopes to seawater, at rates set by their respective decay constants. Measurements of
the Th isotope activities in the sediments and the distribution coefficient of Ra
between the sediments and water provide a means of quantifying the potential input of
each isotope to the ocean.

Two short-lived radium isotopes *’Ra and **Ra can be used as tracers to measure
the rate of exchange of coastal waters (Moore, 1998). Shore-perpendicular profiles of
2Ra and **Ra in surface waters along the coast may be modeled to yield eddy
diffusion coefficients. Coupling the exchange rate with offshore concentration
gradients, the offshore fluxes of dissolved materials are estimated. For systems in
steady-state, the offshore fluxes must be balanced by new inputs from rivers,
groundwater, sewers or other sources. Also, it was observed that barium and Ra
contents can be powerful indicators of groundwater input in marine systems, since
they have high relative concentrations in the fluids and low reactivity in the coastal
ocean. An estimate of the *°Ra offshore flux is made applying the eddy diffusion
coefficients to the ***Ra offshore gradient. Complementary data of 2Ra in subsurface
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fluids provides a mean of calculate the fluid flux necessary to support the 2Ra
concentrations found in the marine environment.

The Ra distribution may be expressed by a simple one-dimensional horizontal
diffusion model, in which the distribution is in balance between eddy diffusion and
radioactive decay (Moore, 1998):

dd Y|
— =K, — — A4 1
at " oax? M

At the steady-state, this expression can be written as the following:

A, = A, exp [—x Ki;;‘ (2)

Where, A, is the activity at distance x from coast, Ag is the activity at distance zero
from coast, X is the decay constant and Kh is the horizontal eddy diffusion coefficient.

RESULTS AND DISCUSSION

The location of all stations studied as well as the results of the cruise carried out in
January 2002 are shown in Tab. 1 to 8.

During the period of this investigation, the activity concentrations of *“’Ra in
surface seawater varied from 2.7 to 41 mBq 100 L', **Ra in excess from 8.5 to 624
mBq 100 L', ?°Ra from 131 to 187 mBq 100 L' and **Ra from 109 to 409 mBq 100
L. The activities of **’Ra, 24Ra, 7 Ra and *Ra in a surface water sample from
Escuro River, which reaches the coast on Fortaleza bay were 46 mBq 100 L", 954
mBq 100 L', 229 mBq 100 L™ and 745 mBq 100 L', respectively. Groundwater
samples from monitoring wells installed in Flamengo bay (in front of the Marine Lab.)
presented activity concentrations up to 2,033 mqu 100 L' for *’Ra, 72,540 mBq 100
L' for **Ra in excess, 2,722 mBq 100 L for **Ra and 35,688 mBq 100 L' for
8Ra. The **Ra/Ra activity ratios observed in seawater samples ranged from
0.7x10" to 0.46, whereas ***Ra/***Ra AR varied in the interval from 0.6 to 1.9. These
results seems to indicate that Ra isotopes from **>Th series grevail in a major number
of samples, when compared with Ra isotopes from 28 and “°U series.

The **Ra activity concentrations found in surface seawater samples studied at
Ubatuba region are of the same order of magnitude than those reported by other author
in the southeastern coast of United States (typical values from 133 to 283 mBq 100 L

' {(Moore, 1999),




160 04T 8600 8700 S8 Ll £8T £L1 oro (491 Sl 64

90 €L’y 6500 8870 SL 81 S5z Ipi €10 901 vl 8-d
£&ro 8L°C 650°0 (AR ¢l 6'l S0¢ 851 600 Tt Cl L9
09°0 LLE 690°0 6670 <8 9’1 89¢C 891 600 L01 £6 9-d
090 e 600 1070 0l Sl ¥C £91 or'o 9Tl £l c-d
180 [113r4 LZ1'0 120 €9 60 £zl itl €0 N4 8¢ -4
£€°0 96'S . = €7 160 601 611 o $'8 0l £-d
980 6L°C 8600 L0970 9 060 el Lyl o [ LT g
1AL Ll 9600 9100 [ 0l 651 £61 [44\) 67 9 I-d
Jqowd  pjewd  ppowdd  yjewd o) bgw 100y bguw 7 00y bgu 71001 bgw 7 po1 bgw
aeqdsoyd  ABG AN AN Glgy B, /Ply I 2 T Tk L el  ddweg

