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Interaction with Nutrients and 
Organic Ligand 
Ocean Region 

in a South Pacific 
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HUGO PINOCHET C. 
Chemical Institute, Catholic University of Valparaiso. P. 0. Box 4059, 
Valparaiso, Chile 

(Received 9 M a y  1988; in Jnalfonn 16 June 1988) 

Dissolved cadmium, copper and lead present as labile complexes and non-labile 
complexes with organic ligand evaluated by anodic stripping voltammetry a t  natural 
pH and pH 2, with and without UV radiation, in surface sea water in the Valparaiso 
Bay. The vertical profiles of these trace metals levels and the phosphate, nitrate and 
dissolved oxygen were also determined for samples collected in the ocean at 22 miles 
ON the coast. The cadmium profiles resemble those of nitrate more than those of 
phosphate and dissolved oxygen. Better correlation for plotted metal concentration 
versus nutrients concentration was established for cadmium nitrates. 

The complexation capacity ofcoast natural seat water was studied for Cu+l in samples 
which have not been subjected to any pretreatment except the 0.45 pm filtration. In order 
to obtain information about heavy metal biodisponsibility in presence of anthropogenic 
organic ligand (nitrilotriacetic acid) the stability constant for Pb(I1)-NTA complex was 
determinated in the same sea water samples, at natural pH. 

KEY WORDS: Surface sea water, cadmium, copper, lead, anodic stripping 
voltammetry, vertical profiles. 

I NTRODU CTl ON 
The systematic application of voltammetry in all branches of aquatic 
trace metal chemistry has yielded, in recent years, a substantial amount 
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316 I. DE GREGORI H., D. DELGADO D. AND H. PINOCHET C. 

of reliable data and extended greatly the knowledge on the levels, fate 
and behaviour of important toxic trace metals in the oceans coastal 
water and generally in the aquatic environment. Dissolved trace metals 
exert divers toxic effects, depending on their chemical form, on different 
types of organisms perturbing the ecosystems. 1-6 

As consequence of increasing emissions from anthrophogenic sources 
(metal ore mining, processing and usage of metals fossil fuel burning, 
fungicides, fertilizers, municipal wastes sewage) the general abundance 
of toxic metals in certain parts of the world has reached intolerable and 
hazardous levels. Special feature of toxic metals is that they are not 
biodegradable and have a pronounced tendency to be accumulated in 
vital organs. Thus, once they have entered the environment, their 
potential toxicity is controlled to a large extent by their physico- 
chemical form. 

Within the biogeochemical cycle, the sea has the important function 
to act as pseudo-sink with continuous inputs by rivers, continental run 
off and via the atmosphere in the form of wet and dry deposition. 
Particularly vulnerable to toxic metal pollution are the coastal zones 
and estuaries; they are the areas from which a substantial part of marine 
food originates and where a future improved sea food production by 
large scale aqua culture and fish farming is to take place. Therefore the 
reliable determination of the overall concentrations of dissolved toxic 
trace metals is an important task in the research on base line distribution 
and in surveillance on heavy metal pollution of the marine environment. 
In this context the speciation of dissolved heavy metals as function of the 
basic parameters of natural waters (salinity, pH, oxygen levels, nutrients 
concentration, depth and composition of dissolved organic materials) 
has a great significance. The dissolved state is the predominant phase of 
exchange, uptake and release by suspended particulates, sediments and 
aquatic organisms at various trophic  level^.'-^*^ 

This is a very important research field for which the voltammetric 
approach, due to its inherent properties and well recognized 
potentialities, has gained a prominent position in recent  year^.'*^*^-*^ 
Although a great number of research on the concentration distribution 
and speciation of heavy metals in sea water have been carried out on 
several oceans, little information are available for the South Pacific 
Ocean, specially the region surrounded the large coastal areas of Chile, a 
country with high production of sea foods.21 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
8
:
5
8
 
1
8
 
J
a
n
u
a
r
y
 
2
0
1
1



TOXIC METALS IN SURFACE SEA WATER 317 

This paper reports a voltammetric study on the concentration levels 
and speciation of dissolved lead, copper and cadmium in sea water 
samples taken from Valparaiso Bay (Chile). Their correlation with 
phosphates and nitrates and dissolved oxygen are also considered. 

