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Summary 

This report presents a series of laboratory studies and a field study that aim to assess the potential 
ecotoxicological impact of deep-sea mining. Acute and chronic exposures to single elements, 
mixtures, sulphide minerals and mine tailings resuspension plumes were investigated. Both shallow-
water and deep-sea biological proxies were used and the synergistic effects of pressure and 
temperature were also investigated. The biological endpoints analysed encompass survival, 
bioaccumulation, behaviour and several physiological endpoints (respiration, luminescence, 
antioxidant enzyme activities, biotransformation enzyme activities, oxidative damage and gene 
expression of stress proteins).      

Laboratory studies on the acute toxicity (96h) of single metals (Cu, Cd), their synergistic effect, and 
also on chalcopyrite (CuFeS2) on a shallow-water shrimp Palaemon varians were investigated by 
Brown et al. (in prep. 1 and 2). These revealed contrasting effects of temperature and hydrostatic 
pressure on the toxicity of each individual metal, reflected in both lethal and sublethal assays. Lower 
temperatures reduced toxicity, especially in Cd, while higher hydrostatic pressures increased copper 
toxicity but had no effect on Cd toxicity. The toxicity of the mixture of the two metals was not affected 
by temperature, but was significantly elevated by high pressure. Chalcopyrite (CuFeS2) had no effect 
in either lethal or sublethal assays, suggesting that oxidised chalcopyrite is not bioavailable.  

Another laboratory-based study by Martins et al. (in prep. 1) revealed that the deep-water gorgonian 
Dentomuricea meteor is particularly sensitive to polymetallic sulphide – PMS (mainly BaSO4, FeS2, 
CuFeS2) exposure. After 4 weeks, PMS induced massive mortality, due to smothering and clogging, 
along with trace metals desorption. When the hydrothermal vent mussel Bathymodiolus azoricus was 
exposed to PMS for 6 days, high levels of dissolved metals were noted in the seawater (Martins et al. 
in prep. 2). In this case, little effects were noted at the cellular level, but it is argued that the mussels 
had their valves closed for long periods during the experiment, potentially limiting the direct contact of 
their tissues with the particles and dissolved metals.  

In the field study off Portmán Bay where a mine tailings deposit was artificially disturbed to create 
resuspension plumes for 6 days, the metal accumulation and physiological effects were investigated in 
different tissues of the shallow-water mussel Mytilus galloprovincialis, deployed in control and 
impacted sites (Mestre et al. in prep.). The results were further compared to the physical and chemical 
characteristics of sediments from the different sites, and a toxicity bioassay with the marine bacterium 
Vibrio fisheri was also conducted. The sulphide mine tailings deposit has hazardous levels of metals of 
concern (As, Cd, Pb and Zn) that are also present in the particles of the resuspension plume. This 
disturbance experiment demonstrated that chemical contaminants are released from the sediments 
inducing toxicological impact in mussels moored 3 meters above the seafloor. The mussel gills were 
the most impacted and seen as a first line of defence against the toxic effects of the resuspension 
plumes, and probably the best indicator in short term exposure experiments. The weight of evidence 
model is a useful method to integrate data from the sediment chemistry, bioaccumulation, biomarkers 
and bioassays to characterise and classify the environmental risk posed by each site studied. 
According to the sediment quality guidelines (SQGs) for dredged material in Spain (Level 1) the 
environmental risk is considered slight outside the mine tailings deposit (O), moderate on the mine 
tailings deposit (B) and major on the mine tailings deposit site under the influence of the resuspension 
plume (P).  

These studies suggest that further investigation is required to better understand the biochemical 
mechanisms of the toxicity of single metals, particularly of their mixtures and by-products of mining, to 
deep-sea species known to possess specific physiological and biochemical adaptations, and also 
under deep-sea environmental conditions. Further knowledge on the bioavailability of metals under 
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deep-sea environmental conditions, taking into account the predicted mining activity methodologies, 
will certainly help to better understand their potential ecotoxicological impact on marine fauna. Another 
key issue to be taken into account when defining future environmental assessment guidelines is the 
duration of the ecotoxicological studies: under the low temperatures of the deep sea the hazard may 
appear to be lowered in acute exposures (less than 6 days), but prolonged exposures (1 month) can 
potentially induce lethal effects. 
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1.  The effects of temperature and hydrostatic pressure on waterborne 
metal toxicity in the shallow-water shrimp Palaemon varians: 
Insights into toxicity in the deep sea 

Alastair Brown1*, Sven Thatje1, Chris Hauton1 

1University of Southampton, Ocean and Earth Science, European Way, Southampton, SO14 3ZH, UK 
*alastair.brown@noc.soton.ac.uk 

 

Abstract 

Interest in the exploitation of deep-sea mineral resources is burgeoning, raising concerns over 
potential ecotoxicological impacts to the deep-sea fauna. Assessing toxicity in deep-sea species is 
technologically challenging promoting interest in establishing shallow-water ecotoxicological proxy 
species. However, the effects of temperature and hydrostatic pressure and adaptation to deep-sea 
environmental conditions on toxicity are unknown. Acute (96 hour) copper and cadmium exposures 
using the shallow-water ecophysiological model organism Palaemon varians revealed contrasting 
effects of temperature and hydrostatic pressure on metal toxicity, reflected in both lethal and sublethal 
assays. Low temperature reduced toxicity in both metals, but the decrease in toxicity was significantly 
greater in cadmium. In contrast, elevated hydrostatic pressure increased copper toxicity, but did not 
affect cadmium toxicity. Further, although temperature did not significantly affect the synergistic 
interaction between copper and cadmium, but hydrostatic pressure significantly enhanced the 
synergism. The differential effects of temperature and hydrostatic pressure on copper and cadmium 
toxicity indicate different modes of action in these metals and identify that mechanistic knowledge of 
toxicity is fundamental to predicting responses to environmental factors, but also suggest that 
individuals and populations at the periphery of species biogeographic distributions will be most 
sensitive to toxicants. Comparison of sublethal copper toxicity in P. varians with data from the deep-
sea hydrothermal vent shrimp Rimicaris fortunata suggests that some shallow-water species may be 
suitable ecotoxicological proxies for deep-sea species, but that this depends on adaptations to 
habitats with similar environmental variability. 

 

Keywords 

adaptation, bathymetric, deep-sea mining, ecology, hydrostatic pressure, physiology, temperature, 
toxicology 
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1.1 Introduction 

Progressive demand-driven increases in metal prices have stimulated improvements in mining 
efficiency to facilitate economically viable exploitation of low-grade deposits. However, exploitation of 
low-grade deposits requires mining, processing, and disposal of large volumes of rock materials, 
posing a significant impediment to achieving environmentally acceptable operations. Consequently, 
the mining industry is developing alternative sources of metals. The deep-sea represents a large 
mineral resource, with economically and socially important metals and rare-earth elements 
represented in massive polymetallic sulphides, polymetallic manganese nodules, and cobalt-rich 
ferromanganese crusts (see 1 and references cited therein), and even in deep-sea muds (2). 
However, it remains unclear whether it is possible to achieve deep-sea mineral extraction in an 
environmentally sustainable way. 

The remoteness of deep-sea ecosystems makes experimental assessment of deep-sea mining 
impacts challenging, and the urgency to exploit these resources may drive researchers to use shallow-
water ecosystems as proxies in assessments that influence policy-making. The extensive data 
available for shallow-water taxa makes this an attractive approach, but whether shallow-water taxa are 
suitable proxies for deep-sea taxa remains unclear: the influence of environmental conditions in the 
deep sea may invalidate such an approach by affecting sensitivity to potential stressors. Further, the 
potential synergies that may arise from the interaction of pollutants with environmental stressors such 
as temperature and hydrostatic pressure are typically ignored (3), but may be crucial to accurately 
projecting the impacts of deep-sea mineral exploitation throughout species thermal and baric 
distributions; the distribution of marine ectotherms is constrained by the effects of environmental 
stressors such as temperature, hydrostatic pressure, oxygen concentration, and toxicant 
concentrations (4-6). 

Marine metal toxicity is dependent on organismal physiology (7) and closely related species inhabiting 
similar environments are expected to display similar physiologies and tolerances to toxicants (8-11). 
Consequently, assessing the effects of temperature and hydrostatic on sensitivity to toxicants in 
shallow-water species may also indicate whether deep-sea hydrothermal vent species are truly 
adapted to tolerate the toxic hydrothermal vent habitat. However, assessing the extent of physiological 
adaptation to toxicants in hydrothermal vents species is dependent upon the selection of appropriate 
phylogenetically related shallow-water model taxa. 

The bresiliid hydrothermal vent shrimp represent the youngest vent associated radiation known to date 
(12), occurring approximately 20 million years ago (13). The recent origination of these taxa makes 
them ideal case studies for physiological adaptation to the deep-sea hydrothermal vent environment: 
whilst these species may have adapted to the relatively rich metal ion concentrations in the vicinity of 
hydrothermal systems (14-16), more ancient hydrothermal vent taxa may be expected to have 
diverged further from shallow-water taxa (but see 17). Indeed, hydrothermal vent shrimp demonstrate 
varying degrees of adaptation to hydrothermal conditions with adaptations ranging from few and 
inconspicuous in Alvinocaris spp., which are similar to non-vent deep-sea shrimp, to numerous and 
prominent in Rimicaris spp. (18). 

Although Rimicaris and Mirocaris spp. appear to demonstrate higher maximum critical temperatures 
than shallow-water shrimp (19-21), this may be an artefact of acclimation to different temperature: 
temperature acclimation is an extended process which affects tolerance to a range of stressors (22, 
23). Indeed, the critical thermal maximum reported for M. fortunata matches the modelled critical 
thermal maximum of shallow-water shrimp acclimated to 19°C (23), M. fortunata’s preferred 
temperature (24). However, Mirocaris fortunata does appear to have evolved metabolic adaptations to 
the acute spatial and temporal scale of temperature changes inherent in the vent environment, 
demonstrating reduced metabolic sensitivity to acute temperature shifts (23-25). Deep-sea 
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hydrothermal vent shrimp appear adapted to high hydrostatic pressure too: the bathymetric distribution 
of the hydrothermal vent shrimp extends beyond the hydrostatic pressure tolerance of shallow-water 
shrimp at in situ temperatures (21, 22), with some species thought to be excluded from shallow vent 
fields by relatively low hydrostatic pressure (26). Whilst bresiliid shrimp constitute a key component of 
many active hydrothermal vent communities (27), other phylogenetically related carideans (28) are 
also an important constituent of inactive vent and wider deep-sea communities (29, 30), strengthening 
the case for utilising shrimp in a comparative experimental approach. 

The shallow-water shrimp Palaemon varians (recently identified as the senior synonym of 
Palaemonetes varians: 31) is a brackish-water shrimp which inhabits salt marsh, lagoon and estuarine 
environments throughout North-West Europe and the western Mediterranean (32). P. varians has a 
close phylogenetic relationship to both hydrothermal vent shrimp species and non-vent deep-sea 
species (28, 33), making it an excellent comparator for deep-living shrimps (e.g. 24, 34, 35). Indeed, 
the physiology of P. varians with respect to temperature and hydrostatic pressure is well studied (21-
25, 36-39). The temperature regimes experienced by P. varians and hydrothermal vent shrimp have 
similar range, and the acute temperature tolerance of the shallow-water shrimp and the hydrothermal 
vent shrimp are similar at native pressures (19-21, 23). Further, P. varians’ sustained hyperbaric 
tolerance extends to the depth of some hydrothermal vents inhabited by vent shrimp (22, 36, 37). 
Therefore, the aim of this study was therefore to utilise P. varians as a model organism to determine 
the effects of temperature and hydrostatic pressure on metal toxicity.  

To explore the possibility of variation in the effects of temperature and pressure on sensitivity to 
different toxicants, two metals were selected for experimental treatments. Although the nature and 
extent of the potential toxicants that may be mobilised by deep-sea mineral exploitation are relatively 
unconstrained due to site-specificity of mineral resources and uncertainty regarding extraction 
processes, the proposed theoretical advance does not depend on accurate characterisation of and 
exposure to potential toxicants. Despite this, copper and cadmium were selected for experimental 
treatments based on representation in deep-sea mineral deposits see (see 1), elevated concentration 
in the hydrothermal vent environment and shrimp habitat (14, 40-42), and the demonstration that 
copper has the greatest potential for rapid release during seafloor massive sulphide extraction (43). 
Copper and cadmium were also selected for the depth of existing toxicological knowledge regarding 
these metals, and the putative similarities in their mechanisms of toxicity (44). Demonstrating 
consistent effects of temperature and hydrostatic pressure on sensitivity to both copper and cadmium 
may therefore elucidate predictability of environmental effects on toxicity; demonstrating contrasting 
effects may elucidate mechanisms of toxicity. 

 

1.2 Materials and Methods 

Sampling and maintenance 

Adult specimens of Palaemon varians (4 to 5 cm in total length) were collected by hand-netting from 
Lymington salt marshes (Hampshire, England: 50°45’N, 1°32’W) between May 2014 and May 2015, 
and transported to the National Oceanography Centre Southampton (NOCS) in 10 l buckets 
containing water from the sampling location. Upon arrival at NOCS shrimp were transferred to a 185 l 
flow-through holding aquarium within the recirculating NOCS research aquarium and maintained at 
ambient salinity (~32), with stable temperature (~15°C) and light:dark cycling following seasonal 
changes. Shrimp were fed to excess three times per week with Tetra Goldfish flakes. Shrimp were 
maintained for > 4 weeks but < 8 weeks prior to experimental treatment to minimise the potential for 
influences of seasonal temperature acclimation (22). 7 days prior to experimental treatments animals 
were transferred to 10 l PVC plastic tanks filled with continuously aerated artificial seawater (salinity 
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32) acclimated to 15°C using a water bath (controlled by a Haake EK20 chiller and a Haake DC10 
heater) (12:12 photoperiod). The water bath was adjusted to experimental temperature to achieve a 
continuous gradual temperature shift over ∼5 hours. Water changes (50%; artificial seawater with 
salinity 32 at experimental temperature) were conducted three times per week. Shrimp were starved 
for 3 days prior to experimental treatments to reduce potential effects of differences in digestive state 
on variability in sensitivity to toxicants due to temperature and hydrostatic pressure (45). Both lethal 
and sublethal responses to acute exposures were assessed to deliver a holistic comparative approach 
(46). 

Lethal toxicity 

96 h copper and cadmium LC50 (concentration lethal to 50% of test individuals) were assessed by 
static renewal. Individuals were exposed to artificial seawater or artificial seawater spiked with metal 
by the addition of stock solutions of CuSO4·5H2O or CdCl2·2H2O, and incubated. Stock solutions were 
prepared using deionised water and analytical reagent grade compounds. Exposure concentrations 
(Cu and Cd addition: 0, 0.1, 1, 5, 10, 20, 30, 40 mg l-1) were selected based on the literature and 
preliminary ranging treatments at 20°C and 0.1 MPa: exposure concentrations were matched in other 
treatments to provide material for comparison of sub-lethal responses to exposure concentrations. 
However, the magnitude of the temperature effect on Cd toxicity was unexpected and additional 
treatments were required to effectively constrain the LC50 at low temperature (Cd addition: 50, 60, 70, 
80 mg l-1). Mortality was assessed every 24 hours. Surviving individuals were retained during a 100% 
water change performed with artificial seawater preparations acclimated to experimental temperature. 
Treatments were performed in triplicate and no mortalities were observed in control treatments. 
Seawater oxygen saturation was determined at the end of each 24 hour incubation using an oxygen 
micro-optode connected to a PreSens Microx TX3 array, calibrated according to manufacturer’s 
instructions. Oxygen saturation did not decrease below 70% in any treatment reducing the potential for 
influences of hypoxia (47). 

