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Abstract

Hypoxic coastal areas are considered as high-prisystems for Ocean Acidification (OA) research,
because the co-occurrence and interaction of loygex with other environmental stressors, such as
elevatedoCO,, warming and eutrophication, may put them at greask. In this work, an anoxic coastal
phenomenon exhibiting relatively reduced pH at tiear bottom water layer was studieéd-situ and
microcosm experiment measurements, simulating O#&ditions, were conducted in order to assess the
fate of dissolved trace metals that could eithek sbwards the sediment or be released towardwdber
column. OA conditions seem to induce the releasgl dfli, Cd, Fe, Mn and As from the sediment while,
in combination with anoxia, a restriction in thisgblution mechanism was found. Cr, Zn and Pb seem
follow a sink type mechanism under more acidifiedditions while, in addition to anoxia, a sourcpeay
mechanism is revealed. Hg seems to follow a saypee mechanism under OA in any case. Regarding Fe
species, it becomes evident that Fe (Il) is theidan species, indicating an increased stability assult
of acidified conditions.

1. Introduction

Ocean uptake of anthropogenic £élters ocean chemistry, leading to more acidicdid@ns and
lower chemical saturation state3)(for calcium carbonate (CaGOminerals, a process commonly termed
“ocean acidification” (OA). OA, especially when cbimed with hypoxic phenomena (Melzner, 2013),
affects carbon and nutrient biogeochemistry, dissbltrace metal species and complexes’ stability an
sediment mineral phases, causing changes in behtkés in the sediment-water interface (Ardelaalet
2009, Atkinson et al. 2007, Scoullos, 1983) . Tfae experiments combining acidification and low
oxygen conditions are essential to fully understand correlate the aforementioned observations in
coastal environments (Melzner, 2013).

The aim of this project was to study the impactooéan acidification on a coastal industrialised
system (Elefsis Gulf), affected by intermittent gisoconditions, in order to distinguish if sedinemct
like a source or a sink for trace metals. Furtheemit was evaluated, whether these sediment pseses
are imposed to alterations, as a result of acatifim combined with intermittent anoxia.

2. Materialsand methods

Elefsis Gulf is a small sized coastal system atterized by shallow depths (68 knmaximum depth
33 m) and limited communication with the wider &zc (Scoullos, 1978). Due to the increased organic
load and physiographic region, the inflow and thatew exchange is restricted, resulting in the
development of hypoxic/anoxic conditions during swen (intermittently anoxic) (Scoullos, 1978,
Scoullos, 1983). Two laboratory experiments (I @ning only ocean acidification impact and I
combining anoxia with ocean acidification) were docted using experiment microcosms (25L),
containing water and sediment from the greaterld€p® m) of the Gulf (at a proportion 80% to 20%,
respectively). In both experiments, the stabilifypbl was maintained using a continuous flow system
(IKS Aquastar, IKS Computer Systeme GmbH), whictomatically adjusted COgas addition to the
systems; in experiment Il, the anoxic field coratis were also maintained by Ar supply. During tke. e
Il, on the 28' day of the experiment, the Ar supply was ceasetitha systems were left to re-oxygenate
until day 33" in order to fully simulate the intermittent anoxienditions of the study area. The pH values
selected for the experiment conditions were (a)tf@ control conditions (C) the pH value measured
during sampling (7.85 for exp. | — 7.75 for exp, dnd (b) for the ocean acidification conditio@] the
pH value predicted for the year 2300 (6.80) foituaes corresponding to Mediterranean (Caldeira and
Wickett, 2005). Each one of the two conditions \applied in two replicate tanks. Water samples were
collected daily during the four week period of theperiment; sediments were collected and treated



according to EPA 3050 for final measurement witPd&S for As, Cr, Cu, Ni andPb using the Collision
Cell Technology (CCT) mode of the instrument, FAAS Al, Fe, Mn andZn, GFAAS for Cd and
CVAAS for Hg. A colorimetric determination of Fe espes was also applied for wet sediment samples
(combined method of Bloom, 2004 and GEOMAR). Aliteteninations were checked with Certified
Reference Material treatment and analysis. Suppi@anganalyses included organic and inorganic aarbo
determinations (TOC and Cag)Q nutrients’ determinations (TP, TN) and mineramposition with
XRF,XRD analyses.

3. Reaults

In exp. |, sedimentary Cr appears to decrease uddeconditions, whereas in exp. ll, this process
seemed to be restricted in OA along with anoxicdétions. This decrease in Cr particulate form, ddog
attributed to an increase in Cr solubility as auteef enhanced Cgin C conditions no such variation
was observed indicating perhaps a restrictive nrdshain Cr solubilization.

