Isotopl Hg, minerogenesi e
ambiente: 1l caso del distretto
minerario di Abbadia SS

Gli isotopi del mercurio quale strumento per tracciare | processi
biogeochimici del metallo
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Figure 3. Kernel regression of GEM at Amderma, Andgya, Mace Head, Villum, Waldhof, and Zeppelin for the periods of 2001-2013, 2010-
2019, 1995-2019, 2008-2019, 2006-2019, and 2000-2019, respectively. The smooth lines and shaded areas represent the kernel regression
at the 95 % significance level. The thin lines show the monthly time series of GEM after removing annual cycles with amplitudes of 0.49,
0.23, 0.17, 0.30, 22, and 0.25 ngm_3, respectively, for Amderma, Andgya, Mace Head, Villum, Waldhof, and Zeppelin. The annual cycle
was calculated based on seasonality of the time series decomposition. * An individual plot regression for each station is presented in Fig. S1.
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Evolving mercury demand by sector, including
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Avrctic with an overall decline of ~12% from 1990 to 2005, which
is in accord with measurements at Alert (Cole and Steffen,
2010; Cole et al, 2013). In contrast, a slow increase (10%) in
Hg net deposition is found in the Canadian Arctic in response
to combined changes in meteoralogy and emissions. Changes
in snowpack and sea-ice characteristics and an increase in
precipitation in the Arctic related to climate change are found
to be primary causes for the meteorology-related changes in Hg
air concentration and deposition. Increasing precipitation results

in some increase in wet deposition, whereas increasing areas of
snowpack on first-year sea ice and decreasing snow cover extent
both lead to a decline in Hg re-emission and air concentration.
Although the link between Hg deposition and lake sediment
fluxes is not fully understood, an increase in deposition of Hg
in the Arctic appears to be consistent with observed increases
in Hg fluxes in some Arctic lake sediments in recent decades
(Goodsite et al, 2003).

Whiskers show deviation between the models. Contributions of natural and secondary

Recently, several modelling studies have investigated future
changes in atmospheric Hg concentration and deposition as
a result of changes in anthropogenic emissions, land use and
land cover as well as climate change. Pacyna et al. (2016) used
two chemical transport models (GLEMOS, ECHMERIT) to
evaluate future changes in Hg deposition in various geographic
regions using three anthropogenic emissions scenarios of 2035
(Figure 5.11). The current policy’ scenario (CP 2035) predicted

a considerable decrease (20-30%) in Hg deposition in Europe
and North America and a strong (up to 50%) increase in South

and East Asia. According to the new policy’ scenario (NP 2035)
amoderate decrease in Hg deposition (20-30%) was predicted
in all regions except South Asia. Model predictions based on the
‘maximum feasible reduction’ scenario (MFR 2035) showed a
consistent Hg deposition reduction on a global scale. It should
be noted that the geogenic and legacy sources were assumed
to be unchanged in this study.

Despite modelling differences, all studies
a dominant role of climate warming-related changes in
environmental factors on Hg trends in the Arctic. Current
Hg models lack a complete representation of the complexity of
climate sensitive Hg processes. Fully interactive atmosphere-
land-ocean biogeochemical Hg models including detailed
representation of sea-ice dynamics are required to reduce
the discrepancy between modelling results. Moreover, ficld
measurements together with model parametrization of
climate warming-related environmental factors (temperature,
ultraviolet radiation, nutrients etc.) are needed to gain
process-based understanding and project future changes in
atmospheric Hg trends.

The combined effect of changes and warming
associated with EHSIECHANGE was studicd by Lei et al. (2014)
with the CAM-Chem model using three emissions scenarios
of 2050 (B1, A1B, A1FI) based on projections developed by
the Intergovernmental Panel on Climate Change (IPCC). It
was found that all three scenarios predict a general increase
in total gaseous mercury (TGM) concentration around the
globe due to increasing use of fossil fuel cnergy. The increase
in temperature enhances emissions from land and occan and
accelerates oxidation of Hg" leading to increased deposition.
The effect of dimate change as well as change in land use on
future Hg levels were studicd more thoroughly by Zhang ct al.
(2016a) by combining a chemical transport model (GEOQS-
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A Molte cause

A Il cambiamento climatico
portera ad una
complicazione del sistema

A Quello che abbiamo
imparato potrebbe non
servire piu

A Abbiamo bisogno di piu dati
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Hg caratteristiche principall

A Diversamente da altri HM il Hg & presente anche in aria (dove predomina
GEM)

A Tempo residenza circa 1 anno in atmosfera

A HJ e volatile ¢aloredi vaporizzaziondi HgO &73cal3 b #W2Z0:576cal
dbm °B orT

HJ e pocosolubilein H20 (49.4 A b m °C) H n

Hgsifotoriduce e fotoossidain atmosfera

Hg2+ e legato gdarticolatoaereodisperson aria

A Me-Hg eestremamentetossicq & prodotto da solfobatteri sibioaccumula
ed esolubilein H20

