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Foreword:

This thesis is part of the European Project Met-Trans, a Marie Curie Initial Training
Network of leading European research groups in both academic and industrial
institutions, which addresses outstanding issues in the migration of metals in the

environment.

The Network is dedicated to providing young scientists with high quality personalised
training in both research and complementary skills. 12 early-stage researchers (ESRS),

all registered for PhD degrees, have been recruited.

MetTrans is a €3.5 million project funded by the European Union under the Seventh

Framework Programme.
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Abstract:

Researchers and energy companies involved in CO; capture and storage (CCS)
are presently discussing the impact on the environment of potential leakage after the
injection of CO: in deep aquifers. The effects of gas-water-rock interaction occurring
during the injection, storage and leakage are still under debate. Studies based on natural
systems can provide valuable information on physical and geochemical processes
occurring underground.

One of the most concerning aspects of the risk assessment of CCS is the potential
impact on water resources in case of leakage, especially on shallow aquifers. The
research on the effects of dissolved CO2 on the mobility of some metals in aquifers has
been mainly focused on Fe(l1l) solubility, and experimental results match observations
in naturals systems, where high Fe concentration can be found under oxic, circum-neutral
solutions.

The main research objective of this Ph.D. project is the study of the capacity of
aquifers to supply metals and metalloids from reactions with CO2-bearing fluids, and
their persistence in solution in the impacted aquifers. The research has been divided into
three different parts.

The first part is a review of the variety of mechanisms for metal mobilization and
transport in fluids characterized by a high amount of dissolved CO, and by circum-
neutral pH. Since 1990, it is postulated that increased CO> concentrations in seawater
would affect trace element mobility, and a large number of laboratory experiments have
been performed in order to determine the influence of increased CO> concentrations in
the mobility of a number of key trace metals, including Fe(ll), Fe(lll) and U(VI). In this
work, a number of these laboratory experiments from literature have been selected,
revisited and compared with data from some natural systems. Natural analogues, in fact,
provide valuable information on the gas-water-rock interaction and subsequent metal
release and transport. In addition, to complement literature data, a detailed systematic
sampling along a stream in North Spain, called Font Groga, was performed from the
source point to the end. The aim of this sampling was to understand the change on the
dissolved metal load as a consequence of a steady degassing state. The degassing leads

to changes in the water pH-Eh state that control the chemical speciation of most elements
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in solution. The sampling was carried out dividing the stream into a number of equidistant
sampling points starting from the spring and then considering each point as a separated
system in equilibrium with a given CO. pressure. From each sampling site, the
concentrations of anions, cations, trace metals, “free” CO. and dissolved gaseous
species in aqueous phase were determined. Water chemistry was interpreted by using the
equilibrium chemical-speciation/mass transfer model PHREEQC-3. The results show
that as the gas concentration decreases, as a consequence of the degasification, the pH
increases. In the field, the impact of degassing is well evidenced by the precipitation of
ferrihydrite and, later, calcite throughout the course stream. Also, the concentration of
Fe is positively correlated with pCO», indicating a strong link between both parameters.
The thermodynamic analysis indicate that the dissolved CO- allows the solubilisation of
Fe(lll) by the forming aqueous Fe(lll) carbonate complexes. The impact of these
complexes, especially FeOHCOs, is the increase of the solubility of Fe(l11) by three orders
of magnitude. Such an impact is very well illustrated by looking at the ferrihydrite
saturation index (SI) with or without considering the formation of the aqueous Fe-
carbonate complexes. CO> degassing makes these complexes unstable and iron is back
in to solid phase by precipitating colloidal particles of ferrihydrite.

From experiments in literature, the enhanced solubility of iron and other metals
such as U in CO2-bearing fluids has also been confirmed looking at the available
thermodynamic data due to the formation of aqueous carbonate complexes. Other metals
(e.g., Hg(ll), Pb(1I), Zn(11), Ce(111) and Ce(IV)) the increased pCO: has a positive effect
in terms of stabilising their carbonate or hydroxocarbonato solid phases. This is the result
of the formation of carbonate containing solid phases, which are more stable than the
aqueous carbonate complexes. In the case of Cr(l11) the increased pCO2 has no effect, as
no Cr(I11) carbonate complexes have been reported in the literature.