Treatments exploring the effect of temperature on copper and cadmium toxicity were performed in 10 l 
PVC plastic tanks incubated within LMS model 230 series 2 cooled incubators at experimental 
temperature with 12:12 photoperiod. Treatments were conducted at 20°C and 10°C, respectively 
representing ecologically relevant shallow-water and hydrothermal vent temperatures. Treatments 
exploring the effect of hydrostatic pressure on copper and cadmium toxicity were performed in 6 l PVC 
plastic barrels incubated within the IPOCAMP hydrostatic pressure system at 10°C with 24-h 
darkness. Treatments were conducted at 10°C and 0.1 or 10.0 MPa, respectively representing 
ecologically relevant shallow-water and hydrothermal vent hydrostatic pressures. Treatments 
exploring temperature and hydrostatic pressure effects were performed concurrently to minimise 
potential temporal influences on responses, but were logistically limited to 2 concentrations per week 
by the availability of incubators and hydrostatic pressure systems: treatment order in each replicate 
was randomised. 

Probit analysis of pooled mortality data from replicate treatments was used to model the lethal effects 
of metal exposures and determine the 24, 48, 72, and 96 h LC50, assuming a logistic distribution 
based on the sigmoidal data pattern: ln !

!!!
= 𝑎 + 𝑏𝑋, where X is the exposure metal concentration 

and Y is the proportion of individuals suffering mortality.  

Pairwise comparisons of the exponential decay in LC50 with increasing exposure duration were 
employed to identify which treatments yielded significantly different responses, incorporating an 
assessment of the effect of the different incubation methods at 10°C and 0.1 MPa. The Holm-
Bonferroni correction was used to maintain the familywise error rate during multiple comparisons 
within the experiment. 
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The effect of temperature and hydrostatic pressure on the interaction of copper and cadmium was 
explored by testing deviation from the independent addition reference model (IA) predictions (48, 49).  
96 h lethal toxicity was assessed in a mixture of copper and calcium with LC29 of both metals (derived 
from the modelled mortality responses to individual metals in each temperature/hydrostatic pressure 
treatment) following the previously described protocol, and compared with mortality in a control 
treatment and in individual exposures to copper and cadmium LC29: IA predicted mortality in a binary 
mixture with LC29 of both constituents is 50%. Temperature and hydrostatic pressure treatments were 
performed concurrently with replicate treatments performed in consecutive weeks due to logistical 
limitations. The effect of temperature and hydrostatic pressure on the interaction of copper and 
cadmium was analysed by ANOVA using arcsine square-root transformed proportion data: data were 
normal (Shapiro-Wilk test) and homoscedastic (Levene’s test) (p > 0.05). 

Respiratory response to sublethal toxicity 

Oxygen consumption rates were measured to assess the effect of temperature and hydrostatic 
pressure on the respiratory response to copper or cadmium. Oxygen consumption rates were 
measured using an adaptation of established protocols (21, 50, 51). In brief, 5 individuals were 
exposed to 0, 100, or 1000 µg l-1 Cu or Cd additions for 96 hours as described previously. These 
copper concentrations are representative of hydrothermal vent shrimp habitat, even where the 
particulate fraction predominates the soluble fraction and reduces metal bioavailability (14). Copper 
concentrations may be estimated based on end-member mixing using trace metal content at 
hydrothermal vents reported by Douville, Charlou, Oelkers, Bienvenu, Jove Colon, Donval, Fouquet, 
Prieur and Appriou (52) and ambient seawater temperatures reported by Desbruyeres et al. (40). 
Estimated copper concentrations at 40°C, the proposed upper temperature experienced by 
hydrothermal vent shrimp (19, 20, 23, 25, 53), and at 18°C, the maximum temperature within Rimicaris 
exolculata swarms (54), are respectively 894 µg l-1 and 352 µg l-1 at the Rainbow vent, and 213 µg l-1 
and 81 µg l-1 at the Lucky Strike vent, on the Mid-Atlantic Ridge. 

Shrimp were subsequently transferred to 33 ml plastic vials filled with water from their incubation. Vials 
were closed underwater to ensure the absence of air bubbles and each vial was placed inside a 
temperature-acclimated hydrostatic pressure vessel filled with previously incubated freshwater. 
Hydrostatic pressure vessels containing individuals from the 10.0 MPa hydrostatic pressure treatment 
were pressurised to 10.0 MPa: pressurisation of the experimental vessel was continuous and acute, 
taking less than 10 seconds, and was achieved using a Maximator M72 manual air-driven liquid pump. 
Hydrostatic pressure vessels were placed within LMS model 230 series 2 cooled incubators to 
maintain experimental temperature. Isolation periods differed between 20°C and 10°C to compensate 
for temperature-dependent metabolic rate: animals were isolated for 45 minutes at 10°C and 30 
minutes at 20°C. Oxygen concentration within the vial did not fall below 50% oxygen saturation, 
reducing the potential for hypoxic metabolic influences in P. varians (47). For each treatment, 5 control 
vials containing only seawater from the 96 hour incubation were isolated using an identical procedure, 
to control for microbial respiration within the seawater. 

Following the isolation period hydrostatic pressure vessels were immediately depressurised, and the 
vial was removed and inverted three times to ensure homogeneity of seawater oxygen within the vial. 
The vial lid was removed and the oxygen saturation of the seawater was determined using an oxygen 
micro-optode connected to a PreSens Microx TX3 array, calibrated according to the manufacturer’s 
instructions. The animal was then removed from the vial, gently blotted on tissue paper, transferred to 
a 1.5 ml centrifuge tube, and flash frozen in liquid nitrogen within 10 minutes of departure from 
experimental condition. Samples were stored at -80°C for subsequent biomass and biochemical 
analysis. Molar oxygen consumption (MO2, µmol O2 mg-1 h-1) was calculated from the difference 
between the oxygen saturation in the control vial and the oxygen saturation in the treatment vials, 
following established methods for determining oxygen concentration in air-saturated seawater (55). 
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The effect of temperature and hydrostatic pressure on the respiratory response to copper and 
cadmium was analysed using two-way ANOVAs: data were normal (Shapiro-Wilk test) and 
homoscedastic (Levene’s test) (p > 0.05). The post-hoc multiple comparisons Holm-Sidak test was 
used to determine which treatments produced the differences. 

Biochemical response to sublethal toxicity 

Tissue was homogenised at 4°C in Tris-HCL pH 7.6 buffer. Following 10 mins incubation at 4°C, the 
homogenates were centrifuged at 1000g for 10 min at 4°C and the cytosolic fraction was retained for 
analysis. Total protein and enzyme activities were determined  fluorometrically using a microplate 
reader (FLUOstar OPTIMA, BMG Labtech). Total protein was assessed at 584 nm absorbance using 
an assay kit employing the Lowry method with Peterson’s modification (Sigma-Aldrich TP0300). 
Superoxide dismutase (SOD) activity was assessed at 450 nm absorbance using an assay kit 
employing inhibition of xanthine oxidase activity (Sigma-Aldrich 19160). Glutathione peroxidase (GPx) 
activity was assessed at 340 nm absorbance using an assay kit employing NADPH oxidation in the 
presence of excess glutathione reductase, reduced glutathione, and corresponding peroxide (Abcam 
ab102530). 

 

1.3 Results 

Temperature and hydrostatic pressure effects on lethal toxicity 

Both copper and cadmium LC50 were significantly reduced at low temperature and there was no 
significant difference between the different incubation methods at 10°C and 0.1 MPa (Fig. 1.1). 
However, whilst copper LC50 was significantly increased at high hydrostatic pressure, cadmium LC50 
was not significantly affected. The effect of exposure duration on copper LC50 was not significantly 
affected by low temperature or high hydrostatic pressure. In contrast, the effect of exposure duration 
on cadmium LC50 was significantly reduced at low temperature but was not significantly affected by 
high hydrostatic. 
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Figure 1.1: Effect of temperature, exposure method, hydrostatic pressure, and exposure duration on lethal copper 
and cadmium toxicity in Palaemon varians. Filled circles represent LC50 at 20°C and 0.1 MPa using standard 
method (grey), 10°C and 0.1 MPa using standard method (blue), 10°C and 0.1 MPa using hyperbaric method 
(green), and 10°C and 10.0 MPa using hyperbaric method (orange), modelled using probit analysis. 

 

 

The interaction between copper and cadmium was potentiating (Fig. 1.2). Low temperature did not 
significantly affect the interaction (F1,4 = 0.500, p = 0.519) and there was no significant difference 
between standard treatment and hyperbaric aquaria treatment at 10°C and 0.1 MPa (F1,4 = 0.002, p = 
0.967). However, high hydrostatic pressure significantly increased the potentiation effect (F1,4 = 
11.768, p = 0.027). 
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Figure 1.2: Effect of temperature, exposure method, and hydrostatic pressure on the interaction between copper 
and cadmium toxicity in Palaemon varians. Bars represent mortality (mean ± SD; n = 3) at 20°C and 0.1 MPa 
using standard method (grey), 10°C and 0.1 MPa using standard method (blue), 10°C and 0.1 MPa using 
hyperbaric method (green), and 10°C and 10.0 MPa using hyperbaric method (orange). Asterisks indicate 
significant differences. 

 

Respiratory response to sublethal toxicity 

Exposure to sublethal concentrations of both copper and cadmium significantly affected respiratory 
rate (Fig. 1.3) (respectively, F6,48 = 4.521, p = 0.001 and F6,48 = 5.180, p < 0.001). Respiratory 
sensitivity to both copper and cadmium exposures was reduced at low temperature, but the effect of 
high hydrostatic pressure on sensitivity to copper and cadmium differed: high hydrostatic pressure 
increased respiratory sensitivity to copper, but not to cadmium. 

Biochemical response to sublethal toxicity 

Exposure to sublethal concentrations of both copper and cadmium significantly affected SOD activity 
and GPx activity (Figs. 1.4 and 1.5) (respectively, F6,48 = 2.463, p = 0.037 and F6,48 = 2.682, p = 0.025, 
and F6,48 = 3.391, p = 0.007 and F6,48 = 5.350, p < 0.001). Enzyme sensitivity to both copper and 
cadmium exposures was reduced at low temperature, but the effect of high hydrostatic pressure on 
sensitivity to copper and cadmium differed: high hydrostatic pressure increased respiratory sensitivity 
to copper, but not to cadmium. 
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Figure 1.3: Effect of temperature, exposure method, and hydrostatic pressure on respiratory response to copper 
and cadmium in Palaemon varians. Bars represent molar oxygen consumption (MO2) (mean ± SD; n = 5) at 20°C 
and 0.1 MPa using standard method (grey), 10°C and 0.1 MPa using standard method (blue), 10°C and 0.1 MPa 
using hyperbaric method (green), and 10°C and 10.0 MPa using hyperbaric method (orange). Asterisks indicate 
significant differences. 

 

Figure 1.4: Effect of temperature, exposure method, and hydrostatic pressure on superoxide dismutase (SOD) 
response to copper and cadmium in Palaemon varians. Bars represent SOD activity (mean ± SD; n = 5) at 20°C 
and 0.1 MPa using standard method (grey), 10°C and 0.1 MPa using standard method (blue), 10°C and 0.1 MPa 
using hyperbaric method (green), and 10°C and 10.0 MPa using hyperbaric method (orange). Asterisks indicate 
significant differences. 
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Figure 1.5: Effect of temperature, exposure method, and hydrostatic pressure on glutathione peroxidase (GPx) 
response to copper and cadmium in Palaemon varians. Bars represent GPx activity (mean ± SD; n = 5) at 20°C 
and 0.1 MPa using standard method (grey), 10°C and 0.1 MPa using standard method (blue), 10°C and 0.1 MPa 
using hyperbaric method (green), and 10°C and 10.0 MPa using hyperbaric method (orange). Asterisks indicate 
significant differences. 

 

1.4 Discussion 

Mechanisms of toxicity 

Both copper and cadmium lethal toxicity in decapods appear related to respiratory impairment (44). 
Metal exposures have a direct effect on cellular bioenergetics, interfering with ATP-producing 
pathways. Copper and cadmium adversely affect mitochondrial function and capacity for aerobic ATP 
production, resulting in reduced mitochondrial efficiency and coupling, elevated proton leak and, in 
severe cases, depolarization, which all increase oxidative stress (56). Elevated oxidative stress in 
response to copper and cadmium exposures is apparent in increased SOD and GPx activity in P. 
varians. Constitutive expression of such key enzymes in the antioxidant arsenal in fish declines with 
depth, associated with a depth-related decrease in metabolic rate (57). The bathymetric reduction in 
constitutive antioxidant expression may decrease the capacity of deep-sea fish to tolerate oxidative 
stress (57), and it is likely that other taxa which display similar depth-related metabolic adaptations, 
such as non-vent caridean decapods (58), will be affected similarly. 

Decreased sensitivity to copper and cadmium at lower temperature likely results from thermodynamic 
effects on kinetics. However, the differential magnitude of the reduction in sensitivity indicates 
contrasting modes of action in these metals. Hydrostatic pressure is also a thermodynamic parameter, 
but the effects of hydrostatic pressure depend on the system volume change in individual reactions, 
rather than on molecular kinetic energy (59). Consequently, the contrasting responses of lethal copper 
and cadmium toxicity to hydrostatic pressure suggest differing mechanisms of toxicity in these metals. 
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Lethal toxicity in copper and cadmium exposures results from systemic disturbance in acid-base 
balance in decapods, caused by the inhibition of carbonic anhydrase (60, 61). Carbonic anhydrase 
facilitates acid-base regulation and respiratory exchange by promoting rapid equilibration between 
HCO3

- and CO2 and contributing to haemocyanin modulation and gas transport (62, 63). The effects of 
copper and cadmium reduce respiratory capacity, leading to a mismatch in oxygen supply and 
demand, and ultimately resulting in death (64). However, exposure to incipient lethal copper 
concentration stimulates increases in cardiac activity in caridean shrimp, whereas cardiac activity is 
not significantly affected by exposure to incipient lethal cadmium concentration (65), suggesting that 
these metals may act through other modes differently.  

Hyperbaric tolerance is proposed to depend on reduced respiratory capacity resulting from diminished 
cardiac performance, itself mediated by depressed neurotransmission caused by the effects of 
hydrostatic pressure on cell surface receptors (66). N-methyl-D-aspartate (NMDA) receptors are 
ligand- and voltage-gated glutamate receptors, i.e. ion channels that mediate excitatory 
neurotransmission, predominantly regulated by Mg2+ blockade (67). NMDA receptors are present in all 
major ganglia of decapods, demonstrating strong localisation in synaptosomal membranes (68). 
Hyperbaric neurophysiological stress at ecologically relevant temperatures appears to result from 
increased NMDA receptor activity in P. varians (37-39), and also in the bathyal decapod Lithodes maja 
(66, 69). 

Copper and cadmium also modulate NMDA receptor activity and lead to neurophysiological stress, but 
through contrasting actions; copper increases NMDA-receptor activity (70, 71), whereas cadmium 
decreases NMDA-receptor activity (72, 73). The effects of hydrostatic pressure on NMDA receptor 
activity may therefore explain the contrasting effects of hydrostatic pressure on sensitivity to copper 
and cadmium; hydrostatic pressure may exacerbate increases in NMDA receptor activity caused by 
copper, but may mitigate decreases in NMDA receptor activity caused by cadmium. The significant 
effect of hydrostatic pressure on the synergistic interaction between copper and cadmium supports 
this hypothesis. 

Ecological implications 

Aerobic scope is reduced during exposure to metal due to the induced elevation of basal metabolic 
costs (56). Cellular protective mechanisms respond to metal exposure, with upregulated antioxidants, 
metallothioneins, glutathione, molecular chaperones, and/or cellular repair pathways increasing basal 
metabolic demand; elevated protein synthesis and turnover are amongst the most important ATP 
sinks in the cell (56). The reduced sensitivity to metals with decreased temperature in P. varians may 
therefore result from elevated aerobic scope due to lower metabolic rate (Fig. 1.3) (74), as well as 
toxicokinetics. However, 10°C does not represent a significant thermal challenge to P. varians, even at 
10.0 MPa (21, 22, 24, 36-38). Temperatures approaching thermal limits and hydrostatic pressures 
approaching hyperbaric limits reduce respiratory capacity (51, 66, 74) similarly to metal exposure (64). 
Indeed, the interaction of low temperature and high hydrostatic pressure results in significant stress in 
P. varians at 5°C and 10.0 MPa (36-38). Consequently, the effects of reducing temperature below 
10°C may moderate toxicokinetic benefits to metal tolerance, and are likely to be accentuated by 
increasing hydrostatic pressure. 

