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ABSTRACT

Sediments and mussel specimens of Mytilus chilensis were analyzed for organic pollutant fingerprints and heavy metals in the Corral Bay area of Valdivia, 
South Central Chile during the period 2003-2004. GC-MS analysis show hydrocarbon fingerprints corresponding mainly to mixed inputs of aliphatic hydrocarbons 
of the TPH-diesel fraction and biogenic hydrocarbons, indicating low to medium contamination by petroleum hydrocarbons with high biodegradation of petroleum 
in sediments at Las Coloradas, La Escuela and Corral Bay (C17/Pri < 1 and C18/Phy < 1). Mussel TPH fingerprints show weathered hydrocarbons resulting in a zone 
of increased concentration of cyclic respect to acyclic aliphatic components (UCM), indicating the presence of petroleum hydrocarbons. No temporal variation 
the in concentration of TPH-diesel found in sediments as well as mussels were observed except for samples collected during January 2004. TPH concentration 
levels in the sediments varied from 0.4 µgg-1 to 33.8 µgg-1 d.w. whereas in mussels varied between 61 µg g-1 and 287 µgg-1 d.w. Heavy metals were also analyzed 
by atomic absorption spectrometry and low concentration as well as no seasonal variations of concentration were found in mussels at each sampling point and a 
relatively even distribution of metals among stations was observed. Maximum concentrations in all sampling points of sediments were found for Fe (24128-43791 
µgg-1) and Mn (181-388 µgg-1) while the minimum concentration was found for Pb (nd-12 µgg-1). According to the Sediment Quality Guidelines (SQGs-NOAA), 
the concentration levels of Cu and As in all sediment sampling points are above the “Effects Range-Low” (ERL), indicating that there may be a probable toxicity 
effect over the biota and attention must be paid on a moderate range of priority.
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INTRODUCTION

Estuaries are important and highly dynamic ecosystems that receive large 
amounts of natural and anthropogenic input, producing a variety of chemical 
and biological process and they are vital for the reproduction, growth and 
survival of numerous aquatic species. Bays that are directly connected to the 
mouth of estuaries are of special concern because most of the pollution that goes 
into the sea comes from river and coastal streams, producing important effects 
over the estuaries and living resources1. The main effect of the anthropogenic 
activities on the estuaries is the increasing mobilization of sediments, nutrients 
and particulate matter2.

To evaluate the effects of the pollution over these ecosystems is useful 
to determine the type of contamination (organic, inorganic, bacterial) as well 
as their potential sources to distinguish the specific origin of point or diffuse 
contamination since both are concentrated in the mouth of the estuaries and 
related areas. However, even thought all contributing sources would be known, 
it has been demonstrated that environmental investigations can be complex, 
because the composition of chemicals in the environment usually change over 
time by photolysis, biodegradation, volatilization and oxidation3. Among the 
most important pollutants, petroleum hydrocarbons and metals from industrial, 
municipal and sewage discharge and runoff coupled with aerial deposition 
are of particular concern due to their environmental persistence and wide 
range of toxicity effects over the aquatic biota, even for some of them at low 
concentrations4.  

It has been demonstrated that Exploratory Data Analysis (EDA) is the 
best approach to identify chemical tracer or specific chemical fingerprints 
which could be associated to suspected sources for assessing cause-effect 
relationships5. Chemical fingerprints and chemical tracers have been 
successfully used to distinguish discrete fuel types 6,7,8, fecal sterols sewage 
contamination 9,10, particular solvents used as vapor degreasers, PCBs for age 
dating and source identification7 and Kraft pulp bleaching activities11. Oil 
fingerprinting as identification system is based on the analysis of chemical 
profile of even and odd carbon number distribution of aliphatic hydrocarbons 
that reflect the source of contamination and the weathering stage of the 
pollutant. Important organic chemical markers actually used in sediments 
as well in bivalves are total petroleum hydrocarbons (TPHs), straight chain 
saturated hydrocarbons (n-alkanes C10-C35), unresolved complex mix (UCM) 
and polycyclic aromatic hydrocarbons (PAHs) 12.

Metals like Cu, Cr, Fe, Mn, Pb and the metaloid As from natural geological 
process as well anthropogenic activities are widely distributed in coastal 

environments and they are known to accumulate within the aquatic trophic 
chain13. Metals in the aquatic environment are trapped into sediments14,15, while 
mussels accumulate trace elements in their soft tissue. Mussels are filter-feeders 
and thus obtain pollutants from food, water and particulate materials16. In this 
respect, since bivalve mollusks have a limited detoxification system, they have 
the tendency to bioaccumulate many of these xenobiotics and therefore they are 
widespread used as bioindicators for monitoring the concentration of pollutants 
around the world 4.  Heavy metals like Pb has been related to impacted areas 
by gasoline 6 while Cu, Cr and As have been related to fungicide formulations 
applied to wood chips and lumber products 13, 17. 