The second part of the Ph.D. project deals with the release and transport of metals
as a result of the intrusion of CO> flows into shallow aquifers. This is an important aspect
in the risk assessment associated with CO> sequestration, and the understanding of the
persistence of metal plumes is a very concerning aspect. This work has been carried out
in the Campo de Calatrava region, an old volcanic field in central Spain, where CO>
flows from mantle interact with shallow aquifers resulting in remarkable metal release.
12 sampling stations have been selected for gas and water analysis, 10 as bubbling pools
and 2 as episodic “cold” geysers. These samples are characteristically much enriched in

trace metals compared to CO2-free aquifers, being Fe the most abundant, (up to
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6.08x10-4 mol-L-1). Also, high concentrations of Mn (up 8.01x10-5 mol-L-1), Zn (up to
1.46%10-6 mol-L-1), Ni (up to 1.19%10-6 mol-L-1), Co (up to 7.1x10-7 mol-L-1), Cu (up
to 3.3x10-7 mol-L-1) and As (up to 1.4x10-7 mol-L-1). pH range is very close to 6 and
Eh is quite oxidising. Gas composition is almost pure CO2, with no detectable amounts
of CH4 and H5S.

Thermodynamic calculations reveal that the formation of aqueous Fe(lll)
carbonate complexes, mainly FeCO3OH, as a result of the CO2-shallow aquifer
interaction causes the dissolution of native Fe(OH)s releasing iron and all trace metals
sorbed onto its charged surface. Then, neither acidification, “reducing” gas impurities,
nor low Eh environments (i.e., making Fe(ll) as predominant iron form) can be
considered as the main drivers for the development of the metal plumes associated to gas
inflows into shallow aquifers.

The persistence of these metal plumes, which is crucial in the risk assessment
studies of CO2 underground storage, is predicted to be potentially long since Fe(OH)3
is the solubility-limiting phase not only for Fe but also for the other metals with an
observed increase in concentration. The effect of the formation of aqueous metal
carbonate is not as relevant in metals like Mn, Zn, Cu, Co, Ni, and except for Mn, the
measured concentration in samples from the Campo de Calatrava are far from the
saturation in solid carbonates.

The last part of the thesis is aimed to assess the potential use of metals as an
early detection tool of low-intensity leakage from CO; storage.

Diffusive gradients in thin films (DGT) have been tested in some CO»-rich, metal-
bearing fluids to assess their applicability as a monitoring tool in onshore CO, storage
projects. These films are capable of adsorbing metals and recording changes in their
concentration in water, sediments, and soils. Considering that CO, dissolution promotes
metal solubilization and transport, the use of these films could be valuable as a
monitoring tool of early leakage. A number of DGT have been deployed in selected
springs with constant metal concentration in the Campo de Calatrava region. The studied
waters show high concentrations of Fe, as high as 1 x 104 ug-L-1, Ni, Co, Zn, Cu, and
Mn. Comparing re-calculated metal concentration in DGT with metal water
concentration, two different metal behaviours are observed: (i) metals with sorption
consistent with the metal concentration (i.e. plotting close to the 1:1 line in a [Me]DGT:
[Me]water plot), and (ii) metals with non—linear sorption, with some data showing metal

enrichment in DGT compared with the concentration in water. Metals in the first group
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include Fe, Mn, Co, Ni, and U, and metals in the second group are Zn, Pb, Cr, Cu, and
Al. From this research, it is concluded that the metals in the first group can be used to
monitor potential leakage by using DGT, providing effective leakage detection even
considering low variations of concentrations, episodic metal release, and reducing costs

compared with conventional, periodic water sampling.
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Resum:

Tant a nivell academic com a les industries energétiques involucrades en la
captura i emmagatzematge geologic de CO2 (CCS) actualment s esta discutint 'impacte
sobre el medi ambient de potencials fuites a conseqiiéncia de la injeccio d’aquest cas en
aquifers profunds. Els efectes de la interaccié aigua-gas-roca durant la injeccio,
emmagatzematge i fuita estan encara en el camp del debat cientific. Els estudis duts a
terme en sistemes natures poden proporcionar una informacié molt valuosa sobre els

processos fisico-quimics que tenen lloc en profunditat.