Sedimentary Al appeared to slightly decrease in. éxpinder OA conditions, indicating perhaps
release from the sediment but in the second expeatina sharp increase was observed in both conslitio
For Cr and Al, from previous experiments (Ardel@®09), it was found that under enhanced,CO
concentrations, they are both effectively removedissolved forms as a result of increased sotybili

Ni also presented similar trend to Cr, with a daseein sedimentary concentrations in exp. |, under
OA conditions; in exp. I, in OA conditions combahevith anoxia, particulate Ni seemed to sink on
sediment surface. From previous experiments, Nildleen found to dissociate more rapidly from the
sediment into more labile phases towards the paméerwand the supernatant seawater, which was
confirmed in this study. Thus, the minimum oxygewsnditions, seem to restrain this solubilisation
mechanism and preserving particulate Ni phasesmiitle sediment. (Roberts et al., 2013)

In exp. I, Cu, Zn, Pb decrease in a lesser exte@A conditions, in relation to C conditions; inpex
II, Cu decreased dramatically in both OA and C déomas. In anoxia, a direct extraction from the
sediment with concomitant Cu dissolution from thegended material became more effective within the
first days of exp. Il for both conditions, indicagi that sediment acts as a source of Cu. Fronsthdy,
sedimentary Zn and Cu, under OA conditions and ©/lzined with anoxia, seemed to act as a source
for solubilised metals toward the water columncantrast to previous results in the area (Priftaket
2015) that show that unaffected sediments act sislafor these two metals under oxic conditions. A
potential cause of this alteration could be thdedint redox conditions during our experiment, as
acidified conditions were implemented along withnmmum oxygen conditions, in contrast with oxic
conditions implemented in Prifti et al. (2015) stud

Cd appeared to decrease in exp. |, in both comditiovhile in exp. I, an increase of Cd concenbrati
was observed for both conditions. For Pb and CihduDA conditions along with anoxia, a sink type
mechanism of particulate phases precipitating alinsent surface was found; this is in agreement with
the mechanism reported under oxic conditions foraRth Cd (Prifti et al. 2015) while, a source type
mechanism from sediment toward the water column wlaserved for these two metals, when only
acidified conditions prevail.

Hg presented a decrease in sediment concentratioboih experiments; in exp. I, under OA
conditions the decrease seems to be restrictegldtian to C conditions. In exp. Il, the Hg deceeasms
not affected by OA conditions, a distribution whigdems to be affected only by the anoxia prevaility
distribution, usually presents decreased surfadeesaeither because of its increased volatilityiter
precipitation in particulate phases. In stratifiedvironments, an elevated content is found in the
thermocline zone while it decreases below the tbelime. Hg is known to accumulate in deeper anoxic
areas, removing dissolved Hg from the surface watereducing aquatic environments, Hg(0) is known
to be the most stable Hg species, which is released gas towards the atmosphere. In this case, the
sediment acts as a source but it is not clear &t wktent Hg remains in the water column or itdekiin
the atmosphere. (Colombo et al., 2013)

Fe seemed to slightly decrease during exp. | in @Aditions, while ho changes were observed
during C conditions; in exp. Il a slight increas@aswobserved for both conditions. Sedimentary Mn
appeared to remain invariable in exp. |, during @gnditions, while in C conditions, a decrease was
observed. In exp. II, both in OA and C conditioas,increase was observed. Under oxic conditiongas
previously found that, sedimentary Fe acts as acsowhile for Mn acts as a sink toward the sediment
(Prifti et al. 2015). It has been shown (Ardelanaét 2010) that C®seepage is able to transform
sedimentary Fe and Mn , leading to an enhancedgsel®f these metals from the sediment to the
overlying water, both as dissolved and suspendgitplate forms.

As presented different trends during the two expenits. In exp. |, a decrease for both OA and C
conditions was observed, leading to the assumpiiahsediment acts as a source of As towards therwa