A HgSe praticamenteinsolubilein acqua
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Isotopi del Hg (7 naturali)

A Pesoatomico= 200.59

A 19Hg=0.15%!98Hg =9.97%":°°*Hg 16.87%*°°Hg 23.10%:
201Hg13.18%7°“Hg 29.86%°*Hg 6.87%

A Hg haalcuniradioisotopicon tempi didimezzamentai
compresitra 520 anni e 24 messunadi questie naturale




Notazione delta

Indicandoxxx lamassadi ogniisotopodi Hg cormassacompresdra 196 e 204 amu

La notazionalelta e data da:

k XX)Hq?ermiI: [Q(XXHegWHg) sampIJ(XXy: glyyyH@ standard'l]*looo

E conyyyf QA & PO8(& dalo)



MDF

ASeguendo il lavoro dlum &Bergquist(2007)si usa una la normale

notazione deltagermil)
XXXH rlQE}i .
g/ g':-.]['l][.'rllr_ ] _ ]} « 1000

XXX /198
Hg /"™ Hgysrspvz 133

Axxx & lamassaR S f f Q fra 296 #antdBD4 amu), NIST SRM3133 & |l
riferimento standard

ASel > 0 lacomposizione consideratad LIS & | Y (4 Dédgderda S

ALy NBEE L y2ay 008 Y2tis - 002 NR 2

(es. ERM AEG39, Ni$ IST641c)
AAImomentoNISTSRM3132 quellopit diffuso.
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MDF

Al 202Hg é il modiu diffusoperdescriverd Qa 5 C
AGeneralmentd QA y O midufadulk Hg (MDF) €ompresatra
f 2 ndm Sdetiazionstd)o:': O H

AQuestaincertezzad decisamentednferiore al range divalorichesi
osservanan naturafp Xodd bp L



MIF

AMIF= Massndependent isotope fractionation
AMIF=NMD (Nommassdependent fractionation)

A9 Q prdpgssachimicofisico cheseparagliisotopidi unelemento
iIndipendentementedallaloro massa

AMIFsonomenofrequenti (in general§ dei MDF (Masslependent
fractionation processes)

AHannoluogoin seguitoa processfotochimicio areazioniche
coinvolgonastati di spinproibiti

AMIF: éusataproprio pertracciarequestotipo di processi




MIF magnetico: Il principio

Aln molti casile reazionichimicheavvengonopiu rapidamentese lo
stato di spindei prodotti e deireagentie lo stesso

AI:aAprobabiIitav con la quale avviene un reazione e funzione
RSt t QF OO 2pkiludaddaf isomarnomagneticonucleare

AAlcunereazioniavvengonoquindi in modo preferenzialein funzione
delle caratteristiche  nucleart di alcuni elementr
INDIPENDENTEMENJAL_LA.OROQVMASSA




MIF

All MIFsiriporta in notazionedelta ()

Alln é la deviazione che si misura dalla composizione isotopica prevista, in modo
teorico, dal MDF: e lo stesso metodo usato per O e S

Aln pratica siusat 202Hg perstabilireun valoreteoricoR A9 43 29 8 20Hg, e
1 209Hgusandounaequazioneopportuna(p.es.frazionamentd- £ £ QS)j dzft A 0 N

All MIF équindila differenzatra cio chesimisura in + *Hged ilvalorecalcolato
teoricamentedello stessasotopot **Hg

AGeneralmentgpervaloriRA n  Xp:: 0 Af alLC 8Y
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NEEEI{ HEEOAHnNHI 3 F | EEEVU

ADove xxx € lgolitamassaS | E Efattoré di fezsfonamento(chedipendedalla
cineticg dallecondizionidi equilibrioe R I f { Q goastléraglJ2



MIF e MDF nel Hg

AMDF e MIFpresentanoun range dirazionamentosimiletra loro (piu
o menoil 5-¢: - melHg

AMIFinteressasologliisotopidispari tipicamente!®Hg e20Hg

AMDF écontrollato dareazioniredox edallavolatilizzazione
(condensaziong di HgO eeazionidi precipitazioneédissoluzionedli
mineralidi Hg

AMIF dipendemoltissimoda altre reazionisostanzialmentejuelleche
coinvolgond QA Yy U $liNHg toA laugeS



Isotopi di Hg ©reDep(MDF)

ATra i primi (e pit belli) lavori di Hgpte oredepO Q8 a Sy Il | Rdz o
Smith, Kesler, BlumRytuba(2008).