However, it is the bioenergetic consequences of sublethal metal exposures that appear critical (56). 
Increased basal metabolic demand is met by increased energy allocation to basal maintenance, which 
comprises key cellular processes (e.g. ion regulation, protein turnover) and essential systemic 
activities such as ventilation and circulation (75). Individual fitness is therefore reduced as additional 
homeostatic energy costs lead to energetic trade-offs: increased allocation of energy to maintenance 
during stress diminishes energy available for other functions, and consequently reduces scope for 
growth, activity and reproductive output (56, 75). Decreased sequestration of energy as reserves 
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and/or reallocation of energy reserves to maintenance decreases capacity to buffer fluctuating food 
availability and ensure continuous metabolic energy supply (56). This may crucially affect survival in 
the deep-sea, where energy constraints are high (76), and increasing with climate change (77). 
Individual bioenergetic responses also decrease capacity to allocate energy to provisioning offspring, 
potentially impacting fecundity and/or offspring fitness (56), and thus influencing source-sink dynamics 
of wider deep-sea populations (78). 

The physiological effects of toxicity are hypothesised to integrate with the physiological effects of 
temperature, hydrostatic pressure, oxygen concentration, and carbon dioxide concentration in a matrix 
of oxygen-limited acute tolerance, limited by diminishing respiratory capacity, and energy-limited 
chronic tolerance (4-6). Consequently, the ecotoxicological risks posed by toxicant mobilisation during 
deep-sea mining will vary with the position of an individual within the species biogeographic range. 
Predictions based on this hypothesis imply that toxic exposure reduces both acute and chronic 
thermal tolerance (64). Since marine ectotherms tend to fully occupy their thermal niches (79), toxic 
exposures may narrow species thermal distributions (64). Similarly, hydrostatic pressure tolerance 
may also narrow in response to toxic exposures. Since at least some species fully occupy their baric 
niches (51, 66) this is likely to result in reduced depth range too. Therefore, the effects of metal 
exposures are likely to result in the erosion of populations at biogeographic range limits.  

Insights into adaptation in deep-sea hydrothermal vent shrimp 

Several studies have employed a comparative approach to explore adaptation to the toxic challenges 
presented by hydrothermal vent environment, but these studies have focused on assessing in situ 
biomarker expression (metallothioneins, antioxidant enzymes, lipid peroxidation) and/or metal 
accumulation in hydrothermal vent and coastal shrimp (Geret et al. 2002, Kadar et al. 2006, Gonzalez-
Rey et al. 2007, 2008). Whilst this approach elucidates responses to in situ concentrations of 
toxicants, it has yielded limited information regarding similarities and/or differences in responses and 
sensitivity to elevated toxicant concentrations among species. Such information may only be revealed 
through a comparative experimental approach, where individuals from different species are exposed 
to similar challenges under native environmental conditions (e.g. hydrostatic pressure, temperature). 
The recent experimental assessment of sublethal responses to copper exposure in Rimicaris 
exoculata at at 10°C and 30.0 MPa (80) thus provides the first opportunity to develop significant 
insight into caridean adaptation to toxicity in the hydrothermal vent environment. 

Methodological and analytical differences between these studies demand caution; identical 
methodological and analytical approaches are required for unequivocal conclusions. Nonetheless, 
significant up-regulation of antioxidant enzymes in P. varians in response to both 100 µg Cu l-1 and 
1000 µg Cu l-1 at 20°C and 0.1 MPa differs from the absence of significant responses to both ~25 µg 
Cu l-1 and ~250 µg Cu l-1 (0.4 µM Cu2+ and 4.0 µM Cu2+) in R. exoculata (80). In contrast, the absence 
of a response to 100 µg Cu l-1 at 10°C and 0.1 MPa in P. varians is consistent with the responses 
reported in R. exoculata. These comparisons suggest that sensitivity and responses to toxicants may 
not differ between these species at a common temperature at native hydrostatic pressure, and 
therefore that shallow-water taxa may be suitable ecotoxicological proxies for deep-sea taxa. 
However, P. varians is significantly more tolerance of both copper and cadmium than other shallow-
water caridean shrimp species (e.g. Wu & Chen 2004, Barbieri 2007, Barbieri 2009, Kaoud & 
Eldahshan 2010, Barbieri & Paes 2011, Boudet &al. 2013, Yang 2014), indicating that shallow-water 
ecotoxicological proxy species cannot be chosen arbitrarily. High metal tolerance in P. varians may 
result from adaptations to highly variable environmental temperature, salinity, and oxygen 
concentration in the estuarine, salt marsh, and saline lagoon habitat; caridean shrimp inhabiting fully 
marine or freshwater environments demonstrate significantly lower tolerance to temperature, salinity, 
and oxygen concentration (Gonzalez-Ortegon et al. 2013). Consequently, matching the environmental 
variability experienced by deep-sea species may be a key criterion for the selection of shallow-water 
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ecotoxicological proxy species. For example, non-vent deep-sea taxa may be more sensitive to metal 
disrupted acid-base regulation than shallow-water taxa from temperate latitudes due to lower 
capacities for pH buffering and low concentrations of ion-transport proteins arising from adaptations to 
stable environmental conditions in the wider deep-sea (81). In contrast, adaptations to cold 
stenothermal environments suggest that polar shallow-water fauna may be physiologically more 
similar to deep-sea fauna than temperature or tropical shallow-water fauna (82), and thus may be 
more suitable ecotoxicological proxies. 
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Abstract 

The imminent exploitation of deep-sea mineral resources has raised concerns regarding the potential 
ecotoxicological impacts of mineral extraction in the deep sea. Although sulfidised metals are 
predicted to exhibit low bioavailability, there are few data exploring the relative toxicity of mineralic 
phases and their dissolved constituent metals. Acute chalcopyrite (CuFeS2) exposures using the 
shallow-water ecophysiological model organism Palaemon varians revealed no effect in both lethal 
and sublethal assays, suggesting that oxidised chalcopyrite is not bioavailable. Consequently, an 
approach that combines modelling the release of dissolved metals during deep-sea mining, and the 
spatial and temporal dilution of dissolved metals concentrations, with data on the sublethal effects of 
metals on shallow-water ecotoxicological proxies, may best constrain the potential ecotoxicological 
impacts of deep-sea mining. Such an approach may deliver thresholds for environmentally acceptable 
concentrations of dissolved metals, which can be monitored during active deep-sea mineral extraction. 
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2.1 Introduction 

Interest in exploiting deep-sea mineral resources is burgeoning, driven by increasing metal prices and 
the challenges of achieving environmentally acceptable operations in the extraction, processing, and 
disposal of rock materials from low-grade terrestrial deposits. However, extraction of deep-sea mineral 
deposits may have significant ecotoxicological impacts on the deep-sea fauna. For example, seafloor 
massive polymetallic sulphides, which form at hydrothermal vents, comprise high concentrations of 
potentially toxic metal minerals such as chalcopyrite (CuFeS2) (1). Consequently, accurately 
constraining the impacts of deep sea mineral extraction on the deep-sea fauna will require 
assessment of ecotoxicological effects. 

The urgency to exploit deep-sea mineral resources and the difficulties in experimentally assessing 
impacts on deep-sea fauna have driven researchers to explore the suitability of utilising shallow-water 
species as ecotoxicological proxies for deep-sea species (2). Marine metal toxicity depends on 
organismal physiology (3), therefore closely related species with similar physiologies and which inhabit 
similar environments are expected to display similar tolerances to toxicants (4-7), but tolerances to 
toxicants may differ among closely related species that inhabit contrasting environments. 
Consequently, it has been suggested that physiological adaptations to the e.g. constant low 
temperature and high hydrostatic pressure environmental conditions of the deep-sea (8) may affect 
sensitivity to toxicants, potentially confounding the use of shallow-water species as ecotoxicological 
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proxies (9). However, the limited data available suggest that adaptation to environmental conditions in 
the deep sea (e.g. constant low temperature and high hydrostatic pressure) may not affect responses 
to copper exposure, and that shallow-water species that are adapted to habitats with similar 
environmental variability may be suitable ecotoxicological proxies for deep-sea species (2). For 
example, sublethal responses to dissolved copper at native hydrostatic pressure and at a common 
temperature appear consistent in the shallow-water estuarine, salt marsh, and saline lagoon shrimp 
Palaemon varians, and the deep-sea hydrothermal vent shrimp Rimicaris exoculata (2). 

Whilst metals may be released into solution by the extraction of deep-sea mineral resources (10), 
there are few data available on the relative toxicity of mineralic phases and their dissolved constituent 
metals (11). The limited data that are available suggest that metal sulphide phases are significantly 
less bioavailable than dissolved metals (11). For example, the bioavailability of copper determined 
according to acute lethal toxicity thresholds is 4-12 times greater in dissolved copper-spiked 
sediments than in chalcopyrite-spiked sediments (11). Therefore, the aim of this study was to utilise 
the shallow-water shrimp P. varians, a potential shallow-water proxy for the hydrothermal vent shrimp 
Rimicaris exoculata, to determine the toxicity of chalcopyrite, a major component of seafloor massive 
polymetallic sulphide deposits (12). 

Although acute mortality provides an indication of survival in the short-term, it is the bioenergetic 
consequences of sublethal metal exposures that appear critical to individuals, populations, and 
species persistence in the long-term (13). Increased basal metabolic demand by the cellular protective 
mechanisms that respond to metal exposure (e.g. antioxidant, metallothionein, glutathione, and 
molecular chaperone expression) (13) is met by increased energy allocation to basal maintenance, 
which comprises key cellular processes and essential systemic activities such as ventilation and 
circulation (14). Increased allocation of energy to maintenance during stress diminishes energy 
available for other functions, and consequently reduces scope for growth, activity and reproductive 
output, and therefore individual fitness is reduced as the additional homeostatic energy costs lead to 
energetic trade-offs: (13, 14). Decreased sequestration of energy as reserves and/or reallocation of 
energy reserves to maintenance decreases capacity to buffer fluctuating food availability and ensure 
continuous metabolic energy supply (13). This may crucially affect survival in the deep-sea, where 
energy constraints are high (15), and increasing with climate change (16). Consequently, the sublethal 
respiratory response to chalcopyrite exposure was also assessed. 

 

2.2 Materials and Methods 

Sampling and maintenance 

Sampling and maintenance was performed as described by (2). Adult specimens of Palaemon varians 
(4 to 5 cm in total length) were collected by hand-netting from Lymington salt marshes (Hampshire, 
England: 50°45’N, 1°32’W) in March 2016, and transported to the National Oceanography Centre 
Southampton (NOCS) in 10 l buckets containing water from the sampling location. Upon arrival at 
NOCS shrimp were transferred to a 185 l flow-through holding aquarium within the recirculating NOCS 
research aquarium and maintained at ambient salinity (~32), with stable temperature (~15°C) and 
light:dark cycling following seasonal changes. Shrimp were fed to excess three times per week with 
Tetra Goldfish flakes. Shrimp were maintained for > 4 weeks but < 8 weeks prior to experimental 
treatment to minimise the potential for influences of seasonal temperature acclimation (17). 7 days 
prior to experimental treatments animals were transferred to 10 l PVC plastic tanks filled with 
continuously aerated artificial seawater (salinity 32) acclimated to 15°C using a water bath (controlled 
by a Haake EK20 chiller and a Haake DC10 heater) (12:12 photoperiod). The water bath was adjusted 
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to experimental temperature to achieve a continuous gradual temperature shift over ∼5 hours. Water 
changes (50%; artificial seawater with salinity 32 at experimental temperature) were conducted three 
times per week. Shrimp were starved for 3 days prior to experimental treatments to reduce potential 
effects of differences in digestive state on variability in sensitivity to toxicants due to temperature and 
hydrostatic pressure (18). Both lethal and sublethal responses to acute exposures were assessed to 
deliver a holistic comparative approach (19). 

Lethal toxicity 

96 h copper LC50 (concentration lethal to 50% of test individuals) was assessed by static renewal. 
Individuals were exposed to artificial seawater or artificial seawater spiked with metal by the addition 
of research grade chalcopyrite (CuFeS2) ground to a fine powder. Exposure concentrations (Cu 
addition equivalent: 0, 1, 10, 100, 1000 mg l-1) were selected based on lethal copper toxicity in P. 
varians at 10°C and 0.1 MPa (96-h LC50 = 26.9 mg l-1) (2). Mortality was assessed every 24 hours. 
Treatments were performed in triplicate and no mortalities were observed in control treatments. 
Seawater oxygen saturation was determined at the end of each 24 hour incubation using an oxygen 
micro-optode connected to a PreSens Microx TX3 array, calibrated according to manufacturer’s 
instructions. Oxygen saturation did not decrease below 70% in any treatment reducing the potential for 
influences of hypoxia (20). 

Respiratory response to sublethal toxicity 

Oxygen consumption rates were measured to assess the respiratory response to chalcopyrite. 
Oxygen consumption rates were measured using an adaptation of established protocols (2, 21-23). In 
brief, 5 individuals exposed to 0, 1, 10, 100, 1000 mg l-1 Cu equivalent additions for 96 hours as 
described previously, were subsequently transferred to 33 ml plastic vials filled with water from their 
incubation. Vials were closed underwater to ensure the absence of air bubbles and each vial was 
placed inside a temperature-acclimated hydrostatic pressure vessel filled with previously incubated 
freshwater. Hydrostatic pressure vessels were placed within LMS model 230 series 2 cooled 
incubators to maintain experimental temperature. Animals were isolated for 45 minutes. Oxygen 
concentration within the vial did not fall below 70% oxygen saturation, reducing the potential for 
hypoxic metabolic influences in P. varians (20). For each treatment, 5 control vials containing only 
seawater from the 96 hour incubation were isolated using an identical procedure, to control for 
microbial respiration within the seawater. 

Following the isolation period the vial was removed from the hydrostatic pressure vessel and inverted 
three times to ensure homogeneity of seawater oxygen within the vial. The vial lid was removed and 
the oxygen saturation of the seawater was determined using an oxygen micro-optode connected to a 
PreSens Microx TX3 array, calibrated according to the manufacturer’s instructions. The animal was 
then removed from the vial, gently blotted on tissue paper, transferred to a 1.5 ml centrifuge tube, and 
flash frozen in liquid nitrogen within 10 minutes of departure from experimental condition. Samples 
were stored at -80°C for subsequent biomass analysis. Molar oxygen consumption (MO2, µmol O2 mg-

1 h-1) was calculated from the difference between the oxygen saturation in the control vial and the 
oxygen saturation in the treatment vials, following established methods for determining oxygen 
concentration in air-saturated seawater (24). The respiratory response to chalcopyrite was analysed 
using one-way ANOVA; data were normal (Shapiro-Wilk test) and homoscedastic (Levene’s test) (p > 
0.05). 
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2.3 Results and Discussion 

Lethal toxicity and respiratory response to sublethal toxicity 

Exposure to chalcopyrite did not result in mortality in Palaemon varians at a copper-equivalent 
concentration ~37 times greater than the acute lethal threshold for dissolved copper, and did not 
significantly affect respiration rate in P. varians at a concentration 1000 times greater than that eliciting 
a respiratory response to dissolved copper (Fig. 2.1) (F4,20 = 0.098, p = 0.982) (2). These results are 
consistent with other available data on the relative toxicity of dissolved and mineralic metal phases, 
indicating greater bioavailability in dissolved form than in mineralic form (11). However, the magnitude 
of the difference in bioavailability is unprecedented (11). This disparity likely results from chalcopyrite 
oxidation prior to experimental exposures in this study, and thus these data suggest that oxidised 
chalcopyrite may not be bioavailable to P. varians, and by extension to deep-sea shrimp species. 
However, the methodological approaches demand caution; the significant potential for bioavailability 
through dietary exposure (11) was not assessed.  