-g y99sura] wody sajduwies agy U1 PAUIULIFIP SIUILIINT PUE SOUES AJANIE €W/ ©Y PUE  EY/  CY ¢53d 03051 By [BIMIED A1) JO NONELIUDIUO) ‘T FTAVL

0°sT BI0'SE '8 Sr980.5F M 91EPELLTS 961 TOMRL/TT 64
05T CT0'SE £6 SPOB0.SEM 9L6'PELTS 961 ToMuef/zTT -d
st £00°s¢E St 888°90.5PM £E£T9TLTS 961 TOUel/TT -4
05T £00°6¢ ¥yl L69'C0.SPM E1LLEETS 961 TOMUE(/TT 94
€% e0se LA SO P0SPM £91°6E.£TS 961 TOME(/TT c-d
(U814 L16'bE 0T 900°£0.5F M ShE0P-£TS 961 Zoe(/TT +d
el 8vEce ST CEF 1050 M 89 1P:£TS 961 TOMUB(/ZT e-d
(S s €6L°6E 6'LT ySU6SsrbM COT EPaETS 961 TOMUR(/TT d
1'vT LEECE 9°0¢ 6ST LS PN 768 ¥PoLTS 961 Z0/MR[/ZT -4
0.} (nsd) (uny) (1)
aunjesadway Luayjeg 200§ W01} 2D0EISI apnuduo] apmne| aunoaA AEQ sdweg

‘2007 "UE[ ‘SHUAWAEGUID BZ2[ELI0] PUE OPESIA JBJy U29M3q g J29sued ] wodj sajdwes ag) jo uoyedo] [ ATAVL



90 16°¢ ZEro 9z1°0 Ll bz T6€ €91 800 €IS 184 6V
80 w9 9600 9870 09 61 £le L91 Lo el al 3V
P90 S8l 090°0 vo0'l £9 [ L91 44| 090 Il 89 LV
8570 8t 10 €600 SL 8’1 L0t L91 8070 601 L8 9V
050 [£L 8¥0°0 800°0 6 L1 L¥T 6rl P10 STl Ll v
950 £9°C 960°0 50 Pl 7T 0LE 991 900 1§44 LT v
€20 (Y 801°0 000 28 Ll 85T 051 oro Izl €1 eV
80 £9°7 8+0°0 £2L°0 €L | 1z 91 Lo 43 8¢ v
790 809 9£0°0 STF0 61 4 60¥ S9l LO0 vZ9 14 -V
Jrowd — qwd - qowd  ppowd | o1 bguw © 1001 bguw | 7001 bguw 1001 bguw | 7001 bgm
aeydsoyd  yEANS  AUNN AN 4Ly, (2 ) . i B, 2 g P e, ., 2. spdueg

"V s)a3sued ] wodj sa[dutes i) Ul PIUIULIIP SJUILIINU PUE SONEL APALIE | Y/, Y PUE  EY/  BY ‘sad0jos! By [EINIEU 37} JO UONENHUIINO) ‘b FTHV.L

85L760.5F M 679°6T.LTS 961 CO/Me[/ET 6V
6T9°6To57 M LPEPELLTS 961 CO/uBf/el 8-V
SOL F0SF A L6EFEETS 961 COMeL/ET LV
TI6'LO0ST M £0E°TELTS 961 C0/uBf/ET 9V
LS0°60.5V M LTO'TEETS 961 T0/uBf/ET SV
961°0l.5PM £I8°6T.LTS 961 TOMRL/ET v
961 '0lSPM PO6 EEELS 961 CO/UBL/ET £V
0'se 9L1'SE SLOT.SPM Po0'LE.LtTS 961 TOME[/ET v
0'sZ 86L bt 08L LS M 680°TL.£TS 961 TO/UB(/LT v

(20) (nsd) (uny) 1
asmyesadwa] Luyes 2401S WoJJ IUBISI(] apny3uoy apnjye| JwnjoA e apdweg