Un dels aspectes més preocupants pel que fa a [’andlisi de risc en el CCS és el
potencial impacte en els recursos hidrics degut a fuites de gas, especialment sobre
aquifers somers. La investigacio sobre els efectes del CO, dissolt en la mobilitat de
metalls en aquests aquifers ha estat focalitzada en la solubilitat del Fe(l11), i els assajos
experimentals en laboratori permeten explicar les observacions fetes a la natura on

concentracions molt altes de Fe han estat detectades en solucions oxidants i de pH neutre.

El principal objectiu de la recerca en aquesta tesi doctoral és [’estudi de la
capacitat dels aquifers per alliberar metalls i metal-loides a partir de reaccions amb
fluids rics amb CO> i analitzar la seva persisténcia com a fases solubles. Aquesta recerca

ha estat dividida en tres parts diferents.

La primera part és una revisio dels mecanismes que permeten la mobilitat dels
metalls en fluids amb concentracions elevades de CO: dissolt i amb pH proxims a la
neutralitat. Des de 1990, la comunitat cientifica ha postulat que [’increment de la
concentracio d’aquest gas en l’aigua dels oceans afectaria la mobilitat de metalls traca,
i des de llavors, un nombre important d’experiments de laboratori han estat dissenyats

per tal de determinar la influencia d’aquest increment sobre metalls com ara Fe(Il),

Fe(l1) i U(VI).

En el present treball, alguns d’aquests experiments duts a terme i publicats en la
literatura cientifica han estat seleccionats, revisats i comparats amb dades procedents de

sistemes naturals. Aquests sistemes naturals, sovint anomenats analegs naturals,

Xl




proporciones de fet una informacié molt rellevant sobre la interaccio gas-aigua-roca i el
conseqtient alliberament de metalls des de la roca cap a l’aigua de [’agqiiifer. Aixi, per tal
de complementar aquesta revisio bibliografica, s’ha estudiat en detall un rierol de la
comarca de La Selva (Girona), anomenat Font Groga com a analeg natural de transport
de metalls en aigiies amb alts continguts de CO: dissolt. L objectiu d’aquest estudi ha
estat entendre el canvi en la solubilitat del ferro com a consequiéncia de la desgasificacio
del CO». La desgasificacio comporta canvis en el pH de ['aigua que, en el seu torn,
controla l’especiacio aquosa de molts del metalls en solucio. El mostreig dut a terme a
la Font Groga consta de 8 estacions de mostreig dividides equidistantment des del punt
d’emissio fins al final del rierol, considerant cada un d’aquests punts de mostreig com
equilibris aigua-roca aillats. Per a cada punt de mostreig s ’ha analitzat la concentracio
d’anions, cations, metalls traca, CO; “lliure” i gasos dissolts. La quimica de [’aigua ha
estat interpretada i modelada amb I’ajuda del codi PHREEQC. Els resultats indiquen
que a mida que la concentracié del gas decreix degut a la desgasificacid, el pH
s’incrementa. En el rierol, el impacte de la desgasificacio s evidencia per la precipitacio
de ferrihidrita, i, després, de calcita aigles avall. A més, la concentraci6 de Fe
correlaciona positivament amb la pressié de CO2 mesurada, indicant un fort lligam entre

els dos parametres.