Whilst the extraction of deep-sea mineral deposits will expose reduced sulphide minerals, oxygen 
concentration in the deep sea typically exceeds 3 ml l-1 (25), suggesting that the exposed reduced 
mineral surfaces will be oxidised and precipitated rapidly (≤ 1 hour) (10). The presence of additional 
sulphide phases, a geologically relevant scenario (1), appears to further increase the rate of oxy-
hydroxide precipitation (10), decreasing the potential for exposure to reduced mineralic phases. 
Consequently, integrating modelling approaches exploring the concentrations of dissolved metals 
released during deep-sea mining, and spatial and temporal dilution of dissolved metals 
concentrations, with approaches exploring sublethal effects on shallow-water ecotoxicological proxies, 
may best constrain the potential ecotoxicological impacts of deep-sea mining. Such an approach may 
provide thresholds for environmentally acceptable concentrations of dissolved metals, which can be 
monitored during active deep-sea mineral extraction. 

 

 

Figure 2.1: Acute (96 h) respiratory response (mean ± SD; n = 5) to copper presented as chalcopyrite. 
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Abstract 

Benthic suspension feeders, such as corals, are likely to be greatly impacted by sediment plumes 
generated during mining activities for deep-sea mineral resource extraction. Exposure to suspended 
sediments can mechanically damage corals by smothering and clogging their tissues, and can also 
contain toxic substances that affect coral physiological processes. In an aquaria-based experiment we 
simulated the effects of PMS plumes, generated during mining activities in a hydrothermal vent field, 
on the physiology of the cold-water octocoral Dentomuricea meteor. Corals were collected from the 
summit of Condor Seamount at depths between 185-210 m. Coral fragments were maintained in 10-L 
aquaria and exposed to three experimental treatments for a period of four weeks: (1) a control 
treatment with filtered seawater; (2) exposure to suspended PMS particles (25 mg/L; 0.5-70 µm); (3) 
exposure to suspended inert quartz particles (25 mg/L; 0.5-70 µm). The two particle treatments were 
designed to distinguish between potential mechanical and toxicological effects of mining sediments. 
PMS particles were obtained by grinding sedimentary rocks collected at the hydrothermal vent field 
Lucky Strike, and particle size matched the range expected by Seafloor Mining Tools excavation and 
by dewatering processes, according to the IHC Mining B.V Company. During the experiment period, 
diffusive gradients in thin films (DGT’s) were used to monitoring the bioavailable labile metal fraction in 
the different exposure treatments. The antioxidant enzymatic activities of superoxide dismutase 
(SOD), catalase (CAT), glutathione S-transferase (GST), heat-shock protein HSP70 and lipid 
peroxidation (LPO) were examined in coral fragment tissue to evaluate tissue metabolic specificities 
under PMS exposure. Our results show that smothering and clogging of D. meteor tissues together 
with PMS trace metals desorption, induces cellular antioxidant alarm and leads to massive mortality 
after almost 1 month of PMS exposure. The fragility of cold-water corals communities, and the value it 
holds for fundamental physiological studies of metabolism and adaptation, will have to be taken into 
account in planning for mineral exploration and exploitation. 
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3.1 Introduction 

Sediment plumes generated by seabed resource extraction have the potential to affect benthic 
ecosystems by smothering (Skilleter et al., 2006) and the probable release of toxic metals (Josefson et 
al., 2008). The response mechanisms of deep-sea non-hydrothermal macro-fauna to this kind of 
perturbation are largely unknown, although of high relevance in the context of deep-sea mining 
activities. The region of the Azores Triple Junction (ATJ) hosts a number of deep sea hydrothermal 
vent sites that are being considered for potential mineral extraction of polymetallic sulphide (PMS) 
deposits. The excavation of the latter and return tailings from mining activities may generate particle 
re-suspension likely to affect surrounding benthic suspension-feeders from the numerous non-
hydrothermal seamount habitats dominating the ATJ area. Deep-water coral communities are known 
to structure the latter habitats (Braga-Henriques et al., 2013). The cold-water octocoral gorgonian 
Dentomuricea meteor (Grasshoff, 1977) is potentially endemic to seamounts and has been recorded 
from the Great Meteor seamount (Pasternak, 1985), to the Condor seamount close to Faial island 
(Braga-Henriques et al., 2013). This suspension-feeder is most likely to be affected by deep-sea 
mining-derived particle plumes, although coral sensitivity to particle load is highly species-specific 
(Erftemeijer et al., 2012). The present experiment was therefore designed for determining the 
tolerance of D. meteor to PMS micro-particles exposure, using physiological biomarkers as a stress-
response indicator. 

 

3.2 Material and Methods 

3.2.1  Sample collection and experimental design 

Specimens of D. meteor were sampled on the Condor Seamount, close to Faial Island, Azores, 
(38˚08’N, 29˚05’W) at depths of 185-210 m in August 2014 using the ROV SP-300m from the IMAR 
Institute. Six colonies were fragmented into 15 nubbins (5-7 cm each). Mother colonies and nubbins 
were adapted to atmospheric pressure for 25 days in the CoralLab facilities, IMAR/DOP. During the 
adaptation period, the colonies were kept in different aquaria, experiencing salinities of 36.1 ± 0.1 ‰, 
pH of 8.0 ± 0.1 and temperatures of 15.0 ± 0.9 °C. Seawater in each aquarium was continuously 
renewed (6 times/day at 5 L h-1), and corals were fed five days a week, twice a day, with a mixture of 
frozen adult Artemia salina and nauplii, mysids and microplakton, and a food supplement composed of 
proteins, aminoacids, lipids, vitamins, and oligoelements (Marine Active Supplement, Bentos 
Nutrition). The same amount of food was given to each aquaria (*20 ml) using a graded syringe. 

Particles representative for mine tailings from the extraction of deep sea PolyMetallic Sulfide (PMS) 
deposits were generated from the Eiffel Tower hydrothermal chimney, at the Lucky Strike 
hydrothermal vent field during MoMARSAT-2013 research cruise. After grinding in a tungsten carbide 
ring mill pulveriser, the PMS particles were analyzed by laser diffraction (Mastersizer 2000) revealing 
that 90% of the particles were 0.5-70 µm in size (51% ranging from 0.5-10 µm and 5% between 50-70 
µm). Mineral composition of PMS particles was composed of barite (BaSO4), pyrite (FeS2), and 
chalcopyrite (CuFeS2). PMS particle size matched the range expected by Seafloor Mining Tools 
excavation and by dewatering processes, according to the IHC Mining B.V. (80% 0.5-10 µm and 20% 
10-70 µm). The effect of PMS particles was compared to the mechanical effect of a mixture of inert 
quartz particles composed for 80% of 0.5-10 µm (#274739, Sigma-Aldrich) and for 20% of 50-70 µm 
grain sizes (#S5631, Sigma-Aldrich).  
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Following the adaptation period, nubbins were distributed in six 10 L aquaria so that the same number 
of nubbins of each colony was present in each experimental treatment (five nubbins from three 
different mother colonies, n=15, per aquarium at the beginning of the experiment). Each experimental 
treatment was set-up in duplicate (Fig. 3.1). The 3 treatments were: (1) a control treatment with filtered 
seawater; (2) exposure to suspended PMS particles (25 mg/L; 0.5-0.7 µm); (3) exposure to suspended 
inert quartz particles (25 mg/L; 0.5-0.7 µm). PMS concentration of 25 mg/L was chosen based on 
offshore drilling activities on the cold-water coral Lophelia pertusa (Larsson et al., 2013). The two 
particle treatments were designed to distinguish between potential mechanical and toxicological 
effects of mining sediments. Corals were fed once daily and the excess food and debris were removed 
each week before food addition to the tanks, while replacing at the same time 25% of tank water. 
During the 27 days of the experiment, a semi-open system was set to guarantee PMS particles 
concentration during the experimental period, consisting in 8 h running seawater intercalated with 2 
periods of 4 hours in closed system. Seawater conditions (measured daily before feeding) were kept 
within the ranges of pH: 7.9-8.3; O2: 4-7.5 mg L−1 and temperatures between 14.3-16.1°C. Potential 
metal release in the seawater from PMS particle weathering was monitored by means of Diffusive 
Gradients in Thin-films for metals (DGT), changed weekly in all aquaria.  To avoid any interference of 
particle deposition on coral feeding, the addition of PMS and inert particles in the exposed tanks was 
done six hours after feeding and water renewal, by adding 250 mg of particles daily (for a final 
concentration of 25 mg/L). No particle was added in the Control treatment. Water circulation and 
particle resuspension were done using recirculation pumps (skim350, Eheim), linked to a tubing circuit 
with outflow holes orientated towards the tank walls (Fig. 3.1).  

 

Figure 3.1: Picture of the experimental set-up displaying the duplicate 10 L aquaria with PMS particles supply 
(left), inert particles (middle) and particles (control) (right). The insert (top right corner) shows the nubbins 
repartition at the beginning of the experiment, water recirculation circuit (bottom black tubbing) and DGT 
(suspended white caps) positioning 
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3.2.2 Preparation of tissue extracts for antioxidant enzymes and lipid peroxidation 

From each treatment and for each nubbin, tissues were separated from skeletons and homogenized 
at a 1:3 w/v ratio, in ice-cold Phosphate-buffered Saline solution (PBS pH 7.3: 0.14 M NaCl, 2.7 mM 
KCl, 8.1 mM Na2HPO4, 1.47 mM KH2PO4 and 1% (v/v) ProteaseArrestTM (G-Biosciences®)), using an 
Ultra Turrax (Ystral®, D79282) slowly increasing the rotational velocity from 8000 to 20,000 rpm, 
during the ~2 min extraction time. The homogenate was centrifuged at 16,000 g for 30 min at 4 ºC and 
supernatant fraction was separated into different microtubes and stored at -80 ºC for posterior protein 
quantification and measurements of GPx, SOD, CAT, LPO and HSP70. All enzyme assays were 
tested with commercial enzymes obtained from Sigma® and each sample was run in triplicate in a 
MultiskanTM GO microplate spectrophotometer (Thermo Scientific™). 

 

Determination of antioxidant enzyme activities 

Protein quantification: Soluble proteins were quantified according to Bradford method (Bradford, 
1976), adapted from Bio-Rad Bradford microassay set up in a 96-well microplate. Absorbance was 
read at 595 nm in a microplate reader (Thermo Scientific™). A calibration curve was created using 
bovine serum albumin (BSA; Bio-Rad) standards. 

Glutathione S‑transferase (GST) activity: Glutathione S-transferase (GST) total activity was 
determined according to the procedure described by (Habig et al., 1974), and optimized for 96-well 
microplate. This assay uses 1-chloro-2,4-dinitrobenzene (CDNB) as substrate, and upon conjugation 
of the thiol group of glutathione (GSH) to the CDNB substrate, there is an increase in the absorbance. 
The reaction product (GS-DNB conjugate), catalyzed by GST, absorbs at 340 nm. The rate of 
increase in the absorption is directly proportional to the GST activity in the sample. To perform the 
assay, 180 µL of substrate solution were added to 20 µL of GST standard or sample in each well and 
the absorbance at 340 nm was recorded every minute for 6 min using a plate reader (Thermo 
Scientific™). GST activity was calculated using a molar extinction coefficient for CDNB (ε= 5.3 mM−1 
cm−1). Equine liver GST (Sigma-Aldrich) was used as positive control to validate the assay. GST 
activity was calculated using the following equation: [ΔA340/min/0.0053]* [total volume/sample 
volume]. GST enzymatic activity in coral tissue is expressed as nmol min−1 mg−1 of protein (wet 
weight). 

Superoxide dismutase: SOD activity was determined spectrophotometrically by an indirect method 
(Therond et al., 1996) based on competition of SOD with 2-(4-iodophenyl)-3-(4-nitrophenol)-5- 
phenyltetrazolium chloride (I.N.T) for dismutation of superoxide anion (O-

2). In this method, xanthine 
and xanthine oxidase were used to generate O-

2 radicals which react with I.N.T quantitatively to form a 
red formazan dye. Absorbance was measured at 505 nm and 25 ºC, 30s after the addition of xanthine 
oxidase as start reagent across a 180 s incubation period (Kit Ransod SD 125, Randox). One unit of 
SOD is defined as the amount of enzyme that inhibits the rate of formazan dye formation by 50%. The 
percent inhibition of samples was calculated using the following equation: 100- [[ΔA505/min]/ 
[ΔAblank/min]] *100. Coral tissue SOD activity is expressed as inhibition % (wet weight). 

Catalase: CAT activity was measured spectrophotometrically, according to Beers and Sizer (1952), by 
measuring the rate of H2O2 disappearance at 240 nm (extinction coefficient, ε = 0,04 mM−1 cm−1) and 
25 °C across a 180 s incubation period. In this assay, total reaction volume of 300 µl was obtained 
with 50 mM potassium phosphate buffer (pH 7.0), 13.5 mM H2O2 as a substrate and initiated by the 
addition of the sample into well plates. Catalase from bovine liver (Sigma®) was used as a positive 
control for validation of the assay. Catalase activity was calculated using the following equation: 
[ΔA240/min/0,04]* [total volume/sample volume]. CAT enzymatic activity in coral tissue is expressed 
as µmol min−1 mg−1 of protein (wet weight). 
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Lipid peroxidation (determination of malondialdehyde, MDA) 

Lipid peroxidation was determined by the quantification of a specific end-product of the oxidative 
degradation process of lipids, malondialdehyde (MDA) (Kalghatgi et al., 2013). Concentrations of MDA 
were analyzed using a colorimetric reaction which uses 1-methyl-2-phenylindole (MPI) as chromogen 
(Randox Ltd.). Condensation of one molecule of MDA with 2 molecules of MPI under acidic conditions 
results in the formation of a chromophore with an absorbance maximum at 586 nm. Concentrations of 
MDA in each tissue were calculated using a standard curve prepared with freshly prepared solutions 
of malondialdehyde bis [dimethyl acetal] (ACROS Organics™) and values were expressed as nmol 
mg−1 of protein (wet weight). 

 

Heat shock protein (HSP70/HSC70) 

The heat shock response (HSR) was assessed from heat shock protein (HSP70/HSC70) production 
using an enzyme-linked immunosorbent assay (ELISA) based on a protocol from (Njemini et al., 
2005). Briefly, homogenate supernatant was diluted in PBS (1:10), of which 50 µL was added to each 
well of a 96-well microplate. After overnight incubation (4 °C), microplates were 3× washed in 0.05% 
PBS–Tween®20 (Sigma-Aldrich, USA) and 100 µL of blocking solution (1% BSA, Bio-Rad) was added 
to each well. After overnight room temperature incubation and a microplate 3x washing PBS–
Tween®20 step, the primary antibody (anti-HSP70/HSC70, Acris, USA), which detects 72 and 73 kDa 
proteins (molecular mass of inducible and constitutive isoforms, respectively), was added to each well 
(50 µL of 0.5 µgmL−1 solution per well) and then incubated overnight at room temperature. After 
removal of the non-linked primary antibody (3x washing PBS–Tween®20 step), the secondary 
antibody (anti-mouse IgG, Fab specific, alkaline phosphatase conjugate, Sigma) was added to each 
well (50 µL of 1 µg mL−1 solution per well) and further incubated overnight at room temperature. After 
another PBS–Tween®20 washing procedure (3×), 100 µL of substrate (SIGMA FAST™ p-nitrophenyl 
phosphate tablets, Sigma-Aldrich, USA) was added to each well and incubated at room temperature 
for 120 min. The reaction was stopped by adding 50 µL of NaOH solution (3 M) and the absorbance 
was read at 405 nm in a microplate reader. Heat shock protein quantification (HSP70/HSC70) in 
samples was calculated from a standard curve based on serial dilutions (0–250 µg mL−1) of purified 
HSP70 active protein (Acris, USA). Results were expressed in relation to total protein in the sample 
wet weight (µg HSP70/HSC70 mg−1 total protein). 