0'Le -

0'sT t74: 543
092 £91°6¢
0'sZ 51043
05T 148833
09T 12T°%¢
§6T Ly6'vE

— =~ 70~

7007 "UEf ‘SiuawAeq W 03UIWE]] PUE EZI|ELIO] ‘OPRIIA JE[A] IPISUL 'Y $1DISUEL | Wo.j safdwes ag) Jo 0onero| ¢ ITAVL




0670 or'o cIro £5€°0 0L - - - 90 43 91 of
LSO 00y 86070 8E0°0 08 Ll 95T 8l oro 901 0l 8r
ceo 09°C 62070 £8L°0 09 90 601 L81 910 $01 91 L
90 e 8500 000 8 9l 4 %4 8rl v1°0 8 11 o
980 1oy L9070 6£6°0 09 ¥l | 651 o L01 £l ST
L90 L8701 801°0 L8670 4! o'l 86C 861 S10 1€1 61 I
990 S 860°0 9L10 Sl 81 1.2 6F1 110 £6 11 €1
6570 343 8600 vEI0 L Sl SeT 851 810 99 L6 I
870 £0°T 0¥0°0 9910 07 'l 091 161 ¥T0 €T 56 I-f
Jpwd  qewd  qowd  pjowrd 001 bgw 1001 bgu 7001 bguw 1001 baw 7001 bguw
aeqdsoyg  eas AN AEDIN UL, 2 L 2 By 2 e P e, 2 . ajdweg

-[ 199suk. ] Wolj saduIEs 2y} Ul PIUIULIAIIP SHUILINU PUE SONEL AYANIE . B/, BY PUE EY/ FH ‘sad0josi €Y [€N)EU 3G} JO UORENUIDUOD "9 T TAV.L

09¢ (AR I 9PTT0.5tM  T0T'STETS 961 TOMEL/ST 6
0'9C L99°6E £ 8TI'10.5PM  SPST9TLETS 961 C0/e[/ST 8[
0'9C 6EESE S 8P 00.5F M 66L°LTLETS 961 TO/UeL/eT Ll
09T 185°6¢ 8 819°6S.bbM TH8'BTLELS 961 TOME[/ST 91
09T £e9st 11 819'6S.pPM €SP 0ELTS 961 TOMR[/ST St
09T 9786t Sl 981'8S.PPM 1T TELETS 961 CO/UBL/ST ¥I
09z 89¢°¢¢ 0T 660 LSt ELOTSEOELS 961 CTO/MUB[/ST ef
09z 1139591 ST 859 ¢Skt 9TH LELLLS 961 CTO/UB[/ET [
0'sT 8TLGE 0¢ 868'60.StM VLB 1E.LLS 961 TO/MB[/ST [-f
O.) (nsd) (uny) a10qs (1
aimesadwa)  AJuieg  WoJ) RUVEISI apnidoo] apmine] awnjop e ajdweg

“7007 "uer ‘Aeq BQMIEQ[) ‘[ 1925uEL | wou) sajdwes 2y} Jo uoneao] ‘¢ ATAVL



9°0¢ 0£8°60.5tM 99F" 67.£TS or Z0/Uef/9g J9ATY 04ndsH
- P80 L0SPM TI0'0E.LTS 8 CO/UBl/ST 60-Nd
- £60°L0.STM LOD0L.ETS 0l FAVEL VA 80-INd
- LOULOSYM 666°6T.£TS 8 TO/UBf/FL 90-d
- S80°L0.SEM 810°0£.£CS 0l Z0/Me[/ST SO-Nd
- SO L0.S1M CI008.ETS b oy O- N
- SOLOLS M ROO0L.A TS S comese £ 0 W
tIL00S 1M O6O008 8 0S8 b o/ 10 W
0H50°0) 106 0005 1M IR B R e T co/mn/Ee 1o
090°0 £L3005V M V88 1Lt TS 0¢ co/epe £
6L0°0 1687605V A\ £6871£.£TS 0T Co/UBf/$E d
SLO £60°L0.StM TS6'6T.LTS 0¢ CO/UB{/pT 1-d
(nsd) (D
Anunes apn)iduo] apnjne| awnjo A e ajdweg

816

‘7007 "uer ‘uoidal eqnyeq) wouy sajdwes 12aL1 pue 13jempunol3d ay) jo uoned0| L FIAV.L



