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ARTICLE INFO ABSTRACT

Four streams flowing in the Iglesiente and Arburese mine districts (SW Sardinia, Italy), exploited for zinc (Zn) and
lead (Pb) extraction from sulphides and secondary non-sulphide mineralization (calamine ores), have been stud-
ied combining investigations from the macroscale (hydrologic tracer techniques) to the microscale (X-ray pow-
der diffraction, scanning electron microscopy, X-ray absorption spectroscopy). In the investigated area, concerns
arise from release of metals to water during weathering of ore minerals and mine-waste. Specifically, Zn is ob-
served at extremely high concentrations (10s of mg/L or more) in waters in some of the investigated catchments.

Handling editor. Michael Kersten
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Biomi 1
B;ngll::}::r;ical barriers The results from synoptic sampling campaigns showed marked differences of Zn loads, from 6.3 kg/day (Rio San
Metal load Giorgio) to 2000 kg/day (Rio Irvi). Moreover, natural attenuation of metals was found to occur i) through precip-

itation of Fe compounds (Fe oxy/hydroxides and “green rust”), ii) by means of the authigenic formation of metal
sulphides promoted by microbial sulphate reduction, iii) by metal intake in roots and stems of plants (Phragmites
australis and Juncus acutus) and by immobilization in the rhizosphere, and iv) by cyanobacterial biomineraliza-
tion processes that lead to formation of Zn-rich phases (hydrozincite and amorphous Zn-silicate). The biologically
mediated natural processes that lead to significant abatement and/or reduction of metal loads, are the response of
environmental systems to perturbations caused from mine activities, and can be considered part of the resilience
of the system itself. The aim of this study is to understand the effect of these processes on the evolution of the
studied systems towards more stable and, likely, resilient conditions, e.g. by limiting metal mobility and favoring
the improvement of the overall quality of water. The understanding of how ecosystems adapt and respond to
contamination, and which chemical and physical factors control these natural biogeochemical barriers, can help
to plan effective remediation actions.

1. Introduction son, mining activity is perceived to be a concern of local, regional and

global interest (Rice and Herman, 2012).

Mining activities affect large areas all over the world, modifying the
landscape and the environment. In Europe, China and USA the area
affected by mining operations averages 0.1% and hundreds of thou-
sands of abandoned mine sites remain after centuries of mining activ-
ity (Arbogast et al., 2000; Lin and Ho, 2003; EUROSTAT, 2012).
Mine activity leads to an increase in metal concentration due to dis-
persal processes through different paths, dissolution and suspension of
fine minerals in waters, erosion and transport by wind, availability of
metals to biosphere and their access to the food chain. For this rea-
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Mining activity consists of excavation of large volumes of rocks and
production of mine wastes rich in metals and pollutants that can be
dispersed and are often prone to erosion. The impact of mine activ-
ity is often the creation of vegetation-free landscapes (Yang et al.,
2018 and references therein), where erosion processes dominate. How-
ever, natural systems often respond to environmental stress by adopt-
ing survival strategies (Batty et al., 2006; Sheoran and Sheoran,
2006). The interaction between the geosphere and the biosphere at
the interface of surface water and groundwater takes place at the hy-
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porheic zone (Runkel et al., 2003; Bencala, 2011) and can lead to
the development of natural chemical processes responsible for the atten-
uation of metal content. Pioneer plants are able to grow in deeply pol-
luted sediments due to their ability to adapt and often behave as metal
excluders (Medas et al., 2015, 2019; De Giudici et al., 2015, 2017;
Caldelas and Weiss, 2017; Boi et al., 2020). Plants also have the
ability to remove trace metals from water through biological uptake and
surface adsorption, and can form biominerals to decrease the bioavail-
ability of metals (Sheoran and Sheoran, 2006; Caldelas and Weiss,
2017). For these reasons, engineered wetlands are often built to remedi-
ate dispersion of pollutants from mines and other polluted environments
(An et al., 2011; Walaszek et al., 2018). Moreover, some bacteria,
fungi and microfungi are able to adapt to extreme metal-rich environ-
ments indicating an environmental response toward metastable equilib-
ria (Igiri et al., 2018; Cecchi et al., 2019a). For instance, fungi can
dissolve pyrite at enhanced rates (Cecchi et al., 2019b, 2019c¢), dri-
ving mine waste systems toward more favourable conditions for biolog-
ical growth.

The resilience of a system is often referred to as population dynamics
(Holling, 1973). Ecological systems comprise many compartments, in-
cluding minerals, biominerals, plants, waters, microbes, flora and fauna,
etc.. Thus, resilience can be defined in different ways as highlighted by
Gollner et al. (2017). Resilience in mining environments can be de-
fined as the amount of anomalies that an ecosystem can absorb before
undergoing irreversible mutations, or the time taken by an ecosystem to
recover the conditions prior to a disturbance (Gollner et al., 2017). As
far as we know, studies connecting the role of (bio)minerals with the re-
sponse of natural systems to perturbation due to mine activities are still
lacking.