 

3.2.3  DGT-measured metals 

Cobalt, Cu, Cr, Mn, Ni and Zn dissolved fraction (<0.45 µm) were measured in the experiment 
seawater using diffusive gradients of thin films, as described in Pereira et al. (2009). Procedural 
blanks were prepared using the same analytical procedure and reagents, and included within each 
batch of samples. Metal concentrations were quantified by a quadrupole ICP-MS (Thermo Elemental, 
X-Series). All DGT holders, Chelex-100 resins and diffusive gels (type APA, 0.8 mm thickness, open 
pore) were purchased from DGT Research (Lancaster, UK, http://www.dgtresearch.com). 

 

3.2.4  Statistical analysis 

All values are reported as mean ± standard deviation (SD). Enzymes, HSP70/HSC70 and lipid 
peroxidation concentrations data did not meet the normality and homoscedasticity assumptions, and 
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were therefore analysed by permutation ANOVA (PERMANOVA) (Anderson MJ et al., 2008). The 
analyses were conducted using the software PRIMER 6 & PERMANOVA using a resemblance matrix 
based on Euclidean distance (Anderson MJ et al., 2008) and treatments as fixed effects. The 
PERMANOVA was run using 9999 permutations to produce p values using PERMANOVA or Monte 
Carlo methods depending on the number of unique permutations (i.e., number of samples). 

 

3.3 Results 

During the 27 days PMS particles exposure period, an unexpected D. meteor mortality was 
encountered in one of the control tanks (n=7)  at day 13, with dying animals presenting oxygen 
consumption rates of 0.15 ± 0.02 µmol cm2 h-1 that were twice as high as those of healthy nubbins 
from the duplicate control tank (0.08 ± 0.00 µmol cm2 h-1). No mortality was noted for D. meteor 
exposed to inert particles for up to 27 days. However, high mortality was observed in corals exposed 
to PMS particles after 13, 20 and 25 days, leaving no survivor on day 27 for this condition.  

3.3.1 Antioxidant enzyme activities  

Figure 3.2 shows the results of GST, SOD and CAT activities found in tissues of D. meteor exposed to 
PMS particles, inert particles and no particles for the experimental period of 27 days. Although no 
statistical significant differences (PERMANOVA, p > 0,05) were found for GST, SOD and CAT 
activities between exposure treatments, overall it seems there is a trend of increasing enzymatic 
activity throughout the 27 days experimental period. 

 

Figure 3.2: Mean variation of GST (U/mg of protein; wet weight), SOD (% inhibition; wet weight) and CAT (U/mg 
of protein; wet weight) in D. meteor tissues from the three experimental treatments; control (blue bars), exposed 
to inert particles (red bars) and exposed to PMS particles (green bars)) during 27 days: T0: analysis performed 

before exposure; T13: after 13 days exposure; T27: after 27 days exposure. : massive mortality for PMS 
treatment after 27 days exposure. Vertical bars stand for SD. 

 

3.3.2  Lipid peroxidation (malondialdehyde concentration) 

Figure 3.3 shows the results for lipid peroxidation cell status (MDA built-up) found in tissues of D. 
meteor exposed to PMS particles, inert particles and no particles for the experimental period of 27 
days. No statistical significant differences were found for MDA mean concentrations between 
experimental treatments (PERMANOVA, p > 0,05). Nevertheless, MDA concentrations showed a trend 
for an increase in D. meteor tissues exposed to inert particles after the 27 days (from 12,8 to 16,5 
nmol/mg total protein).  
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Figure 3.3: Mean variation of MDA (nmol/mg of protein; wet weight), in D. meteor tissues from the three 
experimental treatments; control (blue bars), exposed to inert particles (red bars) and exposed to PMS particles 
(green bars)) during 27 days: T0: analysis performed before exposure; T13: after 13 days exposure; T27: after 27 

days exposure. : massive mortality for PMS treatment after 27 days exposure. Vertical bars stand for SD. 

 

3.3.3  Heat shock protein (HSP70/HSC70) 

Figure 3.4 shows the results for HSP70 mean concentrations found in tissues of D. meteor exposed to 
PMS particles, inert particles and no particles for the experimental period of 27 days. After 27 days, a 
significant increase of HSP70 concentration was found in D. meteor tissues from both control (no 
particles) (PERMANOVA, t= 3,1; p < 0,05)  and inert particles exposure treatments (PERMANOVA, t= 
3,3; p < 0,05).   

 

 

Figure 3.4: Mean variation of HSP70 (µg/mg of protein; wet weight), in D. meteor tissues from the three 
experimental treatments; control (blue bars), exposed to inert particles (red bars) and exposed to PMS particles 
(green bars)) during 27 days: T0: analysis performed before exposure; T13: after 13 days exposure; T27: after 27 

days exposure. : massive mortality for PMS treatment after 27 days exposure. Vertical bars stand for SD. 
Symbol (*) indicate significant statistical difference among treatments. 
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3.3.4  Seawater trace metals 

Figure 3.5 shows the results for six trace metals (Cr, Mn, Co, Cu, Ni and Zn) concentrations analyzed 
in DGT´s collected from control, inert and PMS particles exposure aquariums. Our results show an 
evident higher concentration of metals in seawater with PMS particles release, compared with control 
or inert particles release. Trace metals like Cr, Co, Ni and Zn showed a significant increase of 
concentration, throughout the 27 days experiment, in seawater with PMS particles release 
(PERMANOVA, p < 0,05). For all the analyzed trace metals, significant differences in concentrations 
were found between PMS and both control and inert treatments after the 27 days exposure 
(PERMANOVA, p < 0,05). This means that a long term PMS particles release contributes for an 
increase of these trace metals availability in seawater. 

 

Figure 3.5: Mean variation of chromium (Cr), manganese (Mn), cobalt (Co), copper (Cu), nickel (Ni) and zinc (Zn) 
found in seawater (µg/l) from the three experimental treatments, control (dot marker line), inert particles exposure 
(square marker line) and PMS particles exposure (triangle marker line), during the 27 days experimental period. 

 

3.4  Discussion 

After 27 days exposure to PMS particles, 95 % of D. meteor nubbins were dead and no mortality occur 
after the same period at inert quartz particles treatment. This reflects the sensitive character of D. 
meteor to long term PMS exposure. Since the PMS particles used in our experiment were crushed 
until the desire fine size, we would expect that such process could brand sharp particles. Therefore, 
both PMS and quartz particles were analysed using scanning microscopy (data not shown) and some 
differences in shape, although not evident, were detected between both particles morphologies. PMS 
particles seem to present sharp edges, in comparison with smooth flat quartz particles, that may 
induce coral injuries leading to death in PMS long term exposure. However, we cannot neglect the 
effect of PMS composition and potential toxicity. 

Corals sensitivity to the exposure of increased suspended sediment concentrations is highly variable, 
depending on the species and nature of the particulate material (Erftemeijer et al., 2012). Mortality can 
thus be observed within weeks of exposure at low concentrations while some species tolerate 
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exposure to 1000 mg L-1 per days. As an example, the cold-water coral Lophelia pertusa is able to 
survive exposure to 25 mg L-1 fine < 63 µm drill cutting particles for several months (Larsson et al., 
2013).  

The enrich-metal character of polymetallic sulfides (including Ag and Au) has been leading to a great 
commercial demand since economic growth in developing countries, driven by local demand for 
automobiles and real estate. This has resulted in current boom in prices of metals found in PMS 
deposits which in turn has clearly ignited interest in research and exploration of PMS deposit (Pandey, 
2013). What we can see from our results is that metal elements bound in PMS particles are released 
to seawater (Fig. 3.5) as dissolved fractions becoming bioavailable to D. meteor. Therefore, the 
potential exploitation of PMS deposits in a large scale may cause a huge increase of bioavailable 
trace metals in the water column, exposing benthic communities to high levels of metals toxicity. 

Metal ions and environmental abiotic changes can stimulate the generation of free radicals by ions 
with changeable valence, for example donating electrons to H2O2 producing hydroxyl radical (OH-) 
and anion (•OH) in Fenton reaction (Lushchak, 2011). Consequently, increased levels of ROS 
enhance antioxidant cell defenses, represented by antioxidant enzymes such as superoxide 
dismutase (SOD), catalase (CAT), glutathione related enzymes (GPx, GST, GR) that usually act in a 
coordinated manner ensuring the optimal protection against oxidative stress (Pallavi Sharma et al., 
2012). An overall analysis of our enzymes results reveals a consistent antioxidant response of D. 
meteor to long-term acclimation and exposure treatment, after 13 days exposure (Fig. 3.2). 

Additionally, ROS can also react with organism's lipids, especially those membrane-associated, a 
process known as “peroxidation”—one of the most frequent cellular injury mechanisms (Lesser, 2006). 
The lipid peroxidation process is usually quantified via the assessment of malondialdehyde (MDA) 
levels, a specific end-product of the oxidative degradation process of lipids (Pannunzio and Storey, 
1998). The MDA levels in D. meteor tissues were similar between treatments during the 27 days 
experimental period (Fig. 3.3). Nevertheless, corals from inert quartz exposure presented an 
increasing trend of MDA levels, which might be a response to polyps clogging. 

The heat shock response (HSR) is characterized by the synthesis of heat shock proteins (HSPs), a 
family of highly conserved molecular chaperones that are either constitutively expressed (e.g., heat 
shock cognate 70 [HSC70]) or induced upon changes in temperature (e.g., heat shock protein 70 
[HSP70]), and are expressed in a tissue-specific manner (Ciavarra et al., 1994). Moreover, many 
important proteins of the HSR, such as HSPs, are also involved in the oxidative stress response. The 
increased levels of HSC70/HSP70 observed here after 27 days at both control and inert particles 
treatments (Fig. 3.4), might represent an adaptable response to a long-term acclimation. Octocorals 
present a remarkable adaptable system, with components being quite responsive to abiotic changes 
(Teixeira et al., 2013). 

 

3.5  Conclusions 

Deep-sea mining PMS exploitation is predicted to promote sediment suspension and consequent 
increase of trace metals levels for benthic communities. Gorgonian Dentomuricea meteor had proved 
to be particularly sensitive to PMS exposure. The smothering and clogging of D. meteor tissues 
together with trace metals desorption, induces cellular antioxidant alarm and leads to massive 
mortality after almost 1 month of PMS exposure. The fragility of cold-water corals communities, and 
the value it holds for fundamental physiological studies of metabolism and adaptation, will have to be 
taken into account in planning for mineral exploration and exploitation.  
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Abstract 

Benthic suspension feeders endemic to hydrothermal vents are likely to be greatly impacted by 
sediment plumes generated by the potential extraction of nearby deep-sea polymetallic sulfide (PMS) 
deposits. The effects of increased deposition of polymetallic sulfide micro-particles need to be 
assessed on the dominant megafaunal species, the mytilidae Bathymodiolus azoricus, colonizing Mid-
Atlantic Ridge hydrothermal vents. We hereby assess the mechanical and toxicant effects on both gill 
and digestive gland tissues, as the most exposed organs, which are responsible for mussel’s nutrition 
by endosymbiosis and suspension-feeding. During MoMARSAT-14 research cruise, controlled 
aquaria-based experiments were conducted, performing short-term exposure to PMS micro-particles 
(mechanical and potential toxicant impacts) or inert quartz particles (mechanical impact). Mussels 
were collected at Lucky Strike hydrothermal field and were immediately transferred to a cold room 
(6°C) where they were sorted, cleaned and kept in 2L tanks. Following a 24h adaptation to 
atmospheric pressure in the dark with aerated oxygen, inert and PMS particles were added at the 
concentration of 25 mg L-1 in exposed tanks, while no particle was added in a control tank. PMS 
particles were obtained by grinding sedimentary rocks collected at the hydrothermal vent field Lucky 
Strike, and particle size matched the range expected by Seafloor Mining Tools excavation and by 
dewatering processes, according to the IHC Mining B.V Company. During the 6 days of experiment, 
seawater was renewed every other day followed by the addition of particles in the exposed tanks. 
Potential trace metals release in the seawater from PMS particle weathering was monitored by means 
of diffusive gradients in thin-films for metals (DGT’s). The antioxidant enzymatic activities of 
superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPx) and lipid peroxidation 
(LPO) were examined in B. azoricus gill and digestive glands evaluate tissue metabolic specificities 
under PMS exposure. Our results show a fluctuating and tissue specific enzymatic activity that most 
probably reflect a valve closing strategy trigger by the vent mussels under PMS particles exposure. 
We argue that although avoiding tissue clogging and metal exposure, the metabolic costs of such 
strategy are consequently high. Such impact in non-venting biota should be taken into account in 
planning for PMS prospection, exploration and exploitation. 
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4.1  Introduction 

Sediment plumes generated by seabed resource extraction have the potential to affect benthic 
ecosystems by smothering (Skilleter et al., 2006) and the probable release of toxic metals (Josefson et 
al., 2008). The response mechanisms of deep-sea hydrothermal associated fauna to this kind of 
perturbation are largely unknown, although of high relevance in the context of deep-sea mining 
activities. The region of the Azores Triple Junction (ATJ) hosts a number of deep sea hydrothermal 
vent sites that are being considered for potential mineral extraction of polymetallic sulfide (PMS) 
deposits. The PMS exploration and return tailings from mining activities may generate particle re-
suspension likely to affect surrounding benthic suspension-feeders. Moreover, it’s more than likely that 
mineral exploration will promote the emergence of new fluid sources and the remobilization of metals 
complexes trapped in the sediments, which in contact with oxygenated water may be desorbed and 
become more bioavailable to the biota (Roberts, 2012). These increases of metal bioavailability into 
marine ecosystems have serious implications in organims physiology and cellular integrity (Borgmann, 
2000). The present experiment was therefore designed for determining the tolerance of B. azoricus to 
PMS micro-particles exposure, using physiological biomarkers as a stress-response indicator. 

 

4.2 Material and Methods 

4.2.1  Sample collection and experimental design 

Bathymodiolus azoricus specimens were collected on July 19th 2014 during the MoMARSAT-14 
research cruise aboard the R/V “Pourquoi Pas?” using the ROV “Victor 6000”. A patch of 
approximately 80 mussels was sampled on Eiffel Tower hydrothermal chimney at Lucky Strike 
hydrothermal vent site (37°17.3’N; 32°16.5’W; 1694 m depth). The mussels arrived on-board after a 
25 minutes decompression time, within 1.5 h of the start of the sampling. They were immediately 
transferred to a cold room, where they were sorted and cleaned prior to transfer to filtered cooled 
seawater (6°C). A sample of ten fresh collected adult animals (named hereafter by “wild”) was then 
immediately dissected and tissues stored at -80º C for posterior enzymatic activity analysis. Gill 
condition index was estimated from five specimens per treatment tank, by normalizing gill dry weight 
(mg) to total shell volume (Riou et al., 2010). Total shell volumes were calculated integrating 3 mussel 
shell measurements, total length, width and thickness, using the following relationship established 
previously for B. azoricus: 

Total Shell Volume (cm3) = [Length (cm) x Width (cm) x Thickness (cm)] /2.37     (Riou et al. (2010)) 

Particles representative for mine tailings from the extraction of deep sea Polymetallic Sulfide (PMS) 
deposits were generated from the Eiffel Tower hydrothermal chimney, at the Lucky Strike 
hydrothermal vent field during MoMARSAT-2013 research cruise. After grinding in a tungsten carbide 
ring mill pulveriser, the PMS particles were analyzed by laser diffraction (Mastersizer 2000) revealing 
that 90% of the particles were 0.5-70 µm in size (51% ranging from 0.5-10 µm and 5% between 50-70 
µm). Mineral composition of PMS particles was composed of barite (BaSO4), pyrite (FeS2), and 
chalcopyrite (CuFeS2). PMS particle size matched the range expected by Seafloor Mining Tools 
excavation and by dewatering processes, according to the IHC Mining B.V. (80% 0.5-10 µm and 20% 
10-70 µm). The effect of PMS particles was compared to the mechanical effect of a mixture of inert 
quartz particles composed for 80% of 0.5-10 µm (#274739, Sigma-Aldrich) and for 20% of 50-70 µm 
grain sizes (#S5631, Sigma-Aldrich).  
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Mussels were acclimatized to atmospheric pressure for 24h in filtered cooled seawater (5-6 °C) with 
air-oxygen supply in a dark cold room. Following the adaptation period, a group of 10 mussels was 
dissected, named hereafter by T0, and tissues stored at -80º C for posterior enzymatic activity 
analysis. For the experiment run, mussels were distributed in six 2 L polypropylene tanks filled with 5–
6 °C seawater (Fig. 4.1). Each experimental treatment was set-up in duplicate (n= 20 per treatment). 
The 3 treatments were: (1) a control with filtered seawater and no particles; (2) exposure to 
suspended PMS particles (25 mg/L; 0.5-0.7 µm); (3) exposure to suspended inert quartz particles (25 
mg/L; 0.5-0.7 µm). During the 6 days of the experiment, seawater was renewed every other day 
followed by the addition of 50 mg of particles in the exposed tanks. Each tank was equipped with an 
air-lift pump chosen as an efficient particle re-suspension system. The conditions (measured daily) 
were kept within the ranges of temperatures of 6.0-6.7° C and pH 7-8. Potential metal release in the 
seawater from PMS particle weathering was monitored by means of Diffusive Gradients in Thin-films 
for metals (DGT Research Ltd, UK). At the end of the experiment (T6) mussels were dissected and 
tissues stored at -80º C for posterior analysis. All animal procedures were in compliance with the 
guidelines of the European Union (directive 86/609) regulating animal experimentation. 