817

L5 s Ll td Sii (fwre SO0 bso O oI Oy

- 5 ) - 999 0t L91°12 SEo'l 10°0 600 8¢ tivr  60-Nd

= = = - ¥Z9 Ll 86£°C1 £L6 900 Sop'cE £0'C  80-Wd

= = = = 8¢T - - - 200 128°C 65  90-Nd

= - - = 978 88 S66°€T LT 00 659°vE §TS  SO-d

£9°1 LPS vl ol 194! 0¢ 889°CE Z61°1 00 0vsSTL 80v‘1  v0-Nd

§T0 96 8 96 1294 09 £ESpl e 90°0 P91 [£6 t0-Nd

- - - = 0L - - 6LY 00 1zl 6l 10-INd
0T0 & - - e - - - 00 108 £l t-d
1970 'L Il 06 LT - - 891 1o et 9f £-d
ro 12l Il 6'Cl1 £9 - - Fie ¥0°0 196°1 8¢ d
LSO LS tl 9r| 1T - - vt €00 609 91 I-d

Jrouni e ot owl  cpgount g g bgu , 1001 bgu o1 byw 1001 bgu 1001 bgw

aupdson g RILIRITTEN LINN ST TN .:.-: -_w_.‘:.:..zﬁn ...._n:, zw_,.: 5._21;3:HH zxz.r ...~—-: apdmmyg

U321 wqupng () woay sapdwns
JIALE PUE IJEMPUNOST UL PIUINLIZPIP SHUILIINU PUE SO APANIR Y/ WY puv v/ 6 ‘sadojosy vy (rIm)ru 24) JO VONENUIIUO) ‘§ A’ [HV.L



818

The —Ra distribution in surface seawater samples from Transect B showed a
narrow range along the coast. Since the half-life of 26Ra (1.620 y) is comparadle 10
the mean ocean circulation time established from 750 a 1000 years (Broecker & Peng.
1982). the ~°Ra should be very well mixed in seawater (uniform concentratiors along
the coast). Deviation of this behavior is expected to occur only close to the marzns or
the bomom (in this case one positive — Ra signal could be used to idemtify a
groundwater input). In the case of ***Ra. as it has the half-life of 5.7 vears. the
activities are higher close to the margins. decreasing with distance from shore.

In coastal areas the short-lived Ra isotopes. *>Ra and 22Ra, are flushed - the
sediments and are regenerated from their thorium parents in sediments on a timz scale
of days. This provides a continuous source of “*Ra and ***Ra activity to the o\ eriving
seawater that is not accompanied by large additional **Ra and ***Ra, which are
regenerated more slowly. Groundwater discharge directly into sea water may also
provide significant additions of Ra activity to the estuaries and ocean shelf ~ottom
water (Moore, 1996; Rama & Moore, 19961,

Fig. 3 shows the distribution of ***Ra in excess vs. **Ra along the Transect 3. This
horizontal profile was sampled from the surroundings of Mar Virado Island oul 30
km offshore (see Fig.2). This results demonstrate clearly the influence of z second
water mass entering the coastal area during the studied period (Fig. 5-9).
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FIGURE 3. ***Ra in excess v=. —Ra observed in Transect B.
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Concentration {10 moliL)

—o— Nilrate
. —e— Silicate
5 _1 > —a— Phosphae
5 l
'
F\
4
| .
.{ T
| e
3 _" \I'.’. .\\_
1 ~
14 \
]
i
1 A
A ey T
1 e S N
4 1o e 70 25 30

T grance oftshore (xm)
3 Tcarsect January 2007
Betwes V17 v rad0 and Fortalera bays

FIGURE 5. Distribution <7 nutrients along the coast, Transect B.



Ra-223 (mBg/100 L)

Ra-224 in excess (mBg/100 L)

B Transect, Jan 2002 |

2 I
N 35,2 353 354 355

Salinity (ppt)

FIGURE 6. A plot of salinit vs. concentration of ***Ra, Transect B.