The investigation was extended to determine the complexation 
capacity of sea water for Cu(I1) and to evaluate, in this medium, the 
conditional constant K' of Pb (I1 j N T A  (nitriio-triaceticacid), a 
chelator that has not only model character but may also occur as 
pollutant in natural waters.'. 22-31 These are only some of the parameters 
of a natural water which are conveniently determined by voltametric 
techniques. 1.9.1 1.1 3.1 6.20.25-58 

EX P E R I M E NTA L 

Sampling and treatment 

The respective sampling procedure depends on the region where the 
samples were collected and the analysis to be undertaken. All sampling 
flasks and materials were acid cleaned, rinsed with Milli Q water and 
stored inside polyethylene bags up to the moment of sampling. 

For heavy metals determination and speciation the sea water samples 
were collected manually on coastal areas at about 50 cm below the water 
line, with polyethylene flasks at several stations in the Valparaiso Bay, 
from May 1981 to June 1983 (Fig. 1). This Bay is surrounded by 
Valparaiso and Viiia del Mar cities and receives the Aconcagua river 
and industrial and domestic wastes. 

Sample were pressure filtered through 0.45 pm membrane filters. The 
membrane and the filter system were subjected, before use, to a 
scrupulous cleaning procedure and were conditioned with the same 
water sample. In this natural pH filtrate, the concentration of labile 
heavy metal was determinated. Subsequently an aliquot of filtrate was 
acidified with concentrated HCl (suprapure Merck) to pH 2 and another 
aliquot was subjected to UV irradiation in a closed quartz flask to 
release the trace metals bound to organic matter.1.2.4.5*' 1~16*29.30*39-41 

The non-labile species were decomposed by photolysis. 100 ml of sample 
was picked up with 100 pl of H20,(30 %) and was irradiated overnight 
with a UV light from a 150 W mercury arc 

Determination of heavy metals was performed in the sample acidified 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
8
:
5
8
 
1
8
 
J
a
n
u
a
r
y
 
2
0
1
1



318 I. DE GREGORI H., D. DELGADO D. AND H. PINOCHET C. 

Figure 1 Map showing stations of sea water sampling at Valparaiso Bay, Chile. 

to pH 2 or pretreated by irradiation. If the analysis was not carried out 
immediately, the filtered samples were stored at -20°C until they were 
analysed. 

The samples from deeper waters, used to obtain the vertical profiles of 
trace metals and nutrients, were collected 22 miles of the coast (32'45' S, 
72'00' W) during three different Valparaiso Cruises (August, October 
and December 1982), financed by the National Oceanographic. 
Committee. Samples were collected with precleaned Niskin sampler. 
For heavy metals determination an aliquot was transferred into a 
polyethylene flask and immediately acidified to pH 2 with HCl and then 
stored at -20°C. These samples were not filtered because the amount of 
suspended particulate matter was negligible and the contamination risk 
in the ship had to be minimized. The aliquot for nutrient determination 
was preserved by addition of CHCl, and stored in dark at 4°C at natural 

Complexation capacity and conditional constant determination were 
carried out immediately after sampling using water samples collected 
manually in coastal areas which had not been subjected to any 
pretreatment than filtration. 

PH. 
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TOXIC METALS IN SURFACE SEA WATER 319 

Voltammetric determination of heavy metals 

The determination of heavy metals was carried out by anodic stripping 
voltammetry (ASV) or by differential pulse anodic stripping 
voltammetry (DPASV) at mercury film electrode, formed in situ, on a 
glassy carbon electrode with either a Tacussel electrochemistry system 
or with a Ladem pulse polarograph (made in the electronic laboratory of 
Catholic University of Valparaiso, Chile). A 25 ml of sample was placed 
in the electrolysis cell (with three electrodes system), the solution was 
spiked with 2004 of Hg+’ (l.OgI-’), and then deaereated with purified 
nitrogen. During the cathodic deposition stage the potential electrode 
was kept at - 1.0 V (SCE) with the electrode rotating at 2500 rpm 
during variable times, depending on the concentration of heavy metals. 
Then the rotation was stopped and a quiescent period of 30 s followed. 
The stripping voltammogram was then obtained in the quiet solution by 
ASV or DPASV while the potential was scanned to -0.1 V. 