APonealcunicapisaldfondamentali
O) Hgmantellicohai 202Hg ~ Qermll (o leggermentenegativocf. Moynier et al 2021

1) Le rocce cedono Hg ai fluidi idrotermali senzache si verifichi MDF
(%%Hg:05: )

2) Non si verifica frazionamentoisotopico significativo (1 2°“Hg) durante |l
trasportoo la concentrazion&i Hgnellaminerogenesi

3) Boiling o la separazionedi un fluido a CQ contenente Hg oppure la
riduzionee volatilizzazioneli Hg(0) causandrazionamentasotopicodelHg

4) Laparte volatilizzatae piuleggerae appesantiscguellaresiduale



Oredep

ALe conclusioni del lavoro del 2008 (Smith et al.,) rimangono un
caposaldo della geochimica isotopica del Hg applicata al giacimenti

minerari

AGli isotopi del Hg non vengono studiati solo nei giacimenti di Hg ma
anche a guelli in cui Hg € minore ma associato a elementi maggiori

coltivati

AOQ O2YdzyS UNRUYI NB Vy S{6arniladok Gagali 2 3
su isotopi di Hg dedicati a $p(elemento strategico: serve per fare le
batterie delle auto; Sb spesso associato a Hg in giacimgitdirmal);
2) Au (associato a Hg neg@pitermalip.es.)



Isotopi di Hg ©reDep(MIF)

AlLa parte MIF degli isotopi del Hg & stata recentemente usata per tracciare la
_sotrgentedel Hgnegliore dep in cui e contenuto questoelementoanchese solo
In tracce

Alnfatti il MIF NONé influenzatoda boiling o altri meccanismi trasporto del Hg
ma prevalentementedafotoriduzione

A9 @uindiun traccianteassoluto

AMIF di Hg_é un tracciante straordinario e ci sta facendo scoprire degli scenari
iImpensabilusandoaltri traccianti«classicisdi OREDEEomePb,S,0, C,

AX.
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MIF: t
raCC I an e aSS O u O Mantle Hg isotopic heterogeneity and evidence
u of oceanic Hg recycling into the mantle
Runsheng Yin® '™, Di Chen® 2, Xin Pan@ 2, Changzhou Deng!, Liemeng Chen@® '™, Xieyan Song!
Songyue Yu® ', Chuanwei Zhu® '3, Xun Wei® *, Yue Xu®, Xinbin Feng®, Joel D. Bum® 7 &
Bernd Lehmann@ 8

ASherman et al., (2009): il Heantellicoha unvaloredin m ¢gp
vicinoa zero

AQuandoHgraggiungda superficiesubisceotoriduzionee quindi
n ™M tHgphcambia

ALa fotoriduzione produce valori negativi di p199Hg in HgQ)
gassosqGEM)e valoripositividi n199Hgnella parte residualedi

Hg(ll)
ABergquist e Blum (200%pvanocheil rapporton M ¢igih H Kgy

simantienecomunqueintorno a 1.0 inseguitoa fotoriduzionedi
Hg2+ inmambientesuperficiale




MIF: tracclante assoluto

Aln seguito alla fotoriduzione il MIF in superficie pud essere
significativo (>10: per n199Hg e n201Hg ma n199 3 ROiHg
rimanedi circal.O; Blumet al., 2014).

ADi conseguenzai reservoirs terrestri di Hg (cioé piante, suoli,
carbone X) hanno un n199%g negativo dato dalla deposizione
atmosfericadi HgQ)

AAIl contrario. i reservoirs marini (ovveroacquadi mare e sedimenti
marini ma anche acqua piovana) hanno generalmenteun n199+g
positivo dato dalladeposizionai fasidi Hg(I1)(Blumet al., 2014)




Retta 201 vs 199

IN blu retta
fotoriduzione

Lafotoriduzionedi Hg2+ (e iloto
degradodi MeHg produceun
arricchimentodegliisotopi disparidi
Hg2+ (MIFositivo) e diisotopipesanti
nellaporzioneresiduale(frazione
acquosa.

Lafotoriduzionedel Hg2+retta con
coeff Ang ~ 1.00;
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MIF: tracciante assoluto

Al processidi sedimentazionemetamorfismg magmatismoprocessi
idrotermali X ® @ idhcbnoalcunfrazionamentoMIFHQ

ADiconseguenza m ¢ dsbndereditate dallasorgentedei metalli

A mpdl Ttraciantediagnostico
estremamentepotente




Gao et al., 2023: giacimenti CarliAwla

Yangtze block
Ma g
c
o
©
600 - g Sinian
S
L
c
Nantuo F. 'g
c
(1] =]
700 -2 p
@ =
> Changan F. <
2 S
o Banxi G.
Xiajiang G.
800+ P W M Dazhou G.
©
c
T Lengjiaxi G. c 5
g Fanjingshan G| 2 >
= Sibao G. g =
S0