Engineered and natural wetlands are ecosystems resilient to mine
pollution as they allow bioprecipitation and immobilization of metals
in sediments below the redox interface, where reducing conditions and
availability of electron donors allow sulphur-reducing bacteria to pro-
duce sulphide ions that combine with metals to form biomineralization
rich in base metal sulphides (Smieja-Krél et al., 2015; De Giudici et
al., 2017). Environmental resilience can be then tightly related to min-
eral dissolution or precipitation, particularly when mineral reactions de-
crease bioavailability of metals.

Mining activity linked to Pb and Zn production represented the main
economic activity for centuries in the Iglesiente and Arburese mine dis-
tricts (SW Sardinia, Italy), and in the process, impacted surrounding soil
and waters. From 2011 to 2013 several synoptic sampling campaigns
were carried out by the University of Cagliari and the United States Ge-
ological Survey (USGS) using the tracer technique to study the effects of
mining activities on some selected streams draining abandoned mine ar-
eas in SW Sardinia (De Giudici et al., 2014, 2017, 2018, 2019). This
technique allows one to quantify the effects of mine drainage at the wa-
tershed scale, and to identify spatial patterns of contamination (Buxton
et al., 1997). For this purpose the tracer-injection approach was com-
bined with spatially detailed synoptic sampling to calculate river dis-
charge and the change of contaminant loads, as well as to assess the in-
fluence of sampled inflows and unsampled underground sources on river
water chemistry (Kimball et al., 2002). The present work focuses on
the processes that, from the macro scale to the micro scale, influence the
fate of different metals (mainly Zn) in the studied streams, with partic-
ular attention on processes occurring in the hyporheic zone, where the
geo-bio-hydrosphere interaction is favoured.

This study is aimed at understanding the resilience of the environ-
mental systems assuming gradual revegetation in the streambed of his-
torically mine polluted environments. We selected four different con-
taminated areas with different density of vegetation cover in the
streambed. Then we studied the apparent differences through the char-
acterization of the natural processes occurring in the hyporheic zone,
that lead not only to the decrease of metal load and to the improve-
ment of water quality, but allow the system to evolve toward more sta-
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ble conditions. The understanding of these processes can be of great help
in planning remedial actions.

2. Study area and mining history

The investigated area comprises the Iglesiente and Arburese districts
(SW Sardinia, Italy), where mining linked to the production of Pb and Zn
has been the main economic activity for centuries (Fig. 1). The geologic
setting of the area mainly consists of a Paleozoic sedimentary succession,
hosting the ore bodies, and igneous rocks (Pillola et al., 1998; Boni
et al., 2003). The post-Paleozoic successions are represented by the
sedimentary Mesozoic and Cenozoic units (Carmignani et al., 1996),
and the volcanic complex of Monte Arcuentu (upper Oligocene-lower
Miocene) (Assorgia et al., 1984). Eolian dunes (Piscinas dunal com-
plex) and fluvial deposits represent the coastal and internal Quaternary
covers (Fig. 1).

In the Montevecchio-Ingurtosu district the mineralization mainly
consists of a set of veins of galena (PbS) and sphalerite (ZnS) asso-
ciated with quartz (SiO,), siderite (FeCO3) and other sulphide miner-
als (Cuccuru et al., 2016; Moroni et al., 2019). In the Iglesiente
mining district the Paleozoic succession hosts the so-called “Metallif-
erous Ring”; the mineralizations consist of massive sulphide ore bod-
ies and stratabound deposits, and the minerals are sphalerite, galena
and pyrite (FeS,), with associated barite (BaSO4) and calamines (mainly
composed of smithsonite (ZnCO3), hemimorphite (ZnySi,O7(OH), - H,0)
and hydrozincite (Zns(CO3)o(OH)g) (Boni, 1994; Bechstadt and Boni,
1994).

In the 19th and 20th centuries, when the mine exploitation reached
its peak, the study area was the main mining district of Sardinia, the
most important mining region of Italy. The mines mainly produced Zn
and Pb from galena (PbS) and sphalerite (ZnS), often accompanied in the
ore bodies by pyrite (FeS;) and chalcopyrite (CuFeS,), calamine (smith-
sonite and hemimorphite) and barite (BaSO4); locally secondary prod-
ucts were Ag and other metals (Bi, Cd, Co, Cu, Sb, and Ge; De Giudici
et al., 2019). When all the mine activities ceased in each of these dis-
tricts (1968-1995), the mining wastes as well as the residues of metal-
lurgical extraction were abandoned in dumps without remedial action.
Moreover, after the mine closures most of the adits were flooded as a
consequence of stopping the dewatering plants. Therefore, the interac-
tion of rain water, surface water and water flowing in flooded adits with
the minerals of waste and adits, and with the highly reactive residues of
metallurgical extraction, allows the mobilisation of contaminants caus-
ing various environmental impacts.

The climate of the area is characterized by a dry season from May
to September, with occasional showers, and wetter autumn and win-
ter seasons. The mean annual temperatures range between 15 and
17 °C, the rainfall between about 600 and 800 mm (R.A.S, 1998;
R.AS,, 2013; RAS, http://www.regione. Sardegna.it/j/v/
25?s = 131338&v = 2&c = 5650&t = 1).