In the differential pulse mode the parameters were: pulse height 
50 mV, pulse repetition time 0.2 s, pulse duration time 20 ms and scan 
rate 5mVs-I. After oxidation, the electrode was rotated and the 
potential held at -0.1V for 3min. The metals concentration was 
evaluated by standard addition with decreasing deposition time. The 
mercury film was removed when a new aliquot was going to be analysed. 

Complexation capacity was evaluated using a hanging mercury drop 
electrode. Cathodic deposition of unchelated copper (11) was performed 
at -0.9 V and the DPSAV peak was recorded after successive addition 
of c u  + 2. 

The conditional stability constant K’ was determined with a mercury 
film electrode previously obtained in other electrochemical cell, 
containing 2 x M Hg’’ in 0.5 M KCl. For this experiment, the sea 
water sample was spiked with 2 x M Pb+2 and the corresponding 
reversible DPASV response of unchelated Pb(I1) was recorded. 
Subsequently, increasing concentration of the chelating ligand NTA 
were added and the corresponding decreasing peak of labile Pb was 
recorded, after an equilibration period of 30 min. This time had been 
determined in a preliminary study on the kinetics of complex (Pb(I1)- 
NTA formation in sea water, which showed that equilibrium was 
attained with this time. 
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320 I. DE GREGORI H., D. DELGADO D. AND H. PINOCHET C. 

Nutrient and dissolved oxygen determination 

Nutrients were determined spectrophotometrically using an auto- 
analyser LADEM ECMA (built in the Catholic University, Valparaiso). 
Phosphate determination was realized by phosphomolydate complex 
formation using hydrazine as reducing agent.44 Nitrates were previously 
reduced to nitrites in a copperized cadmium column and then treated 
with sulfanilamide and n-napht~lamine.~~ The measurements were 
made at 885 nm and 543 nm respectively in a 5.0 cm path length cell. 
Dissolved oxygen was analyzed using the Carpenter modification to the 
Winkler method.46 

RESULTS AND DISCUSSION 

Conditions for the electrochemical determination were studied in order 
to improve the sensitivity and reproducibility of the method. The 
dependance of the peak current (ip) on the electrode deposition time 
(td), metal concentration, scan rate (v), electrolytic deposition potential 
(Ep), rotation speed of the electrode, the pulse height and amplitude, 
and pulse repetition time were studied in order to corroborate first the 
theoretical relations for ASV and DPASV and then to choose the 
experimental conditions for sea water analysis. 

The general analytical procedure for sea water samples is summarized 
in Fig. 2 and was applied in samples collected in Valparaiso bay. The 
dissolved heavy metal concentration determinated at natural pH in the 
sea water sample represents the labile complex species and hydrated 
cations. This species yields, on ASV or DPASV, a common reversible 
response. When additional amount of a heavy metal is determined after 
acidification to pH 2, it corresponds to the fraction which is released 
from complexes with the dissolved organic matter (DOM) components 
or from colloids by exchange processes with H 3 0 +  i ~ n s . l * ~ * ~  1*16*29.30.43 

The results obtained are shown in Table I and are in accordance with 
this postulate. Samples taken at SM station where higher concentration 
differences are observed reflect the effect of municipal waste discharge. 

When the acidified filtrate is subjected to UV irradiation, dissolved 
organic matter is decomposed by photolysis and the heavy metals 
released can be determinated as labile complexes. The results of the third 
column of Table I show that in general these values are higher than those 
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Filtrate at 
Natural pH - 

reported at natural pH and pH 2, particularly for Cu(I1) and Pb(I1) in 
SM station. These results are in accord with the biological activity 
measured as total coliform bacterias per 100ml (TC/100 ml) in the same 
sample. The values of TC/100ml observed were ( 3 - 8 ) ~  10’; (0.6 
6) x lo4 and (0.5-4) x lo4 for stations R, RA and SM respectively. 