 

Figure 4.1: Picture displaying one of the 2 L polypropylene tank with B. azoricus mussels, the air-lift pump system 
and DGT cap. 

 

4.2.2 Preparation of tissue extracts for antioxidant enzymes and lipid peroxidation 

Gills and digestive glands frozen samples were homogenized at a 1:3 and 1:2 w/v ratio, respectively, 
in ice-cold 10 mM Phosphate-buffered Saline solution (PBS pH 7,4), containing 5 mM EDTA and 1% 
(v/v) ProteaseArrestTM (G-Biosciences®) cocktail using an Ultra Turrax (Ystral®, D79282) slowly 
increasing the rotational velocity from 8000 to 20,000 rpm, during the ~2 min extraction time. The 
homogenate was centrifuged at 16,000 g for 30 min at 4 ºC and enzyme activities were measured in 
the supernatant fraction. All enzyme assays were tested with commercial enzymes obtained from 
Sigma® and each sample was run in triplicate (technical replicates).  

 

Determination of antioxidant enzyme activities 

Protein quantification: Soluble proteins were quantified according to Bradford method (Bradford, 
1976), adapted from Bio-Rad Bradford microassay set up in a 96-well microplate. Absorbance was 
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read at 595 nm in a microplate reader (Thermo Scientific™). A calibration curve was created using 
bovine serum albumin (BSA; Bio-Rad) standards. 

Glutathione Peroxidase: GPx activity was measured based on Paglia and Valentine (1967) UV 
method. GPX catalyze the oxidation of Glutathione (GSH) by Cumene Hydroperoxide. In the presence 
of Glutathione Reductase (GR) and NADPH the oxidized Glutathione (GSSG) is immediately 
converted to the reduced form with a concomitant oxidation of NADPH to NADP+. NADPH oxidation is 
accompanied by a decrease in absorbance measured at 340 nm (Kit Ransel RS 505, Randox). Under 
conditions in which the GPx activity is rate limiting, the rate of decrease in the A340 is directly 
proportional to the GPx activity in the sample. The GPx activity in both tissues is expressed as U mg−1 
of protein (wet weight). 

Superoxide dismutase: SOD activity was determined spectrophotometrically by an indirect method 
(Therond et al., 1996) based on competition of SOD with 2-(4-iodophenyl)-3-(4-nitrophenol)-5- 
phenyltetrazolium chloride (I.N.T) for dismutation of superoxide anion (O-

2). In this method, xanthine 
and xanthine oxidase were used to generate O-

2 radicals which react with I.N.T quantitatively to form a 
red formazan dye. Absorbance was measured at 505 nm and 25 ºC, 30s after the addition of xanthine 
oxidase as start reagent across a 180 s incubation period (Kit Ransod SD 125, Randox). One unit of 
SOD is defined as the amount of enzyme that inhibits the rate of formazan dye formation by 50%. 
Then, a SOD standard curve is used to correlates percent inhibition of samples with SOD activity. The 
percent inhibition of standards and samples was calculated using the following equation: 100- 
[[ΔA505/min]/ [ΔAblank/min]] *100. The SOD activity in both tissues is expressed as U mg−1 of protein 
(wet weight). 

Catalase: CAT activity was measured spectrophotometrically, according to Beers and Sizer (1952), by 
measuring the rate of H2O2 disappearance at 240 nm (extinction coefficient, ε = 0,04 mM−1 cm−1) and 
25 °C across a 180 s incubation period. In this assay, total reaction volume of 2,7 ml was obtained 
with 50 mM potassium phosphate buffer (pH 7.0), 13.5 mM H2O2 as a substrate and initiated by the 
addition of the sample into quartz cuvettes with a path length of 10 mm. Catalase from bovine liver 
(Sigma®) was used as a positive control for validation of the assay. Catalase activity was calculated 
using the following equation: [ΔA240/min/0,04]* [total volume/sample volume]. CAT enzymatic activity 
in both tissues is expressed as µmol min−1 mg−1 of protein (wet weight). 

 

Lipid peroxidation  

Lipid peroxidation was determined by the quantification of a specific end-product of the oxidative 
degradation process of lipids, malondialdehyde (MDA) (Kalghatgi et al., 2013). Concentrations of MDA 
were analyzed using a colorimetric reaction which uses 1-methyl-2-phenylindole (MPI) as chromogen 
(Randox Ltd.). Condensation of one molecule of MDA with 2 molecules of MPI under acidic conditions 
results in the formation of a chromophore with an absorbance maximum at 586 nm. Concentrations of 
MDA in each tissue were calculated using a standard curve prepared with freshly prepared solutions 
of malondialdehyde bis [dimethyl acetal] (ACROS Organics™) and values were expressed as nmol 
mg−1 of protein (wet weight). 

 

4.2.3 DGT-measured metals 

Cobalt, Cd, Cu, and Zn dissolved fraction (<0.45 µm) were measured in the experiment seawater 
using diffusive gradients of thin films, as described in Pereira et al. (2009). Procedural blanks were 
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prepared using the same analytical procedure and reagents, and included within each batch of 
samples. Metal concentrations were quantified by a quadrupole ICP-MS (Thermo Elemental, X-
Series). All DGT holders, Chelex-100 resins and diffusive gels (type APA, 0.8 mm thickness, open 
pore) were purchased from DGT Research (Lancaster, UK, http://www.dgtresearch.com). 

 

4.2.4 Statistical analysis 

All values are reported as mean ± standard deviation (SD). Enzymes and lipid peroxidation 
concentrations data did not meet the normality and homoscedasticity assumptions, and were therefore 
analyzed by permutation ANOVA (PERMANOVA) (Anderson MJ et al., 2008). The analyses were 
conducted using the software PRIMER 6 & PERMANOVA using a resemblance matrix based on 
Euclidean distance (Anderson MJ et al., 2008) and treatments as fixed effects. The PERMANOVA 
was run using 9999 permutations to produce p values using PERMANOVA or Monte Carlo methods 
depending on the number of unique permutations (i.e., number of samples). 

 

4.3. Results 

During the 6 days PMS particles exposure period, a very low mortality rate was observed. Were found 
two dead individuals at control treatments; one mussel at inert particles exposure treatment and no 
mortality were recorded at PMS particles exposure treatment. 

Over the 6 days experimental period, no significant difference was observed in gill condition index in 
mussels from the three experimental treatments  (PERMANOVA, p>0.05). 

 

4.3.1 Antioxidant enzyme activities and lipid peroxidation (MDA concentrations) 

i) Gills 

Figure 4.2 shows the results of GPx, CAT and SOD activities and MDA concentrations found in gills of 
B. azoricus sampled onboard (“wild”), after 24H acclimation (T0) and after 6 days exposure to PMS 
particles, inert particles and no particles. No statistical significant differences (PERMANOVA, p > 0,05) 
were found for enzymes activities between wild, T0 and exposed mussels.  

Although, no significant difference was found for MDA concentrations in B. azoricus gills between 
treatments, fresh collected individuals (wild) presented high MDA concentrations following a trend to 
decrease during acclimatization at atmospheric pressure, which might be indicative of a stress 
response during retrieval decompression. 
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Figure 4.2: Mean variation (U/mg of protein; wet weight) of GPx, CAT and SOD activities (right panel) and MDA 
(nmol/mg of protein; wet weight) concentration (left panel) in gills of B. azoricus from, fresh collected mussels 
(wild), 24H acclimation (T0) and after 6 days exposure treatments. Vertical bars represent the standard error of 
the mean.  

 

ii) Digestive glands 

Figure 4.3 shows the results of GPx, CAT and SOD activities found in digestive glands of B. azoricus 
sampled onboard (“wild”), after 24H acclimation (T0) and after 6 days exposure to PMS particles, inert 
particles and no particles.  

Digestive glands from mussels at T0 condition, presented the lowest CAT activity among treatments 
with a significant increase after 6 days acclimation (PERMANOVA, p < 0,05). Moreover, digestive 
glands of fresh collected mussels wild) presented the lowest GPx activity (PERMANOVA, p < 0,05), 
increasing significantly at acclimatized treatments. Among the acclimatized treatments, mussels from 
PMS treatment presented the lowest GPX activity in their digestive glands after 6 days exposure 
(PERMANOVA, p < 0,05).  

As for gill tissues, no significant difference was found for MDA concentrations in B. azoricus digestive 
glands between treatments. The digestive glands of fresh collected individuals (wild) presented high 
MDA concentrations. After 6 days acclimation, mussels from control treatment presented the highest 
MDA concentration in digestive glands and a MDA decrease trend was observed at digestive glands 
from mussels exposed to inert and PMS particles. 
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Figure 4.3: Mean variation (U/mg of protein; wet weight) of GPx, CAT and SOD activities (right panel) and MDA 
(nmol/mg of protein; wet weight) concentration (left panel) in digestive glands of B. azoricus from, fresh collected 
mussels (wild), 24H acclimation (T0) and after 6 days exposure treatments. Vertical bars represent the standard 
error of the mean. Symbols (*) and (**) indicates significant statistical difference among conditions and among 
acclimatized treatments respectively. 

 

4.3.2 Seawater trace metals 

Figure 4.4 shows the results for four trace metals (Co, Cd, Cu, and Zn) concentrations analyzed in 
DGT´s that were collected from control (no particles), inert and PMS particles experimental tanks after 
6 days exposure. Except for Cd that showed low and constant concentrations (around 1 µg L-1) among 
treatments, our results show and significant increase of Co, Cu and Zn concentrations in seawater 
with PMS particles release. Moreover, Cu showed the highest increase in seawater among the three 
experimental treatments, increasing from 1.5 µg L-1 at control and inert particles treatments to 30 µg L-

1 at PMS particles treatment. These results may indicate that a short term PMS particles release 
contributes for an increase of trace metals availability in seawater. 
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Figure 4.4: Total concentration of cobalt (Co), copper (Cu), zinc (Zn) and copper (Cu) found in seawater (µg/l) 
from the three experimental treatments, control (no particles), inert particles exposure and PMS particles 
exposure during the 6 days experimental period 

 

4.4 Discussion 

Although fluctuating and tissue specific, the analyzed antioxidant enzymes and LPO levels indicate a 
stress response of B. azoricus mussels to atmospheric pressure acclimation rather than PMS particle 
exposure. Nevertheless, we cannot neglect the fact that mussels from particles exposure tanks kept 
their valves closed almost throughout the 6 days, probably as a tissue mechanical defense system 
against particles. Such valve closure behavior was already described for bivalves undergoing 
environmental abiotic variations (Anacleto et al., 2014; Riisgård and Larsen, 2014). This behavior 
restricts gas exchange, reduces aerobic metabolism (Anestis et al., 2010) and may be an important 
strategy for longer survival under harsh environmental conditions. Nevertheless, this is a passive 
strategy and occurs at the expense of reduced aerobic scope for activity (Pörtner, 2002), with a 
progressive transition to an anaerobic mode of energy production (Pörtner, 2010). Also, the 
hydrothermal vent B. azoricus rely on a chemosynthetic source of energy provided by thiotrophic and 
methanotrophic bacteria living in symbiosis in their gills (Duperron et al., 2006; Riou et al., 2008). For 
that reason, regular pumps of seawater passing through their tissues are crucial to fulfill their 
metabolic needs for both oxidized seawater and reduced chemicals (H2S and CH4). Hence, although a 
valve-closing behavior can diminish the potential PMS mechanical and toxicological effects in a short-
period exposure, the physiological consequences of such behavior will be undoubtedly damaging. 

In only 6 days metals complexes trapped in PMS particles were desorbed and become bioavailable to 
B. azoricus mussels (Fig. 4.4). These increases of metal bioavailability have serious implications in 
organims physiology and cellular integrity (Borgmann, 2000). Special attention should be given to the 
high dissolved Cu concentrations that seem to be rapidly desorbed from PMS particles. Besides 
playing essential roles in cellular function and metabolism, the presence of excessive amounts of Cu 
ions promote toxic effects, reactive oxygen species (ROS) via the Fenton reaction, resulting in lipid 
peroxidation, DNA damage, altered calcium homeostasis, and cell death (Gaetke and Chow, 2003; 
Leonard et al., 2004).  
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It is known the remarkable ability of B. azoricus to regulate trace metals and overcome their toxicity 
(Martins et al., 2011; Martins et al., 2016). Yet, B. azoricus does not live close to the hot fluids exits 
but at the interface where the venting water meets the ambient seawater (Childress and Fisher, 1992). 
This is explain by the fact that being an aerobic organims, living in a mixing area guarantees regular 
supplies of oxygenated water but also avoid a continuous exposure to a metal-enriched environment. 
Such adaptive strategy will be certainly compromised with deep-sea mining exploration nearby 
hydrothermal ecosystems, since it will promote the emergence of new fluid sources and the 
remobilization of metals complexes trapped in the PMS deposits.  

 

4.5 Conclusions 

Hydrothermal vent fields are dynamic geochemical systems in which associated organisms are 
adapted to withstand environmental fluctuations. The disturbance inflicted by deep sea mining 
activities may dramatically modify the vent ecosystem promoting new fluid sources, natural loss or 
change of habitat and continuous emissions of smother sediment plumes, predicted to increase 
dissolved fractions of trace metals levels available for B. azoricus communities. We argue that the 
vent mussel adopted the strategy of closing the valves during short-term PMS exposure to ensure the 
non-clogging of their tissues and avoid metal exposure. Although a more comprehensive research is 
required to fully understand the metabolic consequences of such behavior, it seems unquestionable 
the consequential metabolic arrest of this strategy which to some extent will not be advantageous 
under a PMS prospection, exploration and exploitation scenario. Such impact in non-venting biota 
should be taken into account in planning for PMS seafloor extraction. 
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Abstract 

Portmán Bay is a heavily contaminated area resulting from decades of metallic mine tailings disposal, 
and is considered a suitable shallow-water analogue to investigate the potential ecotoxicological 
impact of deep-sea mining. In the summer of 2014, the mine tailings deposit sediments were artificially 
disturbed by bottom trawling and originated resuspension plumes. In that frame the environmental risk 
posed by the resuspension plumes was investigated. Three mussel cages were deployed at 3 sites: 
off the mine tailings deposit area, on the mine tailings deposit without the influence from the 
resuspension plumes and under the influence of the artificially generated resuspension plumes. 
Surface sediment samples were also collected at the same sites for chemical composition analysis 
and toxicity assessment. Metal concentrations and a battery of biomarkers, oxidative stress 
(superoxide dismutase - SOD, catalase - CAT, glutathione peroxidases - GPx), metal exposure 
(metallothionein), biotransformation (glutathione-S-transferases - GST,) and oxidative damage (lipid 
peroxidation - LPO) were measured in mussel gills, digestive gland and mantle. The disturbance 
experiment of sediments loaded with metallic mine tails demonstrated that chemical contaminants are 
released from the sediments inducing toxicological impact in mussels. The integrated approach used 
proves to be a useful method to characterize the environmental risk posed by the resuspension of 
sediments plumes in a mine tailings deposit areas. Considering that Portmán Bay mine tailings deposit 
are a by-product of sulphide mining, the deep-sea mining of polymetallic sulphides will most likely 
induce toxicological impact to marine fauna exposed to resuspension plumes of metal loaded 
sediments. 