L’andalisi termodinamica indica gue la dissolucié de CO2 permet la solubilitzaci6
del Fe(lll) mitjancant la formacio de complexes aquosos carbonatats. L’impacte
d’aquests complexes, especialment FeOHCOs, és l'increment de la solubilitat del Fe(Ill)
d’uns tres ordres de magnitud. Aquest impacte és ben evident observant [’index de
saturacio de la ferrihidrita calculat considerant o no la formacio d’aquests complexes.
La desgasificacio del CO, a mida que el rierol avanga implica la desestabilitzacid
d’aquests complexes i el ferro re-precipita en forma de particules col-loidals de
ferrihidrita i per aquest motiu el sediment del rierol presenta una caracteristica coloracio

vermellosa.

A més del ferro, I'increment de la solubilitat d’altres metalls per la formacio de
complexes ha estat estudiat al detall i reportat en la literatura, principalment en el cas
de l'urani. Altres metalls, com ara Hg(Il), Pb(1l), Zn(1l), Ce(Ill) i Ce(IV), l'increment de
pCO2 implica [’estabilitzacio de les seves fases solides carbonatades o

hidroxicarbonatades, ja que sén més estables que els complexos carbonatats aquosos.
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Finalment, en el cas del Cr(lll), no s’ha observat cap efecte ja que no es coneixen

complexes carbonatats per aquest metall.

La segona part de la tesi tracta de la solubilitzacid i transport de metalls com a
conseqiiencia de la intrusio de fluxos de CO2 en aquifers somers. Aquest és un aspecte
molt rellevant en [’analisi de risc del CCS, en especial en la persisténcia de plomalls amb
concentracions elevades de metall ja que pot posar en risc la qualitat de recursos hidrics.
Aquest treball ha estat desenvolupat a la regié de Campo de Calatrava, a la provincia de
Ciudad Real, que constitueix un antic camp volcanic on fluxos de CO; des del mantell
terrestre interaccionen amb aquifers poc profunds, resultant en una important
solubilitzacio de metalls des de la roca encaixant dels agqiiifers. En aquesta zona s’ han
seleccionat 12 estacions de mostreig de gas i aigua, 10 de les quals eren “bullidors”
(basses on el COz fa borbollejar I'aigua) i dues eren guéisers freds ocorreguts
ocasionalment durant canvis en la pressio de gas en [’agqiiifer i canalitzats en pous
d’extraccio d’aigua. Les aigiies estudiades estan caracteristicament molt enriquides amb
metalls comparades amb els aquifers que no han interaccionat amb CO,. En tots els
casos, el ferro és el metall de transicié més abundant (fins a 6.08x10* mol-L1). A més,
concentracions altes de Mn (fins a 8.01x10° mol-L%), Zn (fins a 1.46x10° mol-L %), Ni
(fins @ 1.19%10° mol-L%), Co (fins a 7.1x107" mol-L ), Cu (fins a 3.3x107 mol-LY) i As
(fins a 1.4x10" mol-L) han estat observades. El rang de pH és molt proper a 6 i [’Eh és
forca oxidant. La composicio6 del gas revela gque els fluxos sén gairebé de CO2 pur, i no

s ’han detectat concentracions analiticament significatives de CH4 and HaS.

Els calculs termodinamics indiquen que la formaci6 de complexos aquosos
carbonatats de Fe(l11), principalment FeCO30H, com a conseqiéncia de la interaccio
del gas amb [’agqiiifer, causa la dissolucio de particules de hidroxids de ferro
(ferrihidrita) presents en la roca alliberant ferro i tots els metalls traca adsorbits en la
seva superficie. En conseqiiencia, ni [’acidificacio, ni la preséncia de impureses de gasos
reductors en el flux de gas, ni la formacié de condicions reductores, poden ser
considerades com els principals causants del desenvolupament de plomalls de metalls en

els aquifers afectats.