On average, the results presented in Table I are higher than those 
reported for sea waters of other coastal area~.~’-~O However, higher 
concentrations have been reported in polluted coastal marine waters 
including (ng kg-’) Cd(5-452), Pb( 18-2420), (Cu( 130-3600); Cd( 13- 

V 
u.V. irradiation 

3 V 
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322 I. DE GREGORI H., D. DELGADO D. AND H. PINOCHET C. 

Table I Heavy metal trace levels in Valparaiso sea coastal waters. Range 
values in the dissolved state (pel-') for samples collected during 3 years 
(198 1-1983) 

Heavy metal Srarion Natural pH pH 2 pH2 with UV 
irradiation 

RA 0.2 -0.3 0.2 4 . 4  
RAM 0.060.2 0.07-0.5 0.07-0.5 

Cd(I1) R 0.060.3 0.12-0.4 0.1 -0.6 
SM 0.09-0.3 0.12-0.4 0.1 -0.4 

RA 0.5 -1.6 0.5 -3.2 0.7 4 . 8  
RAM 0.2 -3.5 0.5 -3.9 0.4 4 . 1  

Pb(I1) R 0.3 -1.6 0.3 -1.8 0.3 -2.4 
SM 0 ~ 8 3 1 . ~ 1  0.4 4 . 5  

RA 0.8 -3.0 2.4 4 . 6  2.5 -7.1 
RAM 0.6 -2.3 0.6 -8.3 3.8 -9.6 

CU(I1) R 0.7 -2.4 1.0 -2.6 1.0 -3.8 

*Not detected in the experiments1 condition. 

390), Pb(41-7500), Cu(340-15 050) and Pb( 100040 OOO), Cu( 1000- 
41 OOO) in the Ligurian and North Tyrrhenian (Mediterranean sea), for 
Belgian and Dutch coast and for Kitakyushy District in Japan, 
r e s p e c t i ~ e l y . ~ * ~ . ~ ~  The large scatter and high values founded for Pb and 
Cu in surface waters should be due to suspended particles and sediments 
incorporated to the medium by antrophogenic sources and atmospheric 
contribution arising from the cities. 

From the data obtained for distribution of heavy metals in sea water it 
is known that copper levels are higher than other metals. The copper 
enrichment in this Pacific ocean region should be explained by its 
proximity to a continental area close to copper mines where this metal is 
recovered and refined. It may have also a volcanic origin. 

The highest concentration of metals is usually associated with local 
point sources of metal emission. The atmosphere, rivers and drainage 
contaminated by mining and smelting activities represent a very 
important medium in the global dispersion of environmental metal 
pollutants. This fact is reflected specially at the mouth of Aconcagua 
river (station RA and RAM) where highest values for copper where 
obtained. 
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TOXIC METALS IN SURFACE SEA WATER 323 
TaMe 11 Heavy metal levels for sea water samples at pH2, 
collected the same month during 3 years (June 1981-1983), 
(average in pgl-') 

Station Heavy metal Years 
198 1 1982 1983 

Cd(I1) 0.17 0.09 0.12 
RA Pb(I1) 0.9 0.5 1.2 

Cu(H1) 3.8 1.7 6.5 

Cd(I1) 0.18 0.12 0.13 
RAM Pb(I1) 1 . 1  0.3 0.9 

Cu(I1) 4.1 2.2 8.1 

CdOI) 0.10 0.12 0.13 

CU(I1) 0.13 1 .o 1.3 
R Pb(I1) 0.3 1.4 1 .o 

Cd(I1) 0.15 0.12 0.10 
SM Pb(I1) 0.4 0.5 0.8 

Cu(I1) 0.9 2.7 1.9 

This was attributed to the proximity of this river to a copper mining 
and smelting area and a petrochemical factory. In general the copper 
concentrations showed considerable variation between the sampling. 
This behaviour was not observed for Cd(I1) and Pb(I1). (See Table 11). 

The values obtained for the surface metal concentration at different 
distances from the coast (station BV-5, BV-6 and the station at 22 miles) 
decrease in the direction of the open sea, reflecting the dilution effect 
(Table 111). 

Depth profiles of nutrients, dissolved oxygen and heavy 
metals 

Depth profiles for nutrients like nitrates, phosphates and dissolved 
oxygen obtained for samples collected at 22 miles from the coast are 
showed in Fig. 3. 