The Corral Bay area, XIV Region of Chile, is located at the mouth of the 
Valdivia and Tornagaleones estuaries (39°S, 73°18’W). The bay is about 15 km 
downstream of the Valdivia city, and during the last decades its environment 
has been altered mainly through anthropogenic influences18. More recently, the 
area has undergone dramatic changes due to increasing environmental-related 
activities that include waste water emissions, industrial and domestic solid and 
liquid wastes, aerial emissions, cattle and agriculture activities, intentional and 
unintentional oil spills from motor driven boats and ships. Furthemore, forest 
activities, periodical fumigations to control the pine moth, aerial transportation 
and deposition of Persistent Organic Pollutants (POPs), fluvial wood chips 
transportation, wood and paper industries, shipyards, fishing industries, salmon 
conditioning jails should be added as anthropogenic activities that influence 
over the Valdivia Estuary and related coastal area. A recent survey made by the 
present authors to local fisherman that have been affected by suspected pollution 
in the Corral Bay area reveals that mussels and oysters population density have 
dramatically decreased, in some areas being completely extinguished and 
when mussel seeds are arranged in different area for repopulation purposes, 
the specimens do not growth more than 2 cm. abruptly dying. Pollution by 
polycyclic aromatic fraction of hydrocarbons (PAHs) in Mytilus chilensis at 
medium levels in the Corral Bay area (Carboneros and Puerto Claro) has been 
reported (medium polluted: 100-1100 ng/g)19. During the years 2003 and 2004 
TPH-diesel and PAHs were measured in sediments of the Valdivia River, 
being classified as medium to highly polluted, with TPH-diesel concentrations 
between 20 and 41 µgg-1 dry weigh and total PAHs variation from 72 to 3122 
ngg-1 dry weight (Palma-Fleming et al., in progress). 

The aim of the current investigation was to examine sediments and 
mussels collected from known critical areas of the Corral Bay area of Valdivia 
to identify chemical fingerprints, organic tracers and selected heavy metals as 
well to determine temporal and spatial trends in the distribution of pollutants to 
assess the environmental health of the ecosystem.
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EXPERIMENTAL

Sampling
Three sampling campaigns, January 2004 (1), September 2004 (2) and 

January 2005 (3) were carried out in Las Coloradas (LC) (39°54’44’’S; 
73°19’55’’W), Punta Castillito (PC) (39°53’34’’S; 73°23’12’’W), La 
Escuelita (ES) (39°53’13’’S; 73°21’47’’W), Bahía  Corral (BC) (39°52’08’’S; 
73°16’10’’W) and Las Canteras (LCan) (39°52’13’’S; 73°22’44’’W) (Fig.1). 
A previous screening campaign during October 2003 was carried out to look 
for specific organic chemical tracers of contamination and to measure trace 
metals, including Arsenic. Sediments were collected according to Standard 
Operating Procedures (SOPs) described by the Environmental Protection 
Agency (U.S.EPA)20. Surface sediments with thickness between 10 and 20 
cm. were collected by triplicate (n=3) either by autonomous diving or by an 
Eckman grab depending on sediment characteristics. Autonomous diving was 
also used to collect triplicate samples (n=3) of mussels from natural banks or 
culture farming. All samples were immediately transported to the laboratory 
and frozen until analysis. Samples of the first campaign were used only for 
screening purposes, except for trace metals. No trace metals were analyzed 
at Las Coloradas site since few specimens of Mytilus chilensis were collected 
during most of the campaigns as well as no specimens were found in La 
Escuela during January 2004.

b) TPH fingerprints
The analytical method used in this study describes the procedure to 

analyze total petroleum hydrocarbons between n-C10 y n-C25, including oils 
and fuels. Around 10 g of wet sediments were extracted as indicated in a). The 
hexane extracts were further purified into aliphatic fractions by alumina-silica 
gel column chromatography and grains copper were added to each sample for 
sulfur elimination purposes23. The hexane extracts from mussel samples were 
saponified by refluxing for 2 h with 50 mL ethanol/KOH 1M and then the warm 
sample was transferred to a separatory funnel and 20 mL of 0.25 M sulphuric 
acid was added. The neutralized aqueous solution was extracted three times 
with hexane and reduced to a volume of c.a. 1 mL. Meanwhile water samples 
were liquid-liquid extracted25 and analyzed by U.S. EPA Method 8270C23. 
The final hexane extracts from mussel and water samples were purified 
in the same way as sediments samples, except that no copper was added to 
samples. Internal standard 1-chlorooctadecane (Supelco) was added to hexane 
extracts from each sample matrix for TPH calculations. GC-MSD equipment 
and chromatographic-mass spectrometry run conditions were the same as 
described in the exploratory analysis. Total Petroleum Hydrocarbons of diesel 
range (TPH-diesel) (n-C10 to n-C25) was quantified in each sample by using a 
primary calibration standard mixture of modified underground storage diesel-
range standard hydrocarbons n-C10 to n-C25 (UST, Supelco) and a commercial 
TPH-diesel as secondary standard. 

Analytical protocols for sediment samples were validated by using 
certified reference material of n-alkanes in 2,2,4-trimethylpentane, SRM 1494 
of the National Institute of Standards and Technology, U.S.A. (NIST). All 
samples were spiked with 2-Fluorobiphenyl prior to extraction for recovery 
calculations. The recoveries of TPH-diesel were between 80 % and 120 %. The 
Relative Percent Difference (RPD) for analytical duplicates was less than 10 
%. Detection limits for individual hydrocarbons of TPH-diesel were 10 ngg-1 
d.w. and 100 ngg-1 d.w. in the case of sediments and mussels respectively.

c) Heavy metal analysis
Sampling for metal analysis was achieved according to the U.S.EPA 

Method 823-B-01-002 (2001)26. Surface sediment samples were collected at 
10 to 15 cm depth by autonomous diving or by means of glass core, depending 
on sediment characteristic.

An Atomic Absortion Spectroscopy (AAS) instrument UNICAM M-5 
was used to determine the content of the different metals, Cu, Cr, Fe, Mn and 
Pb, however a Perkin Elmer 3110 AAS and a hydride generator Perkin-Elmer 
MHS-10 were used for Arsenic analysis. 

Analytical protocols for mussel samples were validated by using DOLT-
4 (Dogfish Liver Certified Reference Material for Trace Elements) of the 
National Research Council Canada (NRC) and organics and trace metals for 
sediments SRM- 1944 (NIST). 