La persistencia d’aquests plomall amb concentracions altes de metalls, molt
important en [’analisi de risc del CCS, es preveu que sigui llarga ja que la ferrihidrita és

la fase solida que limita la solubilitat no només del ferro sino d’aquells altres metalls
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dels que s’ha observat un increment en la seva concentracio. L efecte de la formacio de
complexes aquosos carbonatats resulta poc rellevant en metalls com ara el Mn, Zn, Cu,
Co, Ni, i excepte pel Mn, les concentracions mesurades a la zona del Campo de Calatrava

es troben lluny de la saturacid de les seves corresponents fases solides carbonatades.

La darrera part de la tesi té per objectiu I’avaluacio del potencial us dels metalls
com a eina de deteccié preco¢ de fuites de gas de baixa intensitat en projectes
d’emmagatzematge geolOgic. Els anomenats DGT (Diffusive gradients in thin films) han
estat provats en algunes de les déus d’aigua amb CO> per tal de determinar la seva
eficiencia com a detectors de canvis en la concentracio d’aquest gas. Aquests films son
capagos d’absorbir i registrar canvis en la concentracio de metalls en aigiies, sediments
i sols. Considerant que la dissolucié de CO: incentiva la solubilitzacid i el transport de
metalls, el seu Us pot resultar en una eficient metodologia de control de fuites. En aquest
treball, un conjunt de DGT han estat instal-lats en déus seleccionades a la regio del
Campo de Calatrava, que presenten concentracions molt altes de metalls. Els resultats
indiquen que, comparant la concentracio de cada metall en els DGT amb la corresponent
concentracio en l’aigua, es poden distingir dos comportaments diferents. En el primer
cas, s’'observa una sorcio lineal mentre que el segon no és lineal registrant en alguns
casos un enriquiment de metall en el DGT comparat amb [’aigua. En el primer grup
s’inclouen el Fe, Mn, Co, Ni, i I’U, mentre que en el segon hi trobem el Zn, Pb, Cr, Cu, i
[’Al Les conclusions d’aquest estudi permeten afirmar que els metalls en el primer grup
poden ser utilitzats per monitoritzar fuites de CO2 mitjancant els DGT, proporcionant
una deteccio efectiva fins i tot considerant variacions petites en la seva concentracio, a
un cost relativament reduit en comparacio a altres métodes com ara el mostreig periodic

d’aigiies.
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MOTIVATION AND Ph.D.
DISSERTATION STRUCTURE

The capture and the storage of CO2 (CCS) in deep subsurface reservoirs is one of the
options currently being considered to mitigate the rising anthropogenic greenhouse gas
concentrations in the atmosphere. The injection of CO- in aquifers has become, then, a
recurrent topic of scientific discussion for academic researchers and industry in the last

15 years.

Despite the exhaustive efforts, some debate still exists in some aspects of the carbon
underground storage. One of them is the impact of CO; on shallow aquifers in case of
leakage, although this possibility is unlikely if the geological site investigation has been
carried out properly. Field studies and laboratory tests indicate that significant metal
plumes are released once CO: is injected, but the mechanisms of solubilisation are still
under discussion. This process may jeopardize the quality of fresh water resources and,

consequently, is of great concern in the risk assessment analysis of CCS.

The motivation of this Ph.D. project is to provide further knowledge on the impact of gas
leakage in the metal release and mobilisation in shallow aquifers. For that aim, selected
natural systems have been used. These systems provide valuable information on the gas-
water-rock interaction and subsequent metal release and transport. The use of natural
analogues to CCS allows the observation of geochemical processes under realistic
conditions occurring in the geological media, which provide complementary data to that

obtained from laboratory experiments and from model calculations.
This Ph.D. dissertation consists of a number of sections describing multiple aspects:

The first section describes the general concepts and the main objectives of this work, each
of which have been published as a paper in a scientific journal and reported in the annexes

of the present document.

The second section reports the sampling and analytical methods commonly performed

during all the field campaigns, focused on water sample, dissolved gas and “free” CO2
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collection. Some sampling and analytical methods used only for specific cases and

campaigns are exhaustively explained in the specific objective section.
The third section consists of a detailed explanation of each objective of Ph.D. project.