The objects of this study are the streams flowing in the mining areas
impacted by the mine waste and residues of industrial extraction. They
are: the Rio Montevecchio, Rio Irvi and Rio Naracauli, that flow in the
Montevecchio-Ingurtosu district; and the Rio San Giorgio, which flows
in the Iglesias district (Fig. 2).

3. Experimental
3.1. Core sample collection and analysis

Intact core samples of Rio San Giorgio (De Giudici et al., 2017),
Rio Naracauli (new data) and Rio Montevecchio (Atzori, 2013) stream
sediments were collected through a core sampler (Atlas Copco's CO-
BRA) and samples were stored in sealed plastic bags (Fig. 2). After
drying at room temperature, a representative portion of each recog-
nizable layer of core samples was ground in an agate mortar to per-
form the mineralogical characterization through X-ray powder diffrac-
tion (XRPD). The XRPD patterns were collected in the 5-70° 20 an-
gular range, using an automated PANanalytical X'pert Pro diffractome-
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Fig. 1. Schematic geological setting of the study area (Boni et al., 2003, modified).

ter, with Ni-filtered Cu Kal radiation (A = 1.54060 Z\), operating at
40 kV and 40 mA, using the X'celerator detector. Scanning electron mi-
croscopy (SEM) analysis was performed by a FEI Quanta 200 equipped
with a ThermoFisher UltraDry energy dispersive spectroscopy (EDS) de-
tector at the CeSAR laboratory (University of Cagliari).

3.2. Plants collection and analyses

Samples of Phragmites australis were collected in the Rio San Gior-
gio (De Giudici et al., 2017) and Rio Naracauli (new data) streambed.
After plant harvesting, rhizosphere samples (defined here as the soil
portion within 2 mm of the roots) were recovered by shaking and gen-
tly wiping the roots and dried at room temperature. The plant roots
were washed with deionized water until the rinse water was clear,
and then they were washed four times with ultrapure water (Millipore,
Milli-Q©, 18.2 MQ cm™1). Finally, roots were dried at room conditions.
The plant samples and rhizosphere materials were dried at about 30 °C
and ground immediately after their collection. Samples of root sections
were prepared as described in De Giudici et al. (2015) and Medas
et al. (2015) for soft X-ray microscopy combined with low energy
X-ray fluorescence (LEXRF) mapping analysis, performed at the Twin-
Mic (Kaulich et al., 2006; Gianoncelli et al., 2016a, 2016b) beam-
line at ELETTRA, Trieste (Italy). The TwinMic microscope was oper-
ated in scanning transmission mode (STMX, Morrison et al., 2006;
Gianoncelli et al., 2006, 2009, 2013). The X-ray beam energy (E %
1.985 keV) was chosen to ensure the best excitation and detection of Si,
Al, and Zn, with a spatial resolution (X-ray spot size) of 1 pm X 1 pm,
as a compromise between good XRF signal and dimension of the fea-

tures of interest. The XRF elemental maps were deconvoluted and
analysed with PyMCA software (Sole et al., 2007).

X-ray absorption spectroscopy (XAS) measurements were carried out
at the Zn K-edge (9.659 keV) at the ELETTRA-XAFS beamline (Trieste,
Italy) (Di Cicco et al., 2009). Samples were pressed in solid pellets,
and the XAS measurements were carried out in transmission and fluores-
cence geometry keeping the samples at liquid nitrogen temperature. A
set of reference compounds was also measured in transmission geometry
for sake of comparison and used for X-ray absorption near edge structure
(XANES) interpretation by linear combination analysis (LCA, Benfatto
and Meneghini, 2014). For details on data refinement, see Meneghini
et al. (2012) and De Giudici et al. (2017).