)

4

140
120

|
100 ~

o

4

60 o
40 o

20 A

. |§ Transect, Jan 2002

FIGURE 7. A plot of salinity vs. concentration o

T T T T T

T
35,0 et 352 35,3 35,4 35¢

Salinity (ppt)

4 - ~
£ ***Ra in excess, Transect =



—

821

. B Transect, Jan 2002
7 L]
% 5 )
‘B
% 4 -
u -
=
3 -
s
] L]
2 —
-
1 T T T T
348 5.z s 35,2 35,3 354 %5
Salinity (ppt)
FIGURE 8. A pic: of salinity vs. silicate, Transect B.
B~
1 —a— Ra-223
5 —e— Ra-224
\.'_,.'-.‘-—___‘_H.‘_'_____..\\\ -
=4, .
g .
3 1 .
g 3 \ e
E - -
— ~a —~
< ] H"\\_,‘ ,../’."-_. \ //
£ 5 o A .
“a L ]
1 \
14 N "
\ i
4 -
0 \-/
T T T I
5 10 15 20 25 B

Distance offshore (km)
B Transect, January 2002
B etween Mer Virado and F ortaleza bays

FIGURE 9. The distribution of In™ Ra and In"**Ra in excess along the coast. Tnsect B.



822

As it was presented in Fig. 3, there is a strong correlation between the short-.:~2d
Ra isotopes in Transect B (r = 0.94519). However, the same pattern was not obser. 2
for all the samples in a correlation plot of —*Ra vs. ***Ra (r = 0.77287) present=: in
Fig. 4.

Regarding the nutrients, it was found increased silicate concentrations in suTzce
seawater around 25 km offshore (Fig. 5). which can indicates upwelling of a bomor
water mass or submarine groundwater discharge. Although, nitrate and phos:rzate

P

region. classified as oligo-mesotrophic following to the content of (N-P) availer.z 20
the marine ecosystem productivity (Braga & Muller, 1998). Is was not observe: znv

anomalous nitrate concentration in the Transect B samples, which would inzizzte
infiltration of groundwater contaminated by domestic sewage.

for tme locali embayments of Ubatuba. Thus. the silicate signal noticed at 25 «m
offshore can be with great probability due to the passage of SACW close to the cc2st
during the summer.

Fig. 9 shows the distribution of In**Ra and In"“Ra in excess vs. distance ~>m
shore. Theoretically, these concentrations should decrease exponentially with disiznce

e ]

offshore. However, it was observed a slight increase of ***Ra and 2BRa activities 72
25 km. This fact demonstrates again the presence of a second water mass with disznct
characteristics, which could be attributable 10 SACW upwelling or the circu.zzon
pattern of the studied embayments or groundwater discharge. In this case. e
existence of an anti-clockwise eddy in opposition to the passage of ocean currzmis
parallel 10 the coast could carry more fast the short-lived Ra isotopes to this loczzon.
The distribution of In***Ra and In***Ra along the coast for Transect B is presen:22 in

Fig. 10.
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FIGURE 10. The distribution of In***Ra and in ~*Ra along the coast, Transect B.
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The ***Th measurements reveal a marked deficiency of — Th relative to its parent,
3Ra, This indicates the rapid removal of Th from the water column.

Considering the results obtained in the summer 2002. the exchange time of the
surface water masses inside Flamengo, Fortaleza and Mar Virado embayments were
estimated using the activity concentrations of Ra and ~*Ra (small A transects).
Apparent ages calculated by this method reflect the time zlapsed since the water
sample became enriched in Ra and was isolated from the source. This calculations
assumed that 100% of the initial concentration of the Rz isotope present in the
sediments in the near shore region was transferred to the seawater (end-member
fraction=1).

The exchange time obtained using the **’Ra activities were 29.4 days for Flamengo
Bay, 18.8 da%s for Fortaleza Bay and 19.7 days for Mar Virado Bay. Taking into
account the “**Ra activities, these apparent ages were rescectively: 19.9 days for
Flamengo, 7.3 days for Fortaleza and 8.5 days for Mar “irado. However, it is
recommended to use the ages determined from the ~~Ra preriiz across the shelf, since
the lowest half-life of 3.6 days for “*Ra may be less conveniezt for this purposes.