RESULTS AND DISCUSSION

1-Bromonaphthalene was identified in all water samples from La Escuela 
site. This organohalogenated compound has been previously reported 
in environmental samples, and it has been detected as a contaminant in 
organobromine fire retardants27, 28. This aromatic organobromine compound 
was not detected in the remaining sites and its origin could be attributed to 
intensive traffic of fluvial transportation of wood chips between the processing 
plant located upstream the Valdivia and Angachilla rivers and the Corral Bay.

Total TPH in sediments and mussels of the 5 sampling stations are shown 
in Table 1. The highest levels of TPH in sediments were found in January 
2004 and they are significantly different (p<0.05) from the concentration levels 
measured in September 2004 and January 2005. However, non significant 
differences of TPH concentrations were found in mussels among the three 
campaigns (p>0.05), except in Las Coloradas during January 2004 whose TPH 
level overpass 7 and 4 times the concentration levels during September 2004 
and January 2005 respectively. La Escuela doubles the concentration level 
found in September 2004 compared to January 2005 (p<0.05). Sampling points 
not showing concentration data mean that no specimens were found. Typical 
TPH chromatographic fingerprints found in mussels and sediments in this 
study are shown in Fig. 2 and 3; and a typical TPH chromatogram extracted at 
mass 57 for mussels is shown in Fig. 4.

Fig.1. Sampling sites from Corral Bay area of Valdivia, South Central Chile.

Analytical Methodology
a) Screening analysis
Approximately 10 g of wet sediments were dried by mixing with 

anhydrous sodium sulphate and extracted with dichloromethane according 
to the Microscale Solvent Extraction method SW-846-3570 described by 
U.S.EPA21. Mussel samples were Soxhlet extracted with dichloromethane 
according to the methodology described by Granby and Spliid22 with the 
modifications described in b). Succinctly, about 7 g of pooled fresh specimens 
were homogenized by an Ultra-Turrax tissumizer, dried by mixing with 
anhydrous sodium sulphate and then Soxhlet extracted with dichloromethane 
(nanograde, Merck) during approximately 8 h until completing a total of 40 
cycles. The extract was evaporated to 1 mL and solvent exchanged by hexane. 
Screening analysis was achieved according to the United States Environmental 
Protection Agency (U.S.EPA) method 8270C23. A chromatograph Hewlet-
Packard HP 6890 equipped with a programmable temperature vaporizing inlet 
(PTV) and  coupled to an HP 5973 mass selective detector (Hewlett-Packard, 
Palo Alto, CA, USA) in scan mode were used for fingerprint and chemical 
tracers search. The injector temperature was maintained at 280ºC in a pulsed 
splitless mode. A GC program temperature ramp from 60 ºC for 4 min., then 
at a rate of   10 ºC/min up to 300 ºC was used to afford the best separation by 
using a capillary HP-5 MS column (Hewlet-Packard, Palo Alto, CA, USA).

Screening analysis was also performed in water samples collected 
during 2004-2005. Samples were analyzed by a combined solid-phase 
microextraction (SPME) and GC-MS according to methods described in the 
literature24, 25. Succinctly, about 2 mL of water samples were extracted during 
20 min by inmersion of a cleaned solid phase microfiber coated with a 100 µm 
polydimethylsiloxane film (Supelco) and thereafter analytes were desorbed in 
the injector of the GC-MS for about 3 min.
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Table 1. The mean value of TPH concentration (μg g-1 d.w.) in mussels (m) (Mytilus chilensis) and sediments (s) samples collected by triplicate (n = 3) during 
January 2004, September 2004 and January 2005 (sampling 1, 2 and 3, respectively) in the Corral Bay area, Valdivia, South Central Chile.