column. In exp. Il, an increase in As concentratwas found, being more significant under acidified
conditions; in this case, it appears that sedinaehias a sink for As. From previous experimentsjas
found that under anoxic conditions, As (Ill) beitig major arsenic species, is mobilized from thpeup
sediment surface to the overlying water (Bennet,220 The mobility of As in sediments is known te b
closely linked to Fe biochemistry. Fe(lll) (hydrjdg minerals strongly adsorb dissolved inorganiov/kas
complexation. Reductive dissolution of these arseriearing Fe(lll) (hydr)oxides, under anoxic
conditions, can release dissolved As into the patewand result fluxes of As to the overlying water
column.In this study, under OA conditions, a sharp decreasedimentary As was observed, while for
Fe only slight alterations were detected. MoreowerOA along with anoxia, although Fe remains
invariable, Mn tends to precipitate in a largereexttleading to As accumulation (Bennet, 2012), a
phenomenon that was verififed in the present saglya significant increase of As concentration & th
sediment was observed.It has been previously denaded, that metal release from metal-contaminated
sediments is influenced by Fe and Mn redox chemighitkinson et al., 2007). From previous
experiments, the rate of oxidative precipitationrefeased Fe and Mn increase, as pH decrease, and
appear to greatly influence the sequestrationahteleased Pb and Zn. Released metals were secgabst
less rapidly in waters with lower dissolved oxygamcentrations (Atkinson et al., 2007).

Table 1. Trace metal concentrationsfor field and experimental samples under the different conditions (cond.)
and during the experiment days (Exp. day) [As, Mn, Cr, Cu, Ni, Pb, Zn, Cd and Hg in mg/kg, Feand Al in %]

Exp. | cond. 5;(5 As Fe Mn Cr Cu Ni Pb Zn Cd Al Hg
field -1| 12,6/ 2,04 330 117y 632 130 108 414 037503, 0,29

OA 25| 10,9| 1,93 333 101 264 118 791 301 0,30 3,050 D,

[ c 25| 9,79| 2,05 302 124 8B 16 540 206 0,26 3,30 601
filed -1| 912| 188 284 122 107 127 102 506 0|26 63,2042

18| 126 1,95 324 112 33/0 130 106 411 042 3482002

OA 33| 12,1] 212 350 112 334 138 111 408 039 357102
18| 11,4| 2,03 327 120 38/9 141 108 386 0,43,60| 021

I C 33| 10,9] 2,09 345 108 151 140 799 350 0,27 3,6319D,

From the Fe ratio results (Fig. 1), it becomes obsithat, in both experiments Fe(ll) is the dominan
Fe species, even without anoxia prevailing. Unaédified conditions, Fe(ll) is likely to show inased
stability (Breitbarth et al., 2010), which is evideduring the experiment, as Fe(ll) remains higlkenein
ordinary oxic conditions. In exp. I, Fe(ll) rati@eems to decrease in OA conditions, while Fe(lltjora
seems to increase. During the exp. I, Fe(ll) raBems to increase slightly for OA conditions, velasra
significant decrease was observed for C conditadtes the re-oxygenation phase. Fe (lll) ratio preésd
the opposite trend, with a decrease in the OA ¢amdi and an increase in C conditions. At the qurpdd
of surface seawater, Fe(lll) is at its minimum &dity and as pH decreases, solubility increases. A
decrease in pH from 8.1 to 7.4 would increase thebdity of Fe (Ill) by approx. 40%, which couldcakie
a large impact on the biogeochemical cycles, bec&gsis an important micronutrient (Millero et al.,
2009). During this study, the increasing Fe(llfioan OA conditions in exp. |, indicate an incredn Fe
oxidation rate that, may also increase Fe(lll) bibity towards the water column. In exp. Il, the {H)
ratio decrease, as a result of the anoxic conditiarhich indicate a reduction mechanism of Fef(idl)
Fe(ll), with possible restrictive Fe(lll) solubiifion mechanisms.

OA conditions C conditions OA conditions C conditions
100 100 100 100
75 75 75 75 u Fe(ll)
u Fe(ll)
50 50 50 50
Day -1 Day 2t Day -1 Day 2! Day -1 Day 18 Day 3. Day -1 Day 18 Day 33
Experiment | Experiment | Experiment |1 Experiment 1

Figurel- Fespeciesratiosin % (Fe(ll)/Fetotal and Fe(l11)/Fetotal) variation during the two experiments



4. Conclusions

The results of this study revealed that under @Aditions, metals such as Al, Ni, Cd, Fe, Mn and As
seem to follow a source type mechanism from seditoevards the water column. In contrast, OA along
with anoxia conditions, a diverse sink type meckanivas observed for these metals. Cr, Zn and Pb,
followed a sink-type mechanism under enhanced @bile in OA along with anoxic conditions, a source
type mechanism from the sediment towards the waikmn was found. Hg seemed to act as a source
type mechanism under acidification, regardleshefdxygen conditions but it remains unknown whether
it is maintained in the dissolved form or it ise@$ed in the atmosphere. Regarding the Fe rabiecéme
evident that in both experiments Fe(ll) was the mhamt Fe species, even without anoxic conditions
prevailing, indicating the increased stability & @) as a result of increased €0
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