The last section provides general conclusions of the thesis, with a set of implications and

recommendations for the risk assessment of geological storage of CO..
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Section One







1 GENERAL CONCEPTS:

1.1 CARBON CAPTURE AND STORAGE (CCS) AND CLIMATE
CHANGES

In the last decade, the study of natural emissions of greenhouse gas from the Earth interior
to the atmosphere through their migration in the geosphere, is a field of investigation that
has become increasingly important. This is due the need to establish the relationship
between anomalies of gas flow generated underground and tectonic structures that favor
its ascent (Etiope, 1999; Etiope et al., 1999; Lewicki and Brantley, 2000), as well as the
global budget of some carbon-bearing gaseous compounds (such as CO2, CH4 and C¢Hps)
with high environmental impact (Lelieveld et al., 1998). In fact, the presence of the carbon
in its gaseous form in the atmosphere contributes to the phenomenon of the greenhouse
effect. As abeneficial phenomenon for life for several million years, the greenhouse effect
has indeed helped maintain suitable temperatures for the development of human, animal
and plant, accumulating gases such as CO2, methane, steam water in the upper layers of
the atmosphere and preventing leakage of infrared radiation to space by redirecting it to
the Ea rth's surface. In pa rticular, CO2 gas is an important c omponent in na tural
environments controlling the water pH, the total alkalinity and the trace metals speciation.
The first models for the total budget of this species were based on indirect estimates of
the flow spread assuming it to be equal to the amount consumed by the chemical alteration

(Berner et al., 1983: Berner and Lasaga, 1989).

The main natural sources responsible for the natural emission of CO2 are volcanoes.
These structures are in fact capable of emitting CO: into the atmosphere both in periods
of eruptive activity both in periods of quiescence by fumarolic activity (Allard et al.,
1991; Chiodini et al, 1996b; Etiope and Klusman, 2002). Another significant na tural
contribution of CO; from underground is related to the activity of hydrothermal systems.
In fact, it is well known that the amount of this compound emitted as gaseous form from
areas not affected by active volcanism, mainly related to thermal-metamorphic processes
of carbonate rocks, is comparable to that of the active volcanic areas (Mahon et al., 1980;
Kerrick et al., 1995; S eward and Kerrick, 1996; Chiodini et al., 2004; C astaldi et al.,
2005).




The increase in atmospheric concentration recorded in the last two centuries it is not only
due to natural emissions. In fact, following two successive Industrial Revolutions of the
nineteenth century, a high release of carbon dioxide into the atmosphere was due to the
intensive production of energy through combustion of fossil fuels accompanied by a

strong deforestation.

The content of CO; of the atmosphere was measured for the first time at the beginning of
19th century. CO> is progressively increasing with time with the superimposed seasonal
oscillations. During the vegetative growing season (i.e, spring and summer in mid and
high latitudes of the north hemisphere) the vegetation absorbs CO; from the air and the
atmospheric CO- decreases. On the contrary, during the hibernation period, the terrestrial

biomass loses carbon and the CO; concentration in air increases.

The atmospheric CO2 concentration increased from 280 ppm in the preindustrial period
to 364 ppm in 1997 when the Kyoto protocol was drawn (Indermdihle et al., 1999) and hit
400 ppm in 2015. The increased thermal imbalances and devastating weather events over
the entire surface of the globe that have affected the planet in the last two hundred years,
called to scientific analysis of the possible causes and correlations with the increased

emissions of anthropogenic COz in the atmosphere and to find a solution to reduce them.

According to a “business as normal” scenario, the CO2 concentration will reach levels of
700 ppm the year 2100 (Scenario 1S92a, in Houghton et al., 1996).