Profiles for nitrate and phosphate are similar. The levels are low in the 
surface zone due to nutrient consumption by phytoplankton, increase 
sharply to about 450m, and from 500m down to the bottom the 
nutrient concentrations increase marginally. Dissolved oxygen in 
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Table 111 Heavy metal levels for sea water samples collected the same day at different 
distances of coast (pg I - ' )  

1. DE GREGORI H., D. DELGADO D. AND H. PINOCHET C. 

Station Natural p H  PH 2 
Cd Pb cu Cd P b  cu 

M 0.06 0.7 3.3 0.07 2.1 5.8 
BV 5 0.04 0.5 1.5 0.06 1.2 3.3 
BV 6 0.03 0.3 1 .o 0.05 0.6 1.9 
22 miles 0.04 0.3 1.2 
(32"45'S, 72"W W) 

All sample wm acidified 
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Figre 3 Depth profiles for nutrients nitrate, phosphate and dissolved oxygen for 
samples collected at 22 miles from coast (32'45' S-72"W W). 

contrast with nitrates and phosphates, decreases to very low value at 
about 200 m and increases below 400 m slowly towards the bottom. 
Similar profiles have been reported by other  author^.'*'^^^^ 

Differences between nutrient concentration depending on depth, can 
be explained by the presence of different water masses with their own 
characteristics. In surface waters of subantartic origin nutrients 
concentration are low due to photosynthetic activity, but in deeper 
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Figure4 Depth profiies for heavy metals Cd(II), Pb(I1) and Cu(I1) for samples collected 
at 22 miles from coast (32"45'S, 72"W W). 

waters where phytoplanckton decrease and biochemical decomposition 
process increase, nutrients enrichment was observed. 

Between 150450m exists an Ecuatorial water mass arising from 
Peru, with a greater salinity, a smaller dissolved oxygen concentration 
and higher nutrient concentration which could explain the before 
mentioned variations. Nurnberg et aLS7 in a study on the distribution of 
heavy metals in the Atlantic and Pacific oceans also found that waters 
into the Peru current are rich in nutrients. 

Below 450 m to 700 m we found an Antartic water mass that presents 
a dissolved oxygen enrichment, decreasing salinity and nutrient 
concent ration. 

Vertical distribution of Cd(II), Pb(I1) and Cu(I1) concentration are 
showed in Fig. 4. Similar profiles for these metals were founded by other 
authors in other oceans.1~s~17~52~s4~56~s8~s9 

In surface waters the phytoplankton growth is stimulated by nutrient 
availability followed by uptake of Cd(I1) that causes significantly lower 
dissolved cadmium concentration, showing then tendency towards 
increasing values with depth. Similar profile for Cd was found by 
Nurnberg et al.57 in other Pacific region (01'09'Sm 115'20'W). In 
contrast to nutrients and cadmium, lead has a completely different 
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326 I. DE GREGORI H., D. DELGADO D. AND H. PINOCHET C. 

behaviour and decrease with depth. The large scatter and high values 
founded for Pb and Cu in surface water to 150m should be due to 
previously mentioned reasons. 

Summarizing it was found that only nitrate, phosphate, dissolved 
oxygen and Cadmium present well defined profiles. Cadmium depth 
profile closely parallel the distribution of nitrate and phosphate. When 
Cd were plotted against NO; and PO-,' concentrations a better 
correlation was established for Cd-NC3. The resulting equation was: Cd 
ngl-' = - 13.8 + 3.51 (NO;) (pM) with a correlation coefficient of 0.93 
(n = 14). Similar results had been also reported by other authors in other 
Ocean profiles.'*s~s2*s3*56.57,58 Although this type of pattern is quite 
general, it shows in quantity significant dissimilarity in different parts of 
the ocean. Nurnberg et al.,s7 for example, had proposed that the 
significantly higher levels of Cu, Pb, and Cd founded in depth profiles in 
the North Atlantic compared with the Pacific Ocean correspond to 
global trends in atmospheric pollution transport and they found a 
significant increase of Cd contents from the surface to depth in the 
Pacific Ocean. 