Pta 
C-1-m LC-1-m LCan-

1-m
Pta 

C-2-m LC-2-m ES-2-m Lcan-
2-m

Pta 
C-3-m LC-3-m ES-3-m LCan-

3-m Pta C-1-s LC-1-s

C10 3.66 6.42 9.69 6.59 7.57 7.95 7.37 7.63 7.65 7.55 7.61 0.02 0.01

C11 6.44 6.46 10.50 7.80 8.25 8.85 8.30 8.47 8.54 8.44 8.48 0.02 0.02

C12 1.79 2.40 3.39 2.53 2.77 2.90 2.73 2.80 2.81 2.78 2.80 0.01 0.03

C13 0.48 0.86 0.98 0.77 0.87 0.87 0.84 0.86 0.86 0.85 0.86 0.01 0.01

C14 0.88 1.22 1.49 1.20 1.30 1.33 1.27 1.30 1.30 1.29 1.30 0.01 0.03

C15 1.12 2.67 1.61 1.80 2.03 1.81 1.88 1.91 1.87 1.89 1.89 0.02 0.03

C16 1.72 1.26 1.65 1.54 1.48 1.56 1.53 1.52 1.54 1.53 1.53 0.03 0.04

C17 4.48 0.01 3.52 2.67 2.07 2.75 2.50 2.44 2.56 2.50 2.50 0.10 0.27

Pristane 2.12 1.79 3.90 2.60 2.76 3.09 2.82 2.89 2.93 2.88 2.90 5.26 5.01

C18 1.97 1.55 2.01 1.84 1.80 1.89 1.84 1.84 1.86 1.85 1.85 0.07 0.74

Pristane 2.12 0.95 0.89 1.32 1.05 1.09 1.15 1.10 1.11 1.12 1.11 0.05 0.13

C19 3.25 0.13 2.60 1.99 1.57 2.05 1.87 1.83 1.92 1.87 1.88 0.09 0.92

C20 4.61 3.51 3.46 3.86 3.61 3.64 3.70 3.65 3.67 3.68 3.67 0.12 1.15

C21 2.04 2.69 1.32 2.02 2.01 1.78 1.94 1.91 1.88 1.91 1.90 0.01 1.02

C22 3.20 2.71 1.58 2.49 2.26 2.11 2.29 2.22 2.21 2.24 2.22 0.02 1.64

C23 3.89 6.76 0.17 3.61 3.51 2.43 3.18 3.04 2.88 3.04 2.99 0.02 1.96

C24 6.97 77.07 10.14 31.39 39.53 27.02 32.65 33.07 30.91 32.21 32.06 1.01 2.47

C25 12.57 168.51 1.94 61.01 77.16 46.70 61.62 61.83 56.72 60.06 59.53 5.75 13.86

TPH 63.30 286.97 60.83 137.03 161.61 119.82 139.49 140.31 133.21 137.67 137.06 12.62 29.34

Note: First part of the acronyme Pta C-X-m (s), LC-X-m(s), LCan-X-m(s), ES-X-m(s), BC-X-m(s) refer to the sampling point as indicated in the sampling 
section, X indicates the campaign and m or s indicate mussels (m) or sediments (s).

Table 1 (continuation). The mean value of TPH concentration (μgg-1 d.w.) in mussels (m) (Mytilus chilensis) and sediments (s) samples collected by triplicate 
(n = 3) during January 2004, September 2004 and January 2005 (sampling 1, 2 and 3, respectively) in the Corral Bay area, Valdivia, South Central Chile.

LCan-
1-s ES-1-s BC-1-s Pta C-2-s LC-2-s LCan-

2-s ES-2-s BC-2-s Pta C-3-s LC-3-s LCan-
3-s ES-3-s BC-3-s

C10 1.29 0.06 1.76 0.43 0.10 0.22 0.06 0.31 0.01 0.19 0.05 0.03 0.08

C11 0.03 0.02 0.06 0.06 0.02 0.06 0.01 0.04 0.02 0.04 0.01 0.01 0.02

C12 0.01 0.02 0.06 0.01 0.01 0.05 0.01 0.01 0.01 0.02 0.01 0.01 0.01

C13 0.04 0.02 0.05 0.01 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01

C14 0.04 0.05 0.05 0.01 0.01 0.06 0.01 0.04 0.01 0.04 0.01 0.01 0.02

C15 0.14 0.02 0.14 0.01 0.02 0.04 0.01 0.01 0.01 0.02 0.01 0.01 0.01

C16 0.03 0.10 0.06 0.01 0.02 0.08 0.02 0.07 0.00 0.06 0.01 0.01 0.02

C17 0.15 0.25 0.16 0.01 0.10 0.10 0.00 0.11 0.02 0.07 0.01 0.07 0.03

Pristane 0.32 4.66 0.44 0.04 0.06 0.13 0.04 0.17 0.02 0.12 0.02 0.01 0.05

C18 0.14 0.11 0.19 0.04 0.05 0.04 0.02 0.08 0.01 0.05 0.01 0.01 0.02

Pristane 0.11 0.14 0.26 0.04 0.03 0.02 0.03 0.10 0.05 0.05 0.01 0.03 0.03

C19 0.15 0.11 0.20 0.03 0.09 0.15 0.01 0.17 0.03 0.11 0.01 0.02 0.05

C20 0.16 0.00 0.04 0.04 0.05 0.20 0.03 0.21 0.09 0.15 0.04 0.02 0.09

C21 0.96 0.74 1.30 0.01 0.01 0.01 0.12 0.23 0.15 0.12 0.03 0.47 0.10

C22 1.12 0.63 2.22 0.01 0.03 0.41 0.00 0.02 0.06 0.14 0.08 0.61 0.09

C23 2.47 3.66 4.27 0.01 0.09 1.03 0.01 0.04 2.40 0.36 0.01 1.60 0.92

C24 1.90 3.13 2.01 0.01 0.17 0.53 0.01 0.01 0.34 0.19 0.18 2.04 0.23

C25 16.79 16.70 20.57 0.03 0.59 3.18 0.04 0.09 0.41 1.10 0.47 8.43 0.66

TPH 25.84 30.43 33.83 0.82 1.44 6.33 0.42 1.73 3.65 2.82 0.95 13.39 2.47
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Fig. 2. A typical chromatographic fingerprint of TPH found in Mytilus 
chilensis collected from the Corral Bay area; the UCM include high molecular 
weight hydrocarbons other than petroleum hydrocarbons of diesel range.

oils. It is known that biogenic hydrocarbons of recent origin exhibit relatively 
more simple fingerprints, characterized by a prevalence of n-alkanes of odd 
number of carbons and same alkenes associated to them12,35. All sediment 
chromatogram fingerprints in this study show an unresolved complex mix of 
hydrocarbons (UCM) from approximately n-C14 to n-C33 which represents a 
good evidence of an impacted area by weathered petroleum hydrocarbons12. 