 

5.1 Introduction 

Portmán Bay is a heavily impacted area resulting from decades of metallic mine tailings disposal that 
lasted until 1990. Minerals extracted from the mine were mainly pyrite (FeS2), galena (PbS) and 
sphalerite (ZnS), which were mechanically treated for concentration of minerals, with about 95% of 
mine tailings waste generated (Oyarzun et al. 2013). About 60 Mt of tailings were dumped into the 
sea, moving the shoreline seaward about 500-600 m and reaching the continental shelf off Portmán 
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Bay (Manteca et al. 2014). The submarine mine tailings deposit area from the coastline to the outer 
limit is estimated to be 4.2 km2, with a maximum thickness of about 12 m at the deposit apex, 
becoming thinner offshore, out to about 1 to 2 km from the deposit apex (MIDAS Deliverable 6.4. 
2016). The mine tailings deposit is found in a layer about 10 cm below the surface sediment, is 
characterized by fine grain sizes, and is metal-enriched (mainly Fe, Zn, As and Pb) between 10 to 60 
times to other “normal” sediments of the Mediterranean Sea (MIDAS Deliverable 6.4. 2016). 

Disturbing polluted sediments may affect their physical and chemical characteristics, such as redox 
potential, pH, dissolved oxygen, potentially triggering desorption and remobilizing contaminants, 
affecting their mobility, bioavailability and the risk to marine fauna (Bocchetti et al. 2008, Ondiviela et 
al. 2012). Therefore, the health status assessment of potentially contaminated marine areas should be 
investigated in different environmental matrices (sediment, water and biota) combining information 
from the chemistry and toxicological impact, integrating data from bioavailability, bioaccumulation and 
biomarker responses and from ecotoxicological bioassays on bioindicator species (Viarengo et al. 
2007). Biomarkers are known as important early warning signals of exposure to certain groups of 
contaminants as they reveal their potential disturbances at the cellular level, reflecting the effects of 
complex chemical mixtures (Cajaraville et al. 2000, Annicchiarico et al. 2007). The integration of 
different quality indicators to assess and classify the environmental health status of water bodies is 
required by European Water and Marine Strategy Framework Directives (European Commission 2000, 
2008). In this sense, new models have been developed that integrate data from the sediment 
chemistry, bioaccumulation, biomarkers responses and ecotoxicological bioassays, such as the 
quantitative weight of evidence (WOE) model (Sediqualsoft), which is considered to be an important 
tool as it assesses the environmental hazards and ecological risks (Piva et al. 2011, Benedetti et al. 
2012, 2014, Regoli et al. 2014, Bebianno et al. 2015) 

The ore type exploited in Portmán Bay is similar to that present in mid-Ocean ridges and hydrothermal 
vent sites and the hydrodynamics of the bay are low, somewhat similar to the deep sea, being a 
suitable shallow-water analogue to investigate the potential impacts of deep-sea mining. In this sense, 
it is a unique place to conduct disturbance experiments on a deposit of by-products of sulphide mining 
and investigate the chemical and physical behaviour of metal loaded sediments and their 
ecotoxicological effects to marine organisms. In the present study the short-term effects of sediment 
disturbance on biondicator organisms (Mytilus galloprovincialis) in terms of bioaccumulation and 
biomarkers responses, are analysed and integrated with information from the sediment chemistry and 
the Microtox® solid phase toxicity bioassay feeding a weight of evidence model to assess the 
environmental risk of disturbing the sediments in Portman Bay. 

 

5.2 Materials and methods 

Sediment disturbance experiment and sampling sites 

In the summer of 2014, the MIDAS-Portmán research cruise was conducted in the Portmán Bay and 
in its adjacent marine area (Sierra Minera district, Murcia, SE Spain) on board the Spanish research 
vessels R/V Angeles Alvarino and R/V Ramon Margalef. Transects of bottom trawling off Portmán Bay 
(Fig. 5.1-A) originated resuspension plumes that detached from the bottom and were usually less than 
10 m in height and had a variable though relatively quick decline and limited dispersal, with a 
maximum tracking time for a given plume of about 4 hours (MIDAS deliverable 6.4. 2016). Before the 
disturbance events, cages containing mussels Mytilus galloprovincialis were moored, remaining 
suspended in the water column at about 3 m above the seafloor for 6 days. These cages with mussels 
were deployed at three sites (Fig. 5.1-B): off the mine tailings deposit area (Mooring_UPM2, hereafter 
“O”); on the mine tailings deposit without the influence from the resuspension plumes 
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(Mooring_UPM3, hereafter “B”); under the influence of the artificially generated resuspension plumes 
(Mooring_UPM1, hereafter “P”). Surface sediment samples were also collected at the same sites. 

Sediments analysis 

Upon collection, sediment samples were frozen at -20ºC until further analysis. The total and non-
biogenic sediments grain size was determined using a laser particle size analyser (Malvern 
Mastersizer®) and data was analysed with GradiStat®. The chemical composition of the sediments 
(Ag, As, Au, Cd, Cr, Cu, Fe, Hg, Ni, Pb, Sb, Zn) was accessed using ICP-MS. The toxicity of the 
sediments was analysed using the solid phase Microtox® bioassay. This test is a quantitative and 
functional test measuring the changes in luminescence (a by-product of cellular respiration) by about 
one million non-pathogenic naturally luminescent marine bacterium (Vibrio fisheri) upon exposure to a 
toxic substance or sample containing toxic materials. During the test the V. fisheri are in direct contact 
with the sample particles, increasing the probability for the measurement of the responses to particle 
bound and marginally soluble toxicants. Each test consists of 2 controls and 13 sample serial dilutions 
in duplicate, luminescence data is analized with the MicrotoxOmni software (Azur Environmental). The 
toxicity endpoint is the luminescence inhibition EC50 (g L-1) at 15 min (Azur Environmental 1998). 

 

Mytilus galloprovincialis in situ exposure  

Mytilus galloprovincialis were obtained from a mussel farm in an unpolluted site and placed in cages 
attached to the mooring lines deployed at sites O, B and P (see Fig. 5.1). After collecting the mussel 
cages, 35 mussels from each site were dissected and tissues (gills, digestive gland and mantle) were 
flash frozen and preserved at -80ºC for chemical and biomarker analysis.  
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Figure 5.1: A: Trawling transects. B: moored cages position. Mooring_UPM2 was deployed off the mine tailings 
deposit area (referred as “O” in the text), Mooring_UPM3 was deployed on the mine tailings deposit without 
influence from resuspension plumes (referred as “B” in the text), and Mooring_UPM1 was deployed under the 
influence of resuspension plumes (referred as “P” in the text). The limit of the mine tailings deposit after 
multibeam and seismic reflection data is outlined (yellow line; MIDAS Deliverable 6.4. 2016). 
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Metals and Biomarkers analysis 

The concentration of metals (Ag, As, Cd, Cr, Cu, Fe, Hg, Ni, Pb, Sb, Zn), in the different tissues, was 
assessed in 5 individuals from each site by ICP-MS. From each site, 10 pools of three M. 
galloprovincialis tissues (gills, digestive gland and mantle) were prepared for the analysis of the 
following biomarkers: oxidative stress (superoxide dismutase – SOD, catalase - CAT, glutathione 
peroxidase - GPx), metal exposure (metallothioneins - MT), biotransformation (glutathione-S-
transferase - GST) and oxidative damage (lipid peroxidation - LPO). 

Antioxidant enzymes activities (SOD, CAT, total GPx, Se-I GPx and Se-D GPx) and GST were 
measured in five pools of tissues, per tissue and per site, by spectrophotometric methods in the 
cytosolic fraction of gills, digestive gland and mantles. Tissues were homogenized in 0.02 M Tris-HCl 
buffer, pH 7.6, containing 1 mM of EDTA, 0.5 M of sucrose, 0.15 M of KCl and 1 mM of DTT, in an ice 
bath for 2 min (wet weight of tissue : buffer volume ratio of 1:5). The homogenates were centrifuged 
for 15 min, at 4 ºC and 500 g. The cytosolic fraction was obtained with a second centrifugation of the 
supernatant for 45 min at 4 ºC and 12000 g (e.g. Rocha et al. 2015). 

The activity of SOD was determined by the reduction of cytochrome c by the xanthine 
oxidase/hypoxanthine system at 550 nm (molar extinction coefficient (ε) of 50 M-1 cm-1; McCord and 
Fridovich 1969) and the results are expressed in U mg-1 of total protein. CAT activity was determined 
as the decrease in absorbance for 1 min after the H2O2 consumption at 240 nm (ε = 40 M-1 cm-1; 
Greenwald 1985) with results being expressed as µmol min-1 mg-1 of total protein. GPx activities were 
assessed by following for 5 min the NADPH oxidation in the presence of excess glutathione 
reductase, reduced glutathione and cumene hydroperoxide (Se-I GPx) or H2O2 (Se-D GPx) as 
substrate at 340 nm (ε = 6.22 mM-1 cm-1; Flohe and Gunzler 1984 and adapted to a microplate reader 
by McFarland et al. 1999). Total GPx activity refers to the sum of Se-I GPx and Se-D GPx activities 
and results are expressed as nmol min-1 mg-1 of total protein. GST activity was measured by following 
the conjugation of reduced glutathione (GSH) with 1-chloro 2,4 dinitrobenzene (CDNB) at 340 nm for 1 
min (ε = 9.6 mM-1 cm-1; Habig et al. 1974) and results are expressed as µmol min-1 mg-1 of total 
protein. 

Five pools were used to prepare tissues for MTs and LPO measurements, by homogenizing tissues at 
4 °C in a Tris-HCl (0.02 M; 5 mL per g of tissue) buffer with butylated hydroxytoluene (BHT, 10 µL 
mL−1), pH 8.6. The homogenate was separated in soluble and insoluble fractions by centrifugation (30 
000g, 45 min, 4 °C) and a part of the supernatant was used for the measurement of LPO and total 
protein content. The other part was heat-treated at 80 °C for 10 min and centrifuged for 45 min at 4 °C 
and 30 000 g, with the resulting supernatant being used for MTs measurements. 

MTs concentration was determined by differential normal pulse polarography (µAutolab II 
potentiostat/galvanostat) following the method by Bebianno and Langston (1989). The standard 
addition method was used to calibrate MT concentration, using the MT standard of rabbit liver 
(Sigma). Results are expressed as mg g−1 of total protein.  

LPO was assessed by measuring the concentration of two sub-products of polyunsaturated fatty acid 
peroxidation: malondialdehyde (MDA) and 4-hydroxyalkenals (4-HNE). The method proposed by 
Erdelmeier et al. (1998) was followed, with a maximal absorbance at 586 nm, and using 
malondialdehyde bis-(dimethyl acetal; Sigma-Aldrich) as standard. Results are expressed as nmol of 
MDA + 4-HNE mg−1 prot. 

Total protein concentration of the cytosolic fraction was measured by the Bradford method (Bradford 
1976, adapted to a microplate reader), using Bovin Serum Albumin (Sigma-Aldrich) as a standard. 
Protein concentration is expressed as mg g-1 of tissue wet weight. 
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Weight of evidence elaboration (WOE) 

A quantitative WOE approach was used to assess the environmental risk posed by the sediments and 
sediment plume (O, B and P) using a Sediqualsoft model (Piva et al. 2011). WOE integrates data from 
the sediments chemistry (Line Of Evidence - LOE 1) and results were compared with different 
sediment quality guidelines (SQGs, e.g. Long et al. 2006), bioaccumulation in mussel tissues (LOE 2), 
biomarkers in mussel tissues (LOE 3) and the Microtox bioassay (LOE 4). Details about the model 
concept, calculations and thresholds, are described elsewhere (Piva et al. 2011, Benedetti et al. 2012, 
2014, Regoli et al. 2014, Bebianno et al. 2015).  

The hazard level related to the LOE1 - sediment chemistry is determined by the ratio between the 
measured concentrations and that indicated by various sediment quality guidelines (SQGs) or Ratio to 
Reference (RTR). In order to consider if the contaminant is a “priority” or “priority and hazardous” (EC 
Directive 2008/105) the corrected value (RTRw) is used. The SQGs used here were: Effects Range 
Low (ERL; concentrations below which adverse effects are rarely observed)  and Effects Range 
Median (ERM; concentrations above which such effects frequently occur; Long et al. 1995); Threshold 
Effect Level (TEL; the highest concentration for each metal corresponding to a limited probability of 
adverse effects) and Probable Effect Level (PEL;  lowest range of values frequently or always 
associated with adverse effects; Macdonald et al. 1996); the 2 levels of the normative guidelines on 
dredged sediments in Spain (CEDEX 1994). 

The Hazard Quotient for chemistry (HQC) is calculated following the equation below where an 
average RTRw was obtained for all of the parameters with RTR ≤ 1 and for those with RTR > 1, the 
RTRw were individually added into the summation Σ (Piva et al. 2011).  

 

N and M are the number of parameters with RTR respectively ≤ or >1, while j and k are indices 
allowing to repeat the calculation for N or M times. 

The values of HQC are then assigned to one of six classes of chemical hazard identified according to 
different colours: absent/white <0.7; negligible/green 0.7–<1.3; slight/azure 1.3–<2.6; moderate/yellow 
2.6–<6.5; major/red 6.5–<13; severe/black P13 (Piva et al. 2011). 

The LOE2 - bioaccumulation hazard in the different mussel tissues is based on the calculation of the 
RTRw for each parameter measured in tissues of exposed and control organisms (Piva et al. 2011). 
The RTRw is calculated according to the weighting of the pollutants and each chemical parameter was 
directly assigned to one of five classes of hazard, considering the natural variability of contaminants in 
tissues. The hazard for a single parameter ranged from absent to slight if the RTRw was < 2.6 (i.e. 
less than a two-fold increase of tissue concentration for a non-priority-and-hazardous pollutant), 
moderate for 2.6 ≤ RTRw < 6.5, major for 6.5 ≤ RTRw < 13, and severe for RTRw ≥ 13 (i.e. a 10-fold 
increase in a priority and hazardous pollutant). The cumulative Hazard Quotient for bioavailability 
(HQBA) does not consider parameters with RTRw < 1.3 (hazard absent). HQBA calculates the 
average for those with RTRw ranging between 1.3 and 2.6 and sums (Σ) all those with RTRw ≥ 2.6: 
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The hazard level of cumulative HQBA is then classified from Absent to Severe, depending on the 
distribution of analysed chemicals within the different classes of effect (Benedetti et al. 2012; Piva et 
al. 2011). 

The biomarkers hazard – LOE3 integrates a large set of biomarker responses where each is assigned 
a weight, taking into account the relevance of the biological endpoint, and a threshold for changes of 
biological relevance, considering tissue differences, and the possibility of both induction and/or 
inhibition for biomarkers potentially showing biphasic responses (Piva et al. 2011). The measured 
variation in each biomarker is compared to the threshold (effect), then corrected for the weight of the 
response and the statistical significance of the difference compared to controls. Variations of each 
biomarker were assigned to one of five classes of hazard (absent, slight, moderate, major, severe) 
depending on the calculated effects. The Hazard Quotient for biomarkers (HQBM) does not consider 
the contribution of responses with an effect <1 (lower than threshold). HQBM calculates the average 
for biomarkers with an effect up to two-fold compared to the threshold plus the summation (Σ) for the 
responses greater than 2-fold to the respective threshold (Piva et al. 2011): 

 

The hazard level related to the LOE4 – ecotoxicological bioassays is determined by the cumulative 
hazard quotient (HQBattery). HQBattery is calculating by the summation (Σ) of the weighted effects 
(Ew), that correspond to the variations measured for each test compared to specific thresholds 
(corrected for the statistical significance of the difference (w)), the biological importance of the 
endpoint of each test and the exposure conditions (w2): 

 

HQBattery is then normalized to a scale from 0 to 10, where 1 is the Battery Threshold (when all the 
measured bioassays exhibit an effect equal to the threshold), and where 10 is when all the assays 
exhibit 100% of effect. The HQBattery results are then assigned to one of the five classes of hazard. 