The water exchange time in Flamengo Bay was verified using the activities of **’Ra
normalized to “**Ra activities to correct for mixing. becauss its half life is long with
respect to the mixing time of near shore waters. This final calculation resulted in an
exchange time of 19.4 days for Flamengo Bay. This ages imply that exchange times of
the coastal waters across the bays are rapid, of the order of 27 days during the period
of investigation.

CONCLUSIONS

The application of the four naturally occurring Ra isotopes and an one-dimensional
advection-diffusion model was shown as a tool to assist in 122 interpretation of coastal
ocean circulation and biogeochemistry at Ubatuba region. Since they do not require
steady-state conditions with respect to mixing, this isotor:c technique can supply
useful data which coupled with salinity or any other :racer distributions, provide
powerful constraints to follow the circulation patterns and :ziculate fluxes of several
dissolved materials to the ocean. Obviously, additionz. work during different
conditions shall be carried out to estimate average excrznge times and seasonal
variations.

Once it was indicated and quantified in a previous reszarch work, carried out in
Ubatuba using ***Rn as a tracer, that there is a significant ‘=low of subsurface fluids
at rates in excess of several cm per day in the same embayments studied here (Oliveira
et al., 2003), we intend to use the Ra data set and the r2s:dence times obtained to
perform a mass balance (integrating river and zroundwater end-member
concentrations) to quantify the groundwater input for the same area. This is a research
in progress.

ACKNOWLEDGMENTS

This research work was funded by Fundagdo de Amparc a Pesquisa no Estado de
Sdo Paulo — FAPESP. Project n° 2000/10993-7. We wouid like to tank the crew of



824

R/V Velliger I1. as well as Ana Carolina Garofalo Masini and Patricia da Costa. who
assisted in the sample collection and processing.

8.

9.

REFERENCES

Braga £.5_ Muller. TJ. Continental Shelf Research 18,915-G22 1998),

Broecker. W .St L1 Y.H.; Cromwell, J. Science, 158.1307-1310 (1967).

Broecker. W S: Peng, T.H. Tracers in the Sea. Lzmonh-Doherty Geological Observzory,
Palisades. NY'. 690 pp (1982).

. Castro Fiine. BM., Miranda, L.B., Mivao, S.Y. Boler~ do Instituto Oceanogrdfico. Szo ~zzio,

35(2), 135-151 (1987).

Castro. 3.M.. Miranda, L.B. In: Robinson AR and Brrx KH (eds), The Sea, Vol.11. 27232
(1998). New Yeork John Wiley & Sons.

Elsinger. R.J.: Moore, W.S. Earth Planet Sci. Lert.. 48, 253-249 (1980).

Koczyv. F.F. Natural radium as a tracer in the ocean. Pezerul uses of Atomic Energy (Proc.2" 1t
Conf. Geneva. 1938), Vol.1, United Nations, Geneva (1938).

Koczy. F F: Szabo. B.J. J Oceanogr.Soc.Jpn, 20® Ann ersary volume, 590-599 (1962).

Mahiques. MM, Boletim do Instituto Oceanogrdfico. S3c Paulo, 43(2), 111-122 (1995).

10. Mesgquizz. A.R. Marés, circulag@io e nivel do mar na Cc=a Sudeste do Brasil. Relatorio Funazrra,

Sdo Paulp 11997

11.Moore. W.S. Earth Planet. Sci. Lett., 6(2), 437-446 (19691

12. Moore. W'.S. Esruar.Coast.Shelf Sci., 12, 713-723 (1981 .

13. Moore. W .S. Narure 380, 612-614 (1996).

14. Moore. W .S.. Amold, R. Journal of Geophysical Researz= 101 (C1), 1321-1329 (1996).

15. Moore. W .S, Zarth Planer.Sci. 107(4), 343-349 (1998).

16. Moore. W .S. and Shaw, T.J. J Geophys. Res.Oceans 103. 27 543-21552 (1998).

17. Moore. W S, Marine Chemistry 65, 111-125 (1999).

18.Oliveira. J.: Bumen, W.C.; Mazzilli, B.P.; Braga, E.S.. rarias, L.A.; Chistoff, J.; Furtagz. ' V.

Journal o Emvironmental Radioactivity 69, 37-52 (2003 ).

19. Rama anc Moore. W.S. Geochim. Cosmochim. Acta 60. :243-4252 (1996).