In addition to UCM and absolute concentrations, combined evaluation 
indices are generally used to evaluate the probable origin of hydrocarbons to 
reinforce the understanding of either biogenic, anthropogenic or mixtures of both 
inputs, however  interpretations must be carefully handled due to the multiple 
source that may be contributing to hydrocarbon mixtures in environmental 
compartments, particularly at low concentrations of hydrocarbons. Some 
evaluation indices selected in this study, and well defined in the literature38, Pri/
Phy (Pristane/Phytane ratio), C17/Pri (n-Heptadecane/Pristane ratio), C18/Phy 
(n-Octadecane/Phytane ratio), ∑Codd/∑Ceven (even to odd carbon number ratio) 
and Carbon Preference Index (CPI = 0.5((C17 + 2C19 + 2C21 + 2C23 + C25)/(C18 
+ C20 + C22 + C24)) are shown in Table 2. The pristane/phytane ratio, commonly 
used as an indicator for oxic and anoxic sedimentation, is usually larger in 
biogenic than in petroleum impacted sites39. In the present study values from 
the 2004 campaign were abnormally high and varied between 1.71 and 98.55, 
but it is remarkable that the highest values were observed in the inner side 
of the Corral Bay (Punta Castillito, Las Coloradas and La Escuela) (Fig.1), 
suggesting a strong influence of biogenic origin, probably produced by imputs 
of terrestrial plants residues. However the ratio C17/pristane (C17/pri) and C18/
phytane (C18/phy), which usually show higher ratios in biogenic rather than in 
petrogenic contaminated samples12, 22, 40, 41 were low, indicating significant level 
of petroleum input in the area. TPH usually shows a homogeneous distribution of 
even and odd carbon number n-alkanes, however in terrestrial plant waxes odd-
number n-alkanes are 8-10 times higher than even-number carbon n-alkanes42. 
According to this, the even-to-odd ratio index defined as ∑Ceven/∑Codd ratio for 
biogenic-terrestrial sources are characterized by values < 1 while petroleum 
sources have ratios around one33. All samples from the first campaign (2004) 
showed a ratio ∑Ceven/∑Codd < 1, except Punta Castillito, indicating biogenic-
terrestrial input. On the other hand, the CPI index in this study varied between 
0.74 and 5.65, being Punta Castillito (second campaign) the only site for which, 
according to calculated CPI, suggest an input of petroleum hydrocarbons, while 
the remaining sites showed dominance of CPI > 1, suggesting in these cases a 
biogenic input of hydrocarbons generally combined with high biodegradation 
of petroleum at Las Coloradas, La Escuela and Corral Bay according to C17/
Pri < 1 and C18/Phy < 1 indices33. Probably, there may be other alternative 
sources of pristane precursors different than biogenic-terrestrial, like algae and 
zooplankton30. For the second campaign, Las Coloradas site showed C17/Pri > 
1 and C18/Phy > 1 indices, indicating fresh input of petroleum oils43. However, 
other sites like Punta Castillito and La Escuela (third campaign) showed C17/Pri 
> 1 and C18/Phy < 1 indices, indicating reductive condition that favors Phytane 
formation32. The ratio corresponding to the even-odd number of carbon around 
1:1 suggest petroleum inputs and it is well known that source identification 
would be very difficult when the complex mixture of polycyclic hydrocarbons 
(UCM) of weathered petroleum becomes a dominant feature of the saturated 
hydrocarbon fraction12. Seasonal variation of TPH was observed in all sampling 
sites. The highest levels of TPH concentrations observed in samples collected 
during January 2003 were significantly different (p < 0.05) compared to the 
concentration levels of the remaining seasonal sampling and a tendency to 
dissipate was observed, probably due to natural or anthropogenic dynamic flux 
of organic matter.

Mussels
Mussel TPH fingerprints show weathered hydrocarbons resulting in a 

zone of increased concentration of alicyclic respect to aliphatic components 
(UCM). The presence of a prominent UCM is normally taken to indicate the 
presence of petroleum hydrocarbons22,44. Total ion current chromatogram (TIC) 
extracted at mass 57 support the presence of TPH (see Fig 4). The highest 
levels of TPH in mussels were found during 2004 (61-287 µg g-1 d.w.) which is 
coincident with the highest levels found in sediments, and they are higher than 
chronically mildly polluted areas such as Todos os Santos Bay (42 µg g-1) 45 and 
Sepetiba Bay, Brasil (0.26-2.65 µg g-1)46, Westernport, Australia (126 µgg1)47,
Narragansett Bay, Rhode Island (42 µg g-1)48, the Amposta Offshore Oil 
Production Plataform, Western Mediterranean (40 µg g-1)49 and Gulf of Naples 
(48 µgg-1 wet weight)50. However, TPH levels in this study (24-115 µgg-1 wet 
weight, on a 60% humidity average basis) are lower than the reported levels 
found in mussels (262 µgg-1 wet weight) from sites of high contamination 
following large oil spills such as the “Arrow” oil spill in Chedabucto Bay, Nova 
Scotia, Canada51 and the reported levels in the Pearl River Estuary, China (1.7- 
2345.4 µg g-1 dry weight)52.

Fig. 3. A typical chromatographic fingerprint of TPH found in sediments 
collected from Las Coloradas at the Corral Bay area; the UCM of hydrocarbons 
is shown in the TPH-diesel range.

Fig. 4. Extracted ion at m/z 57 confirms the presence of TPH hydrocarbons 
in Mytilus chilensis collected from the Corral Bay area during 2004-2005.

TPH
Sediments
TPH found in sediments have a concentration range of 0.1-192.0 µgg-1

and they compare well with the lowest concentration levels found in high 
contamination areas of petroleum refinery of Kuwait (6.6-2066 µg g-1)29 and 
it is also comparable to petroleum contaminated area of the Rio de la Plata 
Estuary, Argentina (0.01-87 µg g-1)30.