<820 Ma
Hg (a1 Intracontinental rifted basin s1q<0)
fd ‘Hg"‘-oj HQ Lb"“ Hg

ca. 830-820 Ma

>830 Ma

Retro-arc basin “ﬂgdo‘}

_Q}:n) aotl

Figure 2. Time space plot showing the Neoproterozoic sedimentary sequences of the Yang-
tze block and tectonic evolution model of the Fanjingshan and Banxi groups (G.) of South

China (modified from Wei et al., 2018; Yao et al., 2019). F—Formation.
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Large-scale basement mobilization endows the giant
Carlin-type gold mineralization in the Youjiang Basin,
South China: Insights from mercury isotopes

Wei Gao', Ruizhong Hu'?#, Xueyun Wang'?, Runsheng Yin', Xianwu Bi', Zhuojun Xie', Shanling Fu', and
Jun Yan!

IState Key Laboratory of Ore Deposit Geochemistry, Institute of Geochemistry, Chinese Academy of Sciences, Guivang 550081, China
*College of Earth and Planetary Sciences, University of Chinese Academy of Sciences, Beijing 100049, China



MIF:oredep

AMolti lavorirecentiindicanospessadue origini principalidi Hg

AA) (Shermaret al., 2009 Grayet al., 2013: un valoredi n199Hg~0é
stato trovato in giacimentia Hgdi intraplaccalegatia magmatismaoed
idrotermalismao OrigineHg mantello

AB) Un MIF di pn199 3 D.4: fino a 0.83: & stato osservatoin
oredep idrotermali con n199Hgn201Hg di ~1.0. Hg originato da
riciclodi Hgdareservoirssuperficialidafluidi idrotermali



Distretto minerario di Abbadia SS

AGiacimentologia
Almpatto ambientale
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16 V. RIMONDI ET ALII
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7 Hg mine

7 Hg minerals

// Mineral belt

MAIN QUTCROPS

I Faleozoic basament
Miocene-Quaternary magmatic rocks

a) Hg e Sb sono disaccoppiati:
parte sommitale giacimenti a

Hg
b) Profonda a Sb

c) Sedimenti costieri Follonica:

ricchi in Hg

d) Anomalia dAsnella piana di
Scarlino: erosi 562000 m di

crosta (IF)

Fig. I - Location of Hg deposits and Hg-mineral
occurrences in Tuscany (see tab. 1 for key to
numbers). Also shown are the mineral belis as
defined by TANELLT & LatTranzi (1983; slightly
modified), and the main outcrops of basement
and magmatic rocks.
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The amount of Hg dispersedinto the environmentduring
exploitation(2nd half XIXcenturyg 1980s) ist 30-40kt

Additional contributions from geothermalplants



82 V. RIMONDI ET ALII

Fig. 4 - The Paglia River basin in the Mt. Amiata district. Only the Hg mines belonging to this basin are shown.

Distretto minerario di Abbadia

A Terzo distretto al mondo per produzione di HgO: 100000 ton di Hg venduto

A Tenori medi touvenant generalmente <1% peso
A Estratte almeno 5 103 di roccia
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Giacimento a Sb sotto Abbadia??

Anomalia geogenica nel
suoli:1 202Hg leggero
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R . ] Florence
A 200 km-long mercury contamination of the Paglia and Tiber )

floodplain: Monitoring results and implications for environmental =5

management™

V. Rimondi *"°, P. Costagliola *", P. Lattanzi ®, G. Morelli *, G. Cara ¢, C. Cencetti ¢,

C. Fagotti ©, A. Fredduzzi 9, G. Marchetti ©, A. Sconocchia ', 5. Torricelli

* Dipartimento Scienze defka Terra, Universita di Firenze, Vio G. La Pira, 4 50121 Frenze, laly

" CNR-lstituto di Geoscienze ¢ Georisorse, Via G. La Pira, 4, 50121 Firenze, ltaly
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Mt Amiata
Hg district

Almeno60 tdi Hg
nei terrazzi fluviali
del tratto del Paglia ...,
fino a Allerona .

Fig. 1. a) Small scale map of the three regions involved in the monitoring program (Tuscany, Umbria and Latium) and the investigated river systems (Paglia and Tiber); b) the Tiber
river basin and the sub-basin of the Paglia River (in pale blue) and sampling points for this study (red crosses); ) the Paglia River basin with its main river network, geothermal
power plants, and inactive Hg mines. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.).
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[] Beaches, dunes, sands [] Agro-foresty areas
[T Broad-leaves forest [] Annual crops associated with permanent
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B Water courses | Vineyard
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Water bodies
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alluvial sedimants

Fig. 16 Paglia riverbed is excessively deepened, so that the Pliocene old bnidge foundations of the road SP 48 (b); the bndge was built
clays of bedrock under alluvial sediments outcrop extensively (a). during first years of the twentieth century
The velocity of the process is recorded also by the undermining of the
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