4. Results and discussion
4.1. Metal loads at different Sardinia catchments

In this section we compare the results from four different synop-
tic sampling campaigns in four mine-affected rivers in Sardinia (for
details on water sample collection and analysis and for the tracer-in-
jection technique see De Giudici et al., 2014, 2017, 2018, 2019).
The synoptic sampling campaigns were conducted in different years,
during late spring and after the rainy season, overall under a similar
and steady hydrogeological regime. Waters of Rio Naracauli and Rio
Irvi were collected respectively at the end of May and the beginning
of June 2011. The sampling of Rio San Giorgio was conducted at the
beginning of June 2012, and Rio Montevecchio was sampled between
the end of May and the beginning of June 2013 (De Giudici et al.,
2014, 2017, 2018, 2019). The discharge of the rivers was very simi-
lar between values of 20 and 30 L/s (Fig. 3a). Despite similar values of
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river discharge, metal loads, particularly Zn, show differences of up to
three orders of magnitude among the streams studied (Fig. 3b).
The Rio San Giorgio receives seepages from three main sources of
pollution: the Campo Pisano, the San Giorgio and the “Fanghi Rossi”
mine waste dams (Fig. 2). The Campo Pisano and San Giorgio dams
consist of embankments of flotation mud commonly rich in carbonate
minerals (calcite, dolomite, smithsonite, ankerite, etc.) and pyrite. The
“Fanghi Rossi” dump is constituted by fine-grained particles (<40 pm)
of iron oxyhydroxides (especially goethite), residual smithsonite and
abundant gypsum, resulting from Zn extraction, mainly from smith-
sonite, through electrolytic treatment (Cidu and Fanfani, 2002). Other
contamination sources are the mine wastes along the streambed and
other wastes dispersed in the catchment. Due to the inflow of tribu-
taries draining mining waste and tailings, the chemical composition of
water was found to change from CaMg-HCO3 with circumneutral pH,
upstream, to a dominant CaMg-HCO3-SO,4 and CaMg-SO,4 composition
and slightly alkaline pH, downstream (pH 7.7 — 8.3) (De Giudici et al.,
2017). Along the first 600 m, the discharge of Rio San Giorgio was al-
most constant (17.4 L/s) and the Zn load was below 0.1 kg/day (Fig. 3a
and b). In the river section between 600 and 2300 m downstream from
the injection point, the discharge increased continuously, up to 28.8 L/s,
and the Zn load, after a small increase, showed a peak of 6.3 kg/day at-
tributable to the contributions of waters flowing from the “Fanghi Rossi”
dump. Then, the Zn load decreased sharply to 3 kg/day while the dis-
charge remained almost constant (28.8 L/s). From 3000 m downstream
until the end of the study reach, both the discharge and the Zn load in-
creased moderately up to 36.7 L/s and 4.8 kg/day, respectively.
The Rio Naracauli originates from the Ingurtosu mine and flows into
the Mediterranean Sea after about 8 km. Samples for the synoptic sam-
pling were collected along the first 3 km. The discharge slightly in-

creased from the input of the Ingurtosu mine tunnel along the first
600 m (0.44 — 1.31 L/s), then progressive and sharp increments were
observed till the end (up to 35.2 L/s). The major inputs came from both
surface and groundwater inflows of Rio Pitzinurri and Ledoux Gallery,
and drainages of mine-waste dumps along the river banks, the biggest
of which is the Brassey Mill tailing dump (Figs. 2 and 3a). The Zn
load, after slight fluctuations in the first hundreds of meters, decreased
down to 0.21 kg/day. This is the lower value determined along the
studied reach, before the confluence of Rio Pitzinurri. From the con-
fluence of Rio Pitzinurri the Zn load progressively increased (27.3 kg/
day) until 2500 m and, in the lowest reach, increased slightly up to
28 kg/day. Water flowing from the Ingurtosu mine adit had high Zn con-
centration (63.6 mg/L) but, due to the low flow rate (less than 1 L/s)
its contribution to the Zn load was limited. The main sources of con-
taminants were the mine-waste dumps on the river banks or widely
dispersed along the stream as a consequence of erosional processes.
Further contributions came from the inflow of water from abandoned
mines or mineralized veins. The Rio Naracauli had neutral or slightly
alkaline pH (7.6 — 8.4) and the chemical composition was CaMg-SOy,
whereas waters flowing from tailings had variable composition, mainly
Zn-SO4 (Medas et al., 2012; Podda et al., 2014). Of particular in-
terest is the presence of Zn-rich phases: hydrozincite, a Zn hydroxy-
carbonate with the formula Zns(CO3)5(OH)e, in the river section be-
tween 135 and 598 m, and an amorphous Zn-silicate (which we refer
to as “white mud”) below the confluence of Rio Sa Roa. The precip-
itation of these phases is biologically mediated, hydrozincite by Scy-
tonema sp. (Podda et al., 2000), and the white mud by Leptolyngbia
frigida (Medas et al., 2014; Podda et al., 2014). In the upstream
reach of Rio Naracauli, where the lowest Zn load was detected, hy-
drozincite formed white-yellowish incrustations on the riverbed. In this
reach, there is a contribution of groundwater drainage from a mine-
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waste dump which added, other than Zn, a considerable amount of
HCO3 | leading to particularly suitable conditions for hydrozincite pre-
cipitation (Figs. 2 and 3b; Wanty et al., 2013; De Giudici et al.,
2014).

The Rio Irvi and Rio Montevecchio drain the mine area of Montevec-
chio, and are divided by the watershed into two catchments here re-
ferred to as Montevecchio West and Montevecchio East, respectively.