The presence of n-alkanes in aquatic biota and sediments has been widely 
used to identify possible sources of hydrocarbon contamination, mainly to 
distinguish between inputs from terrestrial higher plants, aquatic primary 
producers and petroleum-derived oils31-34. The TPH composition of petrogenic 
origin usually found in biota and estuarine sediments is complex and it is mainly 
characterized by a homogeneous alkane mixture of even and odd number of 
carbons having several homologous series of branched alcanes, cycloalkanes, 
isoprenoid alkanes and polycycloalkanes producing an unresolved complex 
mix (UCM) in the chromatogram of gas chromatography(22, 34-37. In general, 
the UCM is considered to be associated with degraded or weathered petroleum 
residues, and unsaturated aliphatic hydrocarbons are not usually found in crude 
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Table 2. Evaluation indices of aliphatic hydrocarbons in surface sediment of Corral Bay area, Valdivia, Chile.

Sampling site Campaign Pri/Phy C17/Pri C18/Phy ∑Ceven ∑Codd CPI

 1 98.51 0.02 1.30 6.52 6.02 2.5

Punta Castillito 2 1.00 0.33 1.24 0.20 0.20 0.74

 3 0.38 1.27 0.01 3.06 3.06 5.65

 1 39.62 0.05 0.84 10.51 18.83 1.83

Las Coloradas 2 2.43 1.63 1.49 2.62 8.07 1.84

 3 2.69 0.22 0.48 2.01 10.22 2.26

1 33.18 0.05 0.76 8.79 21.64 3.36

La Escuela 2 1.65 0.01 0.52 0.19 0.22 2.91

 3 0.50 5.00 0.01 0.32 0.07 2.37

1 2.87 0.46 1.25 4.96 20.88 3.65

Las Canteras 2 6.19 0.71 1.13 1.70 4.62 2.40

3 2.67 0.67 0.37 0.38 0.55 0.91

1 1.71 0.35 0.73 6.90 26.92 3.62

Corral Bay 2 1.75 0.63 2.61 1.26 2.21 1.66

 3 1.19 0.64 0.77 8.56 7.74 3.22

There is no maximum concentration levels of TPH allowed in mussels 
neither suggested protective levels and little is known about toxic effects of the 
aliphatic fraction of hydrocarbons. Being highly hydrophobic, they bound to 
biota and it is already demonstrated that may cause adverse biological effects 
regardless quality criteria are not exceeded53. It has been reported that the more 
toxic fraction corresponds to the polycyclic aromatic hydrocarbons (PAHs)54-

56. However, chronic toxicity of UCM on biota exposed to contaminated 
sediments has been reported, where the UCM-dominated oils could have 
impact by reducing population level of amphipods, even at concentration that 
do not affect survival (500 mugg-1 dry weight spiked in sediments)57. It has 
been reported that the rate of production of feces and pseudofeces by oysters 
diminish with an increasing hydrocarbon concentration in water, reaching 
zero at 900 µg mL-1 concentrations, and at this level of concentration oysters 
remained closed58. Most mussel specimens in the present study were found dead 
with their valve closed, and this observation is coincident with the observation 
reported by the above authors. It has also been reported that TPH-diesel is more 
toxic than other crude petroleum oils on benthic species59.

Table 3 reveals that, according to Pri/Phy ratio < 1 or near to 1, aliphatic 
hydrocarbons content of mussel samples are probably from petrogenic sources. 
The C17/Pri and C18/Phy are low, confirming a significant contribution of 
petroleum input, with the exception of Punta Castillito (campaign 1) and La 
Escuela (campaign 3), both of them showing C17/Pri > 1, and indicating for 
these two sites that biogenic contributions are derived from phytoplankton, 
because C17 is predominant in lipids of algae30,44. Finally, the CPI indices for 
mussels were around 1 in all campaigns and sampling sites, thus confirming a 
probable contamination by petroleum hydrocarbons.  

PCA Analysis 
PCA analysis was applied to TPH composition of sediments and mussels 

for sampling sites and temporal variability. The first two components account 
for 66 % of the total variance, 49 % the first and 17 % the second one. The 
first group, as principal contributor to PC1 (49%) of the loading scatter plot 
(Fig. 5) is a group composed by hydrocarbons C10 to C21, pristane and phytane 
(PC1+, PC2+) mainly due to estuarine spatial clustering corresponding to 
sediments and mussels collected during the second and third campaign, as 
shown by the score plot (Fig. 6). This suggest a relatively high positive loading 
of low to medium molecular weight n-alkanes (C10-C21), attributed to petroleum 
hydrocarbon sources. A negatively correlated contribution to PC1 and PC2 
of a highly scattered second group of n-alkanes C20 to C25 (PC1-, PC2- and 
PC2+) is observed (Fig. 5) and the score plot (Fig. 6) suggest hydrocarbons 
associated to sediments mainly from the first campaign composed of n-alkanes 
of different origin as compared to the first group, probably of diagenic and 
bacterial origin. This PCA show opposition between sampling sites of 
petrogenic inputs and biogenic sources as shown in the PCA score plot (Fig. 
6). Since all chromatograms of sediments and mussels samples have a marked 
UCM (Fig. 2, 3, 4), it is highly probable that the origin of the hydrocarbons in 
this study corresponds not only to a mixing of diagenic and bacterial but also to 
petrogenic hydrocarbons as important components. However, since sediment 
samples collected during January 2004 are clearly separated from all other 
samples, hydrocarbon composition of this campaign may be associated to an 
event which was not registered in the other two groups. Weathering of aliphatic 
hydrocarbons is a complex process and in most cases, even if many different 
parameters reported in the literature may be used to discriminate origin, it is 
a difficult task to assess a specific input unless recent contamination has been 
occurred or specific sources of contamination would be precisely identified 
around the area under study.
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Table 3. Evaluation indices of aliphatic hydrocarbons in mussels of Corral Bay area, Valdivia, Chile.