The final WOE integrate the results from individual LOEs after normalization of to a common scale and 
giving a different weight to the various lines of evidence. An overall WOE level of environmental risk 
for each condition analysed is then calculated and assigned to one of the 5 hazard levels, i.e., from 
absent to severe (Piva et al., 2011). 

Statistical analysis 

Significant differences were assessed using the non-parametric multiple-comparisons Kruskal Wallis 
test. Principal components analysis (PCA) was performed on mean values for the three sites. 
Significant correlations are for p < 0.05. 
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5.3 Results and discussion 

Sediments 

Metals were lower in the area outside of the mine tailings deposit (O), with the exception of Hg, with 
similar concentrations outside of the deposit (O) and in the area affected by the plumes (P). In general 
the chemical composition of sediments from the mine tailings deposit area (B) is similar to the 
sediment under the influence of the plumes (P), although slightly higher values were found in B for As, 
Cr, Fe, Ni, Pb and Sb. In addition, the concentration of the metals of concern (As, Cd, Pb and Zn) in 
the sediments from the mine tailings deposit with and without the influence of the resuspension 
plumes exceed the limit values of action level 2 for sediment quality criteria of dredged material in 
Spain (CEDEX 1994). The sediments containing metal concentrations above level 2 belong to 
category III – dredged material considered highly contaminated and cannot be dumped at sea and 
must be isolated into containers or into contained areas (CEDEX 1994, OSPAR 2004).   

Sediments toxicity assessed with the Microtox® bioassay indicated that the least toxic location was on 
the deposit without the influence from the resuspension plume (B), while the other locations (O and P) 
were more toxic (Table 5.1). The sediments toxicity is negatively correlated with both total and non-
biogenic grain size, i.e. the lower the grain size, the lower the EC50. 

Bioaccumulation of metals in mussels 

On average for all mussels exposed in the different locations, the metals concentration, from the 
higher to the lower, is the following: Fe> Zn> As> Pb> Cu> Ag> Sb> Cr> Cd> Ni> Hg (Fig. 5.2). The 
gills of mussels from the area affected by the resuspension plume (P) have significantly higher values 
for Cr and Ni when compared to the other sites (p<0.05). Significantly higher levels of Ag are found in 
the gills of mussels deployed on the mine tailings deposit area without the influence from the plume 
(B) when compared to the area off the mine tailings deposit (O) (p<0.05). In the mantle of mussels 
exposed to the plume (P) Cu was significantly higher when compared to the mine tailings deposit (B) 
(p<0.05). No significant differences were found between sites for the bioaccumulation of As, Hg, Sb 
and Zn in the three tissues analysed (p>0.05). 
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Table 5.1: Metal composition of sediments (µg g-1) total (T D50) and non-biogenic (NB D50) sediments grain size 
and toxicity (EC50 15 min) from the 3 sites in Portmán Bay. In addition, the limit values for the concentration of 
contaminants of concern for levels 1 and 2 in Spain established to allow dredged material to be dumped at sea 
are also provided (CEDEX 1994). O - off the mine tailings deposit area; B - on the mine tailings deposit without 
the influence from the resuspension plume; P - under the influence of resuspension plume. EC50 - concentration 
of sediment at which 50% of the bacteria Vibrio fisheri luminescence decreased after 15 minutes (Microtox® 
bioassay).  

 

 

 Sites Spanish legislation for 
dredged material 

 O B P Level 1 Level 2 

Ag 0.5 1.4 1.6 - - 

As  31 321 299 80 200 

Au < 10 38 44 - - 

Cd 0.9 5.6 5.8 1.0 5.0 

Cr 24 48 46 200 1000 

Cu 7 11 22 100 400 

Fe 21290 139810 125300 - - 

Hg 0.2 0.1 0.2 0.6 3 

Ni  8.1 32.4 29.4 100 400 

Pb 148 1259 822 120 600 

Sb < 5 28 22 - - 

Zn 335 3772 4054 500 3000 

T D50 (µm) 60.3 207.4 42.7 - - 

NB D50 (µm) 42.3 190.9 48.4 - - 

EC50 15 min (g L-1) 2.1 35.0 2.8 - - 



MIDAS D3.5: Response of biological indices to toxicant exposure in macro- and megafauna 

 56 

 

Figure 5.2: Metal concentration of different mussel tissues (gills, digestive gland and mantle) after deployment in 3 different sites in Portmán Bay. O - off the mine tailings 
deposit area; B - on the mine tailings deposit without the influence from the resuspension plume; P - under the influence of resuspension plume. Values followed by the 
same letter are not significantly different for comparison of one tissue between sites. 
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Biomarkers 

SOD activity is significantly lower in the gills of mussels deployed on the mine tailings deposit (B) 
when compared to the area off the mine tailings (O), while in the mantle SOD is significantly lower in P 
when compared to O (p<0.05; Fig. 5.3). A significantly higher CAT activity is noticed in the gills in P 
when compared to B, while in the mantle a significantly higher CAT activity is noted in P when 
compared to O (p<0.05). In the digestive gland, a significant induction of Se-I GPx activity in P is 
noted when compared to both O and B, while in the gills and mantle a significant increase is observed 
in P only when compared to B (p<0.05). P induces a significantly higher Se-D GPx activity in the gills 
when compared to O, while in the digestive gland in P the activity is significantly higher than in B 
(p<0.05). Total GPx activity is significantly higher in P in all tissues when compared to B (p<0.05). 
Methallothioneins (MTs) significantly increased in the gills of mussels exposed to the resuspension 
plume (P) when compared to the area off the mine tailings deposit ((p<0.05). GST is significantly 
higher in P when compared to O in the mantle, while in the digestive gland it is significantly lower in P 
when compared to B (p<0.05).  Oxidative damage (LPO) is higher in the gills of mussels exposed to 
the plume, although no significant difference was found (p>0.05).       

Metals can induce the production of reactive oxygen species (ROS), inducing oxidative stress what 
may trigger the action of the antioxidant system composed by several enzymes (such as those 
analysed here) which in turn counteract the effects of ROS. While MTs can play a role in the 
detoxification of metals they can also be active as an antioxidant defence mechanism. Depending on 
the concentration and kind of metal mixtures, the exposure period, or even the organism health status 
or other environmental stressors, both antioxidant enzymes activity, detoxification and 
biotransformation processes (GST) can be enough to counteract the potential toxic effects of metals 
and little or no oxidative damage is observed. Given the overall effects of the mine tailings deposit 
resuspension plume on the biomarkers in the different tissues, the mussel gills were the most affected 
during the 6 days of exposure and an increase in oxidative damage was noted, although not 
significant. Nevertheless, a better understanding of the toxicological effects of the resuspension 
plumes would benefit from a prolonged exposure period. 
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Figure 5.3: SOD, CAT, Se-I GPx, Se-D GPx, Total GPx, MT, GST and LPO in the different mussel tissues (gills, digestive gland and mantle) after deployment in 3 different 
sites in Portmán Bay. O - off the mining deposit area; B - on the mining deposit without the influence from the sediment plume; P - under the influence of the artificially 
generated sediment plume. Values followed by the same letter are not significantly different (p > 0.05) for comparison of one tissue between sites. 
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Weight of evidence elaboration 

For each of the 3 sites (O, B and P) a weight of evidence approach was elaborated with sediment 
chemistry (LOE1), accumulation in gills, digestive gland and mantle (LOE2), biomarkers in digestive 
gland, gills and mantle (LOE3) and bioassay (LOE4; based only on Microtox data). After obtaining the 
results on individual LOEs (see supplementary material), the overall Weight of Evidence (WOE) 
approach is generated for the 3 sites, combining the hazards of various LOEs in a final WOE risk 
index (Table 5.2). 

LOE1: The model output for sediment chemistry provides the elaboration with weighted criteria toward 
the Spanish guidelines Level 1 (the most restrictive) and 2 (CEDEX 1994). The chemical hazard 
elaborated for the off mine tailings deposit site (O) is slight (level 1) or absent (level 2), on the mine 
tailings deposit site without the influence of the resuspension plumes (B) is severe (level 1) or major 
(level 2) and for the mine tailings deposit site under the influence of the resuspension plumes is 
severe (level 1) or moderate (level 2) for the plumes (P; Table 5.2). The high environmental risk in 
sites B and P is associated with the high concentrations of As, Cd, Pb and Zn previously noted above 
(Table 5.1) and that exceed the Spanish action level 2 and for what a dredged material with these 
characteristics could not be dumped at sea. 

 

Table 5.2: Classification of environmental risk for the sites within Portmán Bay area according to the weight of 
evidence (WOE). Levels are summarized for the different lines of evidence (LOEs) and for their overall WOE 
integration. Spanish sediment quality guidelines (SQGs) have been considered for the elaborations. G: Gills; DG: 
Digestive Gland; M: Mantle. 

Site 
LOE1  

(Spain 
Lev1) 

LOE1  

(Spain 
Lev2) 

LOE2 LOE3 LOE4 WOE (Spain Lev 1) WOE (Spain Lev 2) 

Off 
deposit 

(O) 
Slight Absent 

Absent (G) Absent (G) 

Slight SLIGHT  ABSENT  Absent (DG) Absent (DG) 

Absent (M) Absent (M) 

On 
deposit 

(B) 
Sever

e Major 

Slight (G) Moderate (G) 
Absen

t MODERATE 
 

MODERATE  Absent (DG) Slight (DG) 

Slight (M) Absent (M) 

Plume 
(P) 

Sever
e 

Moderat
e 

Slight (G) Major (G) 

Slight MAJOR 
 

MODERATE  Absent (DG) Moderate 
(DG) 

Slight (M) Moderate (M) 

 
LOE2: Compared to the off mine tailings deposit site (O), a generally limited (and quite comparable) 
metal accumulation was observed in mussels deployed on the mine tailings deposit without (B) and 
under the influence of the resuspension plumes sites (P). In both cases (B and P), the accumulation 
was absent for digestive gland, and slight in gills and mantle. The accumulation was higher in the gills 
of mussels exposed to the plume (P) than in those deployed on the mine tailings deposit (5.578 versus 
1.887; Table 5.2). 

LOE3: Compared to the area outside of the mine tailings deposit (O), biomarkers reactivity is greater 
in mussels exposed to the plume (P) rather than in those deployed on the mining deposit site (B). In 
the mussels from B, the hazard is slight in digestive gland, moderate in the gills and absent in mantle, 
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while in mussels from P the hazard is major in gills, moderate in digestive gland and mantle. These 
elaborations confirm that the gills are the most affected (Table 5.2). 

LOE4: This is based on a single bioassay, which conclusions may be rather limited, as usually a 
battery of 3 bioassays is used to take in better consideration of the potential variability and sensitivity 
of the assays. However, considering only V. fisheri, the elaborated hazard was slight for outside the 
mine tailings deposit (O) and for the resuspension plume (P) and absent for the mine tailings deposit 
site (B; Tables 5.1 and 5.2). 

The overall WOE elaboration for the 3 sites (Table 5.2) indicates the specific hazard levels elaborated 
for individual LOEs and their final weight of evidence (WOE) integration. Considering as sediment 
quality guidelines (SQGs) those indicated in Spain Level 1 (the more restrictive), the WOE risk is slight 
outside the mine tailings deposit (O), moderate on the mine tailings deposit (B) and major on the mine 
tailings deposit site under the influence of the resuspension plume (P). If considering as SQGs those 
indicated in Spain Level 2 (the less restrictive), the WOE risk is absent for O, moderate in B and 
moderate in P. These results show that the mine tailings deposit (B) and the resuspension plume (P) 
sites have a worst environmental condition compared to the site off the mine tailings deposit (O). This 
WOE model results are consistent with the observed high levels of metal concentration in suspended 
particles for several hours after each trawling event (MIDAS Deliverable 6.4. 2016). 

 

5.4 Conclusions 

The mine tailings deposit off Portmán Bay has very high levels of metals of concern As, Cd, Pb and 
Zn. The disturbance experiment of these sediments demonstrated that chemical contaminants are 
released from the sediments inducing toxicological impact in mussels moored 3 meters above the 
seafloor. The integrated approach used in this study is a useful method to characterize the 
environmental risk posed by the resuspension of sediments plumes in a mine tailings deposit area. 
The gills are the first line of defence against the toxic effects posed by the resuspension plumes, and 
probably the best indicator in short term exposure experiments. Considering that Portmán Bay mine 
tailings deposit are a by-product of sulphide mining, the deep-sea mining of polymetallic sulphides will 
most likely induce toxicological impact to marine fauna exposed to resuspension plumes of metal 
loaded sediments. However, prolonged field studies would supply a better assessment of the 
environmental risks in a real world deep-sea mining exploitation scenario, as the present study is not 
able to reveal the cumulative impact (more than 6 days) of exposure to resuspension plumes.   
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Supplementary data 

SAMPLE O (Off deposit) - LOE 1 (Sediment Chemistry)  
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SAMPLE O (Off deposit) - LOE 2 (Bioaccumulation) 
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Sample O (Off deposit) - LOE 3 (Biomarkers) 
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SAMPLE O (Off deposit) - LOE 4 (Bioassay, Vibrio fisheri) 
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SAMPLE B (On deposit without plume) - LOE 1 (Sediment Chemistry) 
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SAMPLE B (On deposit without plume) - LOE 2 (Bioaccumulation) 
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SAMPLE B (On deposit without plume) - LOE 3 (Biomarkers) 
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SAMPLE B (On deposit without plume) - LOE 4 (Bioassay, Vibrio fisheri) 
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SAMPLE P (Resuspension Plumes on deposit) - LOE 1 (Sediment Chemistry) 
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SAMPLE P (Resuspension Plumes on deposit) - LOE 2 (Bioaccumulation) 
Gills 

 

Digestive gland 

 

Mantle 

 



MIDAS D3.5: Response of biological indices to toxicant exposure in macro- and megafauna 

 73 

SAMPLE P (Resuspension Plumes on deposit) - LOE 3 (Biomarkers) 
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SAMPLE P (Resuspension Plumes on deposit) - LOE 4 (Bioassay, Vibrio 
fisheri) 
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6. Concluding remarks 

Deep-sea mining will potentially cause ecotoxicological impact to marine life. The unknowns related to 
the mining site(s) physical, chemical and biological characteristics, the mining activity on the seafloor, 
the transport of the ore to the surface, and where and how it will be processed preclude us from an 
effective evaluation of the ecotoxicological environmental hazards posed by deep-sea mining.  

Nevertheless, the ecotoxicological studies presented here, highlight key issues that will have to be 
accounted for in future elaboration of environmental risk assessment guidelines. The suite of studies 
presented here analysed several aspects of the potential ecotoxicological consequences of deep-sea 
mining with particular focus on exploitation of seafloor massive polymetallic sulphides. From the 
laboratory studies it was possible to notice that each metal will have differentiated lethal and sub-lethal 
effects on organisms, the synergistic effects of a mixture of metals can induce greater hazard, and that 
all are affected by environmental parameters such as temperature and pressure in dissimilar ways. 
Short term exposures (up to 6 days) to sulphide mineral particles did not induce significant 
ecotoxicological effects in a shallow-water shrimp and in a deep-sea vent mussel, however in a 
prolonged exposure period (27 days) it induced mass mortality in deep-water corals. Question 
remains, if the lack of ecotoxicological impact in the shrimp and in the vent mussel were limited by the 
exposure period. In a shallow-water field exposure (6 days) to resuspension plumes of a mine tailings 
deposit (a by-product of sulphide mining), moderate to major physiological impacts were noted on a 
shallow-water mussel. Nevertheless, further research is required to better understand the biochemical 
mechanisms of toxicity of single metals, their mixtures and that of particles from mining by-products in 
deep-sea species, known to possess specific physiological and biochemical adaptations to the deep-
sea environment. Further knowledge on the bioavailability of metals under deep-sea environmental 
conditions will certainly help to better understand their potential ecotoxicological impact.  

 