The Rio Montevecchio originates at the Montevecchio mine site,
from the drainage gallery n°173 (Fig. 2) and flows for about 800 m near
the Piccalinna impoundment, a waste dump mainly filled with flota-
tion mud characterized by high levels of Zn (8.8 wt%) and Pb (1.1 wt%)
(Buosi et al., 2001) and, to a lesser extent, by mine waste contain-
ing sulphide minerals. Rio Montevecchio receives contributions from
mine adits and seepage at the bottom of Piccalinna and the main su-
perficial inflows are waters from the Piccalinna gallery n°’172 and Rio
Struvoniga (Fig. 2). The discharge of Rio Montevecchio was about
1.4 L/s along the first 150 m and, due to the contribution from Pic-
calinna impoundment, increased progressively up to 10.1 L/s after the
confluence of Rio Struvoniga (819 m), then continued to increase
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more slowly until the end of the study reach (13.5 L/s at 2661 m; Fig.
3a). The composition of waters changed from ZnCa-SO4 (upstream) to
CaMg-SO,4 (downstream) (De Giudici et al., 2019). The Rio Mon-
tevecchio reached 340 kg/day of Zn load. The major load of contami-
nants came from the Piccalinna impoundment, in fact, the increase of
discharge within the first 800 m corresponded with a sharp increase of
Zn load from 29.7 kg/day to 270 kg/day. Moreover, the decrease of pH,
from 5.9 to 4.0, could be attributable to the acid inflow of drainage gal-
leries, spillages and tributaries derived from the Piccalinna impound-
ment. Downstream, the pH slightly increased (pH 4.7 — 5), as a conse-
quence of the buffering of tributary water interacting with carbonate
minerals of Eocene limestone. In the first hundreds of meters the river
received also the main loads of SOﬁ_ and Fe (see Fig. 4 in De Giudici et
al., 2019). The SOi_ ion increased constantly through the reach stud-
ied, whereas the Fe load decreased significantly because of the precip-
itation of Fe oxy/hydroxides. Zn showed low affinity for these Fe com-
pounds, and was the least reactive among the contaminants determined
in Rio Montevecchio (Frau et al., 2015; De Giudici et al., 2019).

The Rio Irvi receives the main contribution from the outflow of the
Casargiu drainage gallery, flooded since 1997 due to the rebound of the
water table following the mine closure (Frau et al., 2015). At the sam-
pling time, the discharge from the gallery was 21.2 L/s and increased
up to 29.1 L/s at the end of the study reach (5872 m). The most signifi-
cant increment of discharge was observed within the first 1500 m down-
stream after the inflows of some tributaries; in this section the great-
est observed value of about 2000 kg/day Zn load was reached. Further
discharge came from dispersed groundwater in the final section of the
study reach. The chemical composition of Rio Irvi was ZnCaMg-SOy,
with pH values ranging between 4.8 and 7.7 and tending to decrease
downstream, except when receiving superficial inflow or groundwater
(De Giudici et al., 2018). The Rio Irvi received the main load of con-
taminants from Casargiu outflow due to the intensive weathering of ore
deposits, but a moderate increment was also produced by the superfi-
cial inflows. It is noteworthy that also considerable loads of Fe, SO3~
and Mn were observed (see Fig. 6 in De Giudici et al., 2018). In-
terestingly, the Fe behaviour suggests the presence of biogeochemical
processes which in turn influences the pattern of the other elements. Pre-
cipitation of Fe compounds, namely Fe(IIl) oxy/hydroxides and “green
rust” (having a general formula Fe?* Fe3*,(OH);2(S04)*3H,0; Frau
et al., 2015), were visible as ochreous and green precipitates on the
streambed. The formation of these minerals caused a decrease of water
pH values toward slightly acid conditions. In this reach a small attenua-
tion of Zn load was observed, probably due to the coprecipitation of Zn
with colloidal Fe. In the same reaches of stream, where the Zn load de-
creased, also SO2~ load losses were observed. The SO3~ decrease can be
related in part with anion adsorption in the reach with low pH, and in
part with the precipitation in “green rust” (Cidu and Frau, 2009). On
the other hand, SO~ can be released into solution as the barely stable
“green rust” ages to form the Fe(IIl) oxy/hydroxides (De Giudici et al.,
2018).

4.2. Microscopic processes along the streambeds

Sediments in Rio San Giorgio and Rio Naracauli riverbed were vi-
sually recognizable; their thickness can attain 3 m and perhaps more.
Sediments in Rio Montevecchio had a thickness varying from 0.3 to
1 m in the first 2 km; while downstream the riverbed was covered by
pebbles and reddish muds. Rio Irvi, on the contrary, is dominated by
erosional processes; the riverbed is rocky with only local presence of
fine-grained sediments. Core sediments were sampled in the Rio Mon-
tevecchio (core depth, 1 m), Rio Naracauli (core depth, about 2 m)
and Rio San Giorgio (core depth, 3 m) stream beds. In the last two
riverbeds also samples of Phragmites australis were collected due
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Fig. 4. Scanning electron microscopy (SEM) images of plants (a) and core sediments (b, ¢, d, e) sampled on the Rio San Giorgio streambed, showing framboids of FeS; and plaques of Zn

sulphides on the roots and in the rhizosphere of Phragmites australis.

to abundance of the plant and its significance in order to better under-
stand the processes at the root-soil-water interface.

Core sediments sampled in the Rio San Giorgio riverbed consisted
of unconsolidated sequences of reddish sand and grey silts and clays.
XRD analyses indicated that the primary minerals consisted of spha-
lerite, galena, pyrite, goethite, hemimorphite and cerussite (De Giudici
et al., 2017). SEM analyses of core sediments and plant tissues showed
the presence of abundant framboidal pyrite in both sediments and root
surfaces of Phragmites australis and Juncus acutus (Fig. 4). Element dis-
tribution and Zn speciation in Phragmites australis were investigated by
LEXRF and XAS analysis, respectively (De Giudici et al., 2017). Re-
sults of LEXRF maps showed that Fe, Zn, Si and Al were mainly localized
in the root epidermis. XAS analysis indicated that the Zn was present in
the samples as both inorganic phases and organic compounds (hydroz-
incite, Zn-acetate-hydrate, smithsonite, and in cysteine and hydroxyap-
atite; De Giudici et al., 2017).