Sampling site Campaign Pri/Phy  C17/Pri C18/Phy ∑Ceven ∑Codd CPI

 1 1.00 2.11 0.93 74.37 102.80 1.06

Punta Castillito 2 3.00 0.65 0.75 50.54 64.61 1.00

 3 0.49 2.06 0.25 57.04 66.94 0.95

 1 1.89 0.10 1.64 288.40 564.27 1.11

Las Coloradas 2 1.31 0.58 0.64 52.04 40.24 0.99

 3 1.79 0.67 0.54 85.33 95.71 0.94

 1 ns ns ns ns ns ns

La Escuela 2 0.99 0.37 0.28 117.49 250.58 0.89

 3 0.69 4.08 0.44 92.25 105.12 0.95

 1 4.39 0.90 2.27 100.24 67.89 0.40

Las Canteras 2 1.14 0.58 0.10 91.75 117.36 0.96

 3 1.34 0.94 0.82 45.92 37.32 0.95

ns: no samples found

Fig. 5. PCA loading scatter plot showing spatial and temporal variability 
of aliphatic hydrocarbons in sediments and mussels collected in the Corral Bay 
area during 2004-2005, Valdivia, Chile. 

Fig. 6. PCA score plot showing estuarine spatial and temporal clustering 
of aliphatic hydrocarbons corresponding to sediments and mussels collected in 
the Corral Bay area during 2004-2005, Valdivia, Chile.

Heavy Metals
Heavy metals in sediments and mussels are shown in Table 4. Maximum 

concentrations in all sampling points of sediments were found for Fe (2412-
43791 µg g-1) and Mn (181-288 µg g-1) while the minimum concentration was 
found for Pb (<LD-12 µg g-1). Among metals analyzed in mussels, the highest 
concentration was found for Fe (145-388 µg g-1) in all sampling points from 
which surviving specimen could be collected.

According to the sediment quality criteria of the Environmental Protection 
Agency of the United States of America (U.S. EPA), Cu and Cr are at the 
acceptance limit between not contaminated and moderately contaminated 
sediments in waters of rivers and lakes60. However, alternative non-regulatory 
guidelines, the Sediment Quality Guidelines (SQGs) developed for the National 
Status and Trends Program of the National Atmospheric and Oceanographic 
Administration of the United States of America (NOAA)61 have been used 
as informal interpretative tools by NOAA to identify areas and chemicals of 
specific environmental concern to warrant further detailed studies about actual 
toxic adverse effects. According to these guidelines, the concentration levels 
of Cu and As, but not Cr, in most of the sediment sampling points were above 
the “Effects Range-Low” (ERL) (the estimated “safe” concentrations below 
which adverse effects rarely occur), indicating that there may be a probable 
toxicity effect over the mussels and attention must be paid on a moderate range 
of priority. Although most trace elements show an even temporal and spatial 
distribution, Cu and As are the only two elements whose concentration values 
were between the ERL and ERM (Effects Range-Median) guideline values, 
meaning that the probability of incident of adverse effects are about 29 % and 
11 %  for Cu and As respectively (Fig.7 and Fig. 8)61. It must be emphasized that 
these probabilities of incidence afforded by SQGs are only used as reference 
information, since bioavailability should be considered as an important factor 
when considering toxic adverse effects of in-situ chemical exposure to biota62.

No seasonal variations for heavy metals were found in mussels at each 
sampling point and relatively even distribution of each metal among sampling 
points was observed. Fe was found at higher concentration (145-388 µg g-1) 
than values reported by Astorga et al. (<0.1-60 µg g-1) in Mytilus chilensis from 
the Strait of Magallanes63, and also higher than values reported by Yeats et al. 
in mussels from Halifax Harbour, Nova Scotia, Canada (21 µg g-1)64. All other 
heavy metals, including the metalloid As, are at low concentrations and their 
levels are similar to the levels found in other sites of chronic contamination, 
like in coastal areas of Bohai Sea, North China65.
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Fig.7. ERL and ERM guideline values for Copper (µg g-1 dry weight) and 
percent incidence of biological effects in concentration ranges defined by the 
two values (NOAA. U.S.A.)  48. ERL = Effects Range-Low; ERM = Effects 
Range-Median. 

Fig. 8. ERL and ERM guideline values for Arsenic (µg g-1 dry weight) and 
percent incidence of biological effects in concentration ranges defined by the 
two values (NOAA. U.S.A.)  48. ERL = Effects Range-Low; ERM = Effects 
Range-Median. 

The concentration levels of Cu found in the mussel Mytilus 
chilensis in this study were between 1.7 µg g-1 and 4.0 µg g-1 
and they are slightly lower than concentration levels previously 
found during the year 2000 for mussels in the same area of study
(7.3-9.6 µg g-1)66 and the findings of Yap et al. (2004) in the green-lipped mussel 
Perna virides collected in the west coast of Peninsular Malaysia (7.8-20.1 µg 
g-1 dry weight)67. However, Cu concentration levels in this study were in the 
range of concentration reported in Mytilus chilensis collected in the Strait of 
Magallanes, Chile (0.8-4.7 µg g-1)63. Reports about specific heavy metal toxicity 
on mussels are scarce. There are no scientific reports about Fe toxicity levels 
in mussels around the world, neither in specimens collected in coastal areas 
of Valdivia. However, aquatic toxicity of Cu is well studied on other species 
from United Kingdom estuaries68 for which there is experimental evidence that 
show sensitivity to dissolved concentrations as low as 1-10 µg L-1. Besides 
the natural occurrence of Cu in aquatic environments, anthropogenic activities 
may supply additional inputs resulting in an increasing bio-availability of this 
metal; copper sulphate has been used as antifouling in vessel paints69 and for 
preservation of fish nets used in marine aquaculture. Copper is an essential 
element to life but it is also among the most toxic heavy metals70,71. It is well 
known the use of copper sulphate as antifouling in the Chilean salmon culture 
industry. Punta Castillito, La Escuela and Las Coloradas are located in shallow 
waters near to juvenile salmon conditioning jails, however Corral Bay and Las 
Canteras sites are located far away, at an area of greater water exchange due to 
tidal oscillations. Conditioning jails of juvenile salmon has been installed in the 
past 10 years and some of them are actually operating between La Escuela and 
Punta Castillito sites. Since 2008 the conditioning operations of salmon culture 
has been going under depletion mainly due to ISA virus epidemic disease. In 
addition to this source of metal pollutants, intensive transport of wood chips 
impregnated with NP-1, an antifungal formulation that contain Cu, Cr and As, 
has to be included as an important activity across the estuarine system. 