Complexion capacity and conditional constant 
determination 

A diagnostic approach to clarify the speciation capabilities of a natural 
water type is the complexation capacity determination. This is an 
empirical entity and was determined with the methodology proposed by 
Duinker and Kramer' ' and Numberg.'*'' The complexation capacity 
corresponds to the equivalence point of the titration curve of a natural 
water with a metal standard solution, recording the metal peak height 
after each addition of metal solution. Copper(I1) was used as titrant for 
its tendency to form rather stable complexes with many organic 
ligands'*4*'3~'6~20~26*30*32~33~37~43 and for its abundance in the coastal 
areas of this Pacific Ocean region. The titration of samplescollected at R 
and SM station were carried out, because they were the stations with 
lower and higher number of total coliform ml-' respectively and their 
overall concentration of dissolved organic matter should must be 
different. 

The results obtained for R station in samples at natural pH and pH 2 
are shown in figure 5 .  The titration curve at natural pH present two 
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I . L  L , , . ~L L- 

4Q 80 120 160 

pICu(ll)/(l mgl-’) 

Figure 5 Determination of complexation capacity by voltammetric measurement. 
Titration graph for sea water sample at natural pH (0) and for the sample at pH 2 (0). 

branches with different slopes (2.5 and 4.0 nA pl- ’ respectively). In the 
first branche, a fraction of CU” added is bound by organic ligands 
forming non-labile species. The voltammetric peak correspond to Cu +’ 
not bounded. When the whole amount of dissolved organic matter 
(DOM) able to bind Cu” has been consumed the second branch is 
obtained. The crossing point of two branches is the equivalence point, 
this behaviour, is not observable at pH 2 where the non-labile complexes 
are not stable. The complexation capacity of sea water for copper 
dissappears at low pH. 

The complexation capacity determined for R and SM stations were 2 
and 24pg 1-’ Cu” respectively and they are included in the range 
values obtained for sea water  sample^.^.' 

They are also in accordance with the results found for total coliform in 
the same samples. The high value of SM station is caused, undoubtedly, 
by a domestic waste discharge close to this station. This is not the case 
for R. station. 

The other diagnostic approach, that has been obtained applying the 
voltammetric techniques in respect to non labile heavy metal complexes 
MeLm formed with organic ligands, is to determine the ligand 
concentration (L) required to achieve a certain degree of complexation 
under the effects exerted by the major chemical properties of the studied 
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% pbx ' * O E  40 0 11 

-9 -7 -5 

Figire 6 Relation between percentage of unchelated PbC2 (present as labile complexes) 
and logarithm of chelating ligand concentration. 

synthetic solution 0.55 KCI suprapur, pH 5. 
0 sea water sample at natural pH. 

natural water type (salinity and pH). At 50 % chelation the reciprocal of 
total ligand concentration correspond to K'.25-38*47 In order to 
corroborate the validity of this model, pK' for Pb(I1)-NTA complex was 
determinated in 0.55 M NaCl, pH 5 synthetic medium, Fig. 6. The value 
obtained 4.9k0.3 have a good agreement with the data calculated 
applying the Ringbom methodology at the same ionic strength.61 The 
results obtained for a sea water sample collected at R station (the same 
sample in which the complexation capacity was evaluated) are also 
shown in figure 6. The mean value for pK' was 7.5 and, this value 
indicates a low demand of NTA showing a poor competition degree of 
other trace metals dissolved in this natural sea water. The pK' reflects 
the operative specific influence of pH, salinity and other relevant metals 
Ca(II), Mg(I1) on the formation of Pb(I1)-NTA due to competition for 
the chelating ligand NTA. 

These data obtained for sea water samples collected from a few 
sampling stations in the Pacific Ocean are a contribution to the 
knowledge on the distribution and speciation of trace heavy metal and 
their correlation with nutrients in sea waters. 

Concentrations of trace metals in surface waters and depth profiles 
may be distinctly different in various parts of the oceans due to 
differences in the hydrographic and atmospheric parameters, the 
biological productivity and anthropogenic inputs. High anthropogenic 
inputs by rivers, run off and atmospheric deposition severely perturbate 
the natural mechanisms which tend to maintain a rather low steady- 
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state level of dissolved trace metals. In coastal waters a continuous 
control of trace metals will be required in the future in order to follow the 
evolution of either increasing or decreasing toxic metal pollution. 
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