Zn load shows a peak at 2312 m from the injection point and a sharp
decrease by around 3 kg/day at 3024 m. Assuming this decrease per day
to be roughly representative of the whole year allows us to estimate
the total volume occupied by sphalerite or other zinc minerals per year.
Considering the density of sphalerite or hydrozincite (4.1 and 3.5 g/cm?,
respectively), we argued that the volume of Zn minerals formed in the
reach 2312-3024 m averages 0.23 and 0.27 m?/year. The whole volume
of sediments in Rio San Giorgio averages 360,000 m3 (IGEA, 2011)
while the volume of sediments of the reach 2312-3024 m has an area
of 1500 m? and, roughly, a volume of 1500 m®. A few core wells are
available and indicate that the thickness can attain 3 m, we assumed a
reduced thickness of 1 m with reasonable underestimation. Thus, in the
reach 2312-3024 m, the ratio among volume of sediments and volume
of secondary Zn minerals exceed 5000. This result indicates secondary
minerals are very diluted in the sediments. Moreover, we argued that
the biogeochemical barriers seem to have a potential activity of many
hundreds of years, formally 5000 years. In the future, modelling can be
implemented with more data on sedimentation rate and load measured
under different hydrological regimes.

Core sediments of Rio Naracauli were sampled a few hundred meters
downstream from the Brassey Mill tailing dump, in a highly vegetated
area, where Phragmites australis and Juncus acutus were present (Fig. 2).
Sediments consisted of unconsolidated sand and gravel layers alternat-
ing with consolidated clay layers, with sand lenses, characterized by the
presence of abundant organic matter, especially roots. The main min-
eral phases, detected by XRD analyses, were quartz, feldspars, micas and
clay minerals (muscovite, illite, kaolinite) in all levels, with subordinate
minerals usually found in the ore deposits like carbonates (smithsonite,
cerussite and siderite) and sulphides, and rarely jarosite. The SEM analy-
ses of core sediments, in agreement with XRD analyses, showed a matrix
of quartz, feldspars and phyllosilicates. At different depths of core sam-
ple, thin crusts or plaques of sulphides, especially of Pb and Zn, com-
monly were observed in the rhizosphere and roots (Fig. 5). These in-
crustations were observed mainly in the deepest layers, but decreased
closer to the surface. As observed for Rio San Giorgio, framboids of
pyrite were detected. They consisted of sub-spheroidal micrometric clus-
ters (10 — 20 pm diameter) of octahedral crystals having maximum size
up to 2 pm (Fig. 6) and were mainly localized in the deeper layers (from
1.17 to about 2 m). The STXM map of thin slices of Phragmites australis
root collected in the Rio Naracauli riverbed is shown in Fig. 7. As ob-
served in samples collected on the Rio San Giorgio riverbed, the LEXRF
analysis showed that Fe, Zn, Si and Al are mainly localized in the root
epidermis (Fig. 7c-f).

Sediments of Rio Montevecchio were characterized by yellow
ochre-light brown sand layers with fine grey lenses and presence of
clasts; moreover the presence of roots was detected in layers with fine
sediments.

XRD analyses indicated the presence of quartz, muscovite and, in
minor quantity, sulphides that were referred to as primary minerals
(galena, sphalerite and pyrite), carbonates (ankerite and siderite) and
sulphates (Atzori, 2013). Evidences of alteration of primary minerals
were observed by SEM analyses (Fig. 8): for example, marks of acid-bac-
terial alteration, namely “etch pits” (Keller, 1982), were clearly rec-
ognizable on the surface of pyrite crystals (Fig. 8a—c). Also crystals
of anglesite, precipitates of Fe oxy-hydroxides and altered galena were
detected (Fig. 8d-f); moreover in the efflorescences sampled on
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Fig. 5. Scanning electron microscopy (SEM) results, showing metal-rich crusts on roots' rhizosphere in different samples of Rio Naracauli core sediments. a, b) backscattered electron (BSE)
images of Zn + Fe sulphides crust in the 137-190 cm sample; Pb was not detected; c) BSE image of 65-90 cm sample, where a root fragment is brighter than the surrounding matrix due
to heavy elements concentration. Energy dispersive spectroscopy (EDS) maps relative to image in (c) indicate that the root is surrounded by Pb sulphide as testified by the enrichment in
Pb (d) and S (e) and by the low O counts (h), probably due to the root tissues. Zn (f) and Fe (g) are absent in the roots. Note the peculiar spherule of Zn oxide on the right side of figures.
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Fig. 6. Scanning electron microscopy (SEM) analysis of core sediments from the Rio Naracauli. Backscattered electron (BSE) images show the widespread occurrence of Fe sulphides
framboids in the a) 30-45 cm and b) 117-137 cm layers of Rio Naracauli core sediments; ¢) Energy dispersive spectroscopy (EDS) spectrum of framboidal Fe sulphides and d) spectrum of

the surrounding mineral (biotite).

the Rio Montevecchio river bank, crystals of gypsum were observed
(Fig. 8g).