CONCLUSIONS

Sediments and mussel specimens of Mytilus chilensis were analyzed 
for organic pollutant fingerprints and heavy metals in the Corral Bay area of 
Valdivia, South Central Chile. GC-MS analysis show hydrocarbon fingerprints 
corresponding mainly to mixed inputs of aliphatic hydrocarbons of the 
TPH-diesel fraction and biogenic hydrocarbons, indicating low to medium 
contamination by petroleum hydrocarbons with high biodegradation of 

Table 4. Mean value of heavy metals and Arsenic (µg g-1 p.s.) in sediments for triplicate field samples (n = 3) and Mytilus chilensis  (n = 3) from different 
sites of the Corral Bay area (2003-2005).

Sediment Arsenic Copper Cromium Iron Manganese Lead

1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4

Las 
Coloradas 10.9 11.6 12.6 14.2 21.0 35.4 27.5 35.1 20.3 26.9 24.6 26.2 ns ns 39704 43370 ns ns 225.3 295.5 5.8 8.2 4.9 6.7

La 
Escuelita 9.7 11.0 13.1 12.3 28.4 25.5 24.5 32.2 28.5 23.2 20.3 23.4 ns ns 37655 38524 ns ns 230.1 248.9 7.7 6.0 5.7 6.6

Pta 
Castillito 9.6 12.4 12.3 11.2 32.1 31.4 19.1 29.6 36.6 27.2 17.4 21.8 ns ns 34712 37068 ns ns 216.5 207.0 6.9 8.6 5.1 6.5

Bahía de 
Corral 6.2 10.1 10.0 8.2 20.9 33.9 31.6 19.3 24.6 28.9 31.8 12.9 ns ns 43791 24128 ns ns 261.0 180.8 8.0 12.4 11.2 4.9

Las
Canteras nd 11.7 10.1 11.4 ns 30.6 21.1 28.3 ns 23.2 22.3 20.4 ns ns 30877 36313 ns ns 205.7 388.0 ns 9.0 4.8 4.5

Mytilus 
chilensis Arsenic Copper Cromium Iron Manganese Lead

1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4

Pta.
Castillito 0.08 0.10 0.03 0.05 2.33 2.68 3.98 3.90 1.18 0.40 nd nd ns ns 387.50 250.00 ns ns 3.23 3.15 0.70 0.63 nd nd

La 
Escuelita 0.13 ns 0.03 0.03 1.68 ns 3.90 3.58 0.85 ns nd nd ns ns 272.50 168.25 ns ns 1.78 2.30 0.75 ns nd 0.10

Las 
Canteras ns 0.10 0.03 nd ns 2.05 3.25 3.13 ns 0.45 nd nd ns ns 183.00 144.75 ns ns nd 2.95 ns 0.83 0.03 nd

ns: no sample; nd: not detected; October 2003, January 2004, September 2004 and January 2005 (sampling 1, 2, 3 and 4, respectively) in the Corral Bay area, 
Valdivia, South Central Chile. Limit of detection (LD) in µgg-1: As (0.001); Cu (0.20); Cr (0.09); Fe (0.25); Mn (0.15); Pb (0.10).
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n-alkanes in sediments of Las Coloradas, La Escuela and Corral Bay (C17/Pri < 
1 and C18/Phy < 1). Mussel TPH fingerprints showed weathered hydrocarbons 
resulting in a zone of increased concentration of alicyclic respect to aliphatic 
components (UCM), indicating the presence of petroleum hydrocarbons. No 
temporal variation in concentration of TPH-diesel found in sediments as well 
in mussels were observed except for samples collected during January 2004, 
due to a specific input of natural n-alkanes of different origin as compared to 
the first group, probably of diagenic and bacterial origin. 

Low concentration and no seasonal variations for trace metals were 
found in mussels at each sampling point and a relatively even distribution 
among stations was observed. According to the Sediment Quality Guidelines 
(SQGs) developed for the National Status and Trends Program of the National 
Atmospheric and Oceanographic Administration (NOAA), the concentration 
levels of Cu and As in all sediment sampling points are above the “Effects 
Range-Low” (ERL), indicating that there may be a probable toxicity effect 
over the biota and attention must be paid on a moderate range of priority. 

Finally, it is concluded in this study that there is a probable low to 
moderate pollution of the Corral Bay area according to the TPH-diesel and 
trace metals concentration levels found in sediments and Mytilus chilensis, 
however other pollutants, like fire retardants, organo-tin base antifoulings and 
pharmaceutical residues in liquid effluents of water treatment plants among 
many others, should be investigated as potential candidates that could explain 
mussel mortality.  
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