4.3. Secondary mineral formation can lead to environmental resilience

The enhanced significance of environmental changes due to natural
attenuation of dispersion processes in mining activities arose from an
increased knowledge of the impacts that historical and active mining
can have on the environment. Advances in the scientific understanding
of the environmental impacts of past mining are crucial for new regu-
lation meant to protect against these impacts. Moreover, knowledge of
processes controlling natural attenuation is the basis for development of
sustainable technologies. The impacts can be physical, chemical, and bi-
ological in nature, and their understanding requires a multidisciplinary
array of expertise, including geologists, geochemists, hydrologists, mi-
crobiologists, and biologists. Processes that allow or prevent metal mo-
bility at the microscale depend on the local physicochemical and biogeo-
chemical conditions, which in turn depend on several factors like wa-
ter discharge, soil porosity and permeability, density and type of vegetal
coverage, and morphology of riverbed.

Riverbeds collect and drain the water that has interacted with rocks
and minerals through the river catchment (Buxton et al., 1997; Kim-
ball et al., 2002). For this reason, the knowledge of metal loads at dif-
ferent sections of a river is a unique tool to define the source of cont-
aminants, the impact of geochemical and biogeochemical processes on
mineral dissolution and precipitation, and to prioritize remediation ac-
tion of the different mine-waste bodies in the catchment (Kimball et
al., 2002).

Metal load values depend on processes controlling the interaction
among different geological, industrial and ecological compartments. The
most relevant factors are the presence and type of contamination source,
the hydrological path, stability and reactivity of minerals, sedimentation
or erosion regimes, geochemistry of rocks and waste, vegetation cover-
age, microbial composition and diversity, runoff, precipitation, sunlight
irradiation and other weather conditions.

When the sedimentation regime dominates, sediments can accumu-
late along the riverbed allowing the growth of dense vegetal coverage
with dense root systems, which in turn enhance the mechanical stability
of the sediments (Ghestem et al., 2011). The macrophytes (e.g.

Phragmites australis, Juncus acutus, etc.) have a key role in the riverbed
processes because they promote the sedimentation of suspended solids,
limit erosive processes and provide organic matter that is a source of car-
bon for bacterial metabolism and sites for metal sorption (Marchand et
al., 2010 and references therein). Plants and microorganisms can also
favour the authigenic formation of secondary minerals in the hyporheic
zone. Most macrophytes promote the formation of Fe-plaques (oxides,
hydroxides and oxyhydroxides) by favouring oxidizing conditions at the
roots. Metals may also be sequestered from solution and stored in vac-
uoles of root cells, or bioprecipitates under the root epidermis to limit
their translocation (into shoots, stems and leaves) and thus the toxic ef-
fect (Shanker et al., 2005; Medas et al., 2019; Boi et al., 2020). De-
composition of organic matter and activity of sulphate-reducing bacteria
lead to establishment of localized reducing conditions, where sulphate is
reduced to dissolved sulphide and then precipitates as a metal-sulphide
solid (Faulwetter et al., 2009). The rhizosphere is a preferred envi-
ronment for many soil microorganisms, bacteria cover the root surface
and often the mycelia of fungal mycorrhizae are symbiotic with roots
of plants (Trapp and Karlson, 2001; Marchand et al., 2010). The
presence of abundant root bodies covered by microbes may then facil-
itate the development of microbial biofilms within the soil. Density of
vegetation and roots, as well as the thickness of sediments, are crucial
factors for the biogeochemical activity of the hyporheic zone and, thus,
for metal mobility across the whole riverbed system. For these reasons,
the biogeochemical processes occurring at the hyporheic zone at the wa-
ter-soil-plant interface can limit the metal mobility and then influence
the water quality at the watershed scale (Runkel et al., 2003; Ben-
cala, 2011; Byrne et al., 2014; De Giudici et al., 2017). In the Rio
San Giorgio and Rio Naracauli the sedimentation regime dominated. On
the contrary the erosion regime was dominant in Rio Montevecchio and
Rio Irvi.

Microscopic observation of core samples and plant roots collected
in Rio San Giorgio and Rio Naracauli showed the presence of abun-
dant secondary minerals, probably promoted by both microorganism
and plant activity. The observed metal sulphides (FeS, PbS, ZnS) (Figs.
4, Figs. 5 and 6), in particular the presence of FeS, framboids, sug-
gest metal immobilization through the precipitation of metal-sulphides
under reducing conditions mediated by sulphate-reducing microorgan-
isms (Neumann et al., 2005; Gregory et al., 2014; Smieja-Krél et
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Fig. 7. Thin cross root section (14 pm) of Phragmites australis collected along the Rio Nara-
cauli. a) Ordinary light stereo-microscope image with location of acquired maps, b) bright-
field (absorption) images, and LEXRF maps of: ¢) Al, d) Si, e) Fe and f) Zn. Maps 1, size
80 x 68 pm?, scan 48 x 42 pixels, maps 2 and 3, 80 x 80 ym?, scan 48 X 48 pixels.

al., 2015). The metal encrustations on the roots and rhizosphere may
be an example of biomineralization triggered by plants to limit metal ex-
posure by means of their precipitation.

In the natural systems investigated in this study, subjected to min-
ing impacts with the consequent alteration of chemical and physical
conditions, the above-mentioned processes can be interpreted as part
of the adaptation of the environmental system to the perturbation,
therefore as a part of the resilience of the system itself. At the same
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time, these processes lead to the formation of natural biogeochemical
barriers.

For instance, the biomineralization observed in samples of Phragmites
australis, being an adaptation strategy of Zn tolerant plants growing in
polluted environments (Caldelas and Weiss, 2017), can be thought of
as a resilience process that plays a significant role in the abatement of
bioavailable metals, thus forming a biogeochemical barrier. Metal im-
mobilization through bioprecipitation of metal sulphides, mediated by
sulphate reducing bacteria, also can be a biogeochemical barrier. This
mechanism, by limiting the metal loads, might help the development of
vegetation that furnishes organic matter for microorganisms and helps
to stabilize the sediments, improving the evolution of the area toward
more stable conditions.

These processes have contributed to the progressive evolution/devel-
opment of the hyporheic zone on the streambed of the Rio Naracauli in
the last forty years. The aerial photos downstream from the Brassey tail-
ing dump, from about 10 years after the mine closure (1968) to 2013
(Fig. 9), show an incipient low start of vegetal coverage followed by the
progressive development, especially in the last ten years.

From 2007 up to now, through direct field monitoring, a progressive
diffusion of Juncus acutus was observed, followed by the recent increas-
ing presence of Phragmites australis. These field evidences, together with
the development of vegetal coverage and the hyporheic zone, indicated
that Juncus acutus is the pioneer Zn tolerant plant, and that the growth
of Phragmites australis follows, as the system stabilizes. The presence of
authigenic metal sulphide minerals indicates the attenuation of metal
loads, however they could be a sink of pollutants in case of changes
of redox conditions and subsequent sulphide oxidation (Smieja-Krél et
al., 2015; Noel et al., 2017). The persistence of favourable conditions
(pH, Eh, vegetal coverage, microbial activity, etc.) allows the efficiency
of these biogeochemical barriers for a long time. Therefore, the dense
vegetal coverage, the prevalence of Phragmites australis, and the consis-
tent presence of metal sulphide, in particular Fe sulphides (framboids)
suggest that Rio San Giorgio represents a more mature stage of natural
environmental adaptation to mining impacts.

In sediment cores collected in Rio Montevecchio the presence of pri-
mary sulphides subjected to alteration and that of gypsum detected in
the efflorescent salts, indicate the high reactivity of the system. The Zn
load attenuation in both Rio Irvi and Rio Montevecchio is linked to ad-
sorption/coprecipitation with Fe precipitates. In this case, the absence
of authigenic metal sulphides suggests the absence or instability of the
above mentioned resilient processes.

5. Summary and conclusions

Investigating the microscopic processes that control mineral dissolu-
tion and precipitation allows one to identify environmental processes,
both positive and negative, leading to natural abatement or, rather, pol-
lutant dispersion. These microscopic processes are the basis for increas-
ing or decreasing metal loads in a river. When positive processes dom-
inate, the load decreases or is limited; when negative processes domi-
nate, the load increases and dispersion of pollutants may become a se-
rious concern. In the investigated abandoned mining sites of Sardinia,
the comparison among metal loads measured in the rivers shows that
the impact of past mine activity varies over three orders of magnitude.
A difference of such magnitude is not attributable to differences in river
discharge, but to the kind of source and concurrent mineralogical and
biogeochemical processes occurring in the hyporheic zone.

In Rio San Giorgio and Rio Naracauli, where the tracer analyses in-
dicated the lowest metal loads, the microscopic investigation revealed
that metal mobility was limited by the presence of biogeochemical bar-
riers. Effective biogeochemical barriers consisted of sulphur reducing
bacteria biofilms indicated by the presence of framboidal iron sulphides
and Zn sulphides in sediment cores. These can be interpreted as on-
going authigenic formation of secondary phases that eventually form
small authigenic ore deposits. In Rio Naracauli further biogeochemi-
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Fig. 8. Scanning electron microscopy (SEM) analysis. Secondary electron (SE) images of Rio Montevecchio core sediments showing: a) crystal of altered pyrite with the b) EDS spectrum
and c) detail of altered region, d) crystals of anglesite, e) Fe hydroxides precipitated on to barite and f) altered galena. g) Crystal of gypsum observed in the efflorescence sampled in the

Montevecchio riverbank (Atzori, 2013, modified).

cal barriers are represented by seasonal cyanobacteria activity that con-
trols the precipitation of Zn phases, especially hydrozincite. Other bio-
geochemical barriers were found in the rhizosphere around Phragmites
australis and Juncus acutus, in their roots and stems where metals incor-
poration processes occur.

In conclusion, we argue that biogeochemical barriers can be an effec-
tive sink for metals in the catchment of the investigated historical mines.
The formation of biominerals in the hyporheic zone can be seen as part
of a resilient behaviour of the investigated system. For this reason, for-
mation of secondary minerals and biogeochemical barriers must be as-
sessed in the future to better define remediation actions and targets.
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