An example of the consequences caused by the increase in the atmospheric CO:
concentrations is found in the surface of the ocean, whose average pH is approximately
0.1 units lower today than in the preindustrial period (Zeebe and Wolf-Gladrow, 2001).
These changes might have important consequences on the biogeochemistry of the
environment, especially on the life cycle of aquatic species. Atmospheric carbon dioxide
dissolves readily in water and some dissolved molecules escape from the sea to the air.
Most of the dissolved carbon dioxide reacts with sea water to form carbonates, which
settle on the ocean floor as calcium carbonate either in the form of inorganic precipitates

(limestones) or fixed as skeletons of various forms of marine organisms.

This loss is partially balanced by the action of inland water which slowly dissolves

limestone deposits and transports the dissolved carbonates to the sea.




Mauna Loa Observatory, Hawaii
Monthly Average Carbon Dioxide Concentration
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Fig. 1: Increase of CO; concentration in the atmosphere in the past 45 years, called Keeling curve
(http://www.esrl.noaa.gov/gmad/ccgg/trends/)

In the last years, and as a result of the Kyoto protocol, a strong social and political debate
has arisen on the use of energy sources different from those emitting CO> to the

atmosphere, in order to reduce the existing CO2 emissions.

Actually the main solutions to human reach and internationally recognized to long-term
carbon trapping are: i) in the form of organic carbon from photosynthesis, and ii) as
inorganic carbon from the physicochemical sequestration in deep geological formations.



http://www.esrl.noaa.gov/gmd/ccgg/trends/

1.2 CARBON CAPTURE  AND STORAGE (CCS) AS
ENVIRONMENTAL AND ECONOMICAL OPTION

The capture and the storage of CO: in deep subsurface reservoirs is one of the options
currently being considered to mitigate the rising anthropogenic greenhouse gas
concentrations in the atmosphere (e.g., European Commission, 2013). This option adds a
set of proposed solutions to prevent global warming above 2°C such as energy efficiency,
increased renewable energy and questioning the mode of consumption. These solution,
on an industrial scale, should be applied at industrial sources of emissions (coal fired
power plants and oil, oil refineries, cement plants, steel plants), to avoid significant new
emissions from intensive, point-source industrial activities. This technique consists of
three steps: i) separation and capture of CO; at the emitting industry, ii) transport as
supercritical state and iii) its injection into geological reservoirs to store millions of tons

of CO2 over the long term (>10000 years).

The site selection of CO; storage reservoirs must be accurate enough to minimize the
risks to human health and the environment (Rempel et al., 2011; Zheng et al., 2011).

Saline aquifers, exhausted and active hydrocarbon reservoirs (oil and gas), basaltic
formations and coal seams represent the five possible types of geological reservoirs for
the COsa.

However, the reservoir capacity depends strictly on the performance (available volume)
and on the geological stability of the reservoir (risks for seal formation failure and existing
wells). Beyond the purely ecological aspect, the capture and geological storage of CO>
can be also an economic benefit for oil and gas companies. In fact, the major advantage
of geological storage in deep reservoirs of hydrocarbons is the enhanced recovery of oil
and gas due to the piston effect during the injection activity (Fig. 2). In this way,
unproductive reservoirs become interesting economically through CO: injection and
subsequent production of hydrocarbons. Another enhancement of this concept is the
Emission Trading System (ETS), in which low-emitting countries can sell emissions
credits to more polluting states. Furthermore, CO»-emitting industries could buy some

emissions credits from those enterprises managing a CO> storage site.

Since the meeting in Japan in 2008 (34th G8 summit), there is the global common

consensus for the selection of 20 pilot sites worldwide for the CO2 geological storage,
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with the aim to demonstrate both storage performances and security against potential
leaks risks. The International Energy A gency estimates that $ 20 billion are needed for
the de velopment of the CCS worldwide. The se t of ¢ hosen storage pilot sites in

hydrocarbon re servoirs (Weyburn, B ahia) a nd saline a quifers (Sleipner, In S alah,

Snghvit) should allow the storage of ten million tons of COx.
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Fig.2: The geological storage of CO2 (CGS), potential reservoirs and their theoretical capacity
(modified from IPCC, 2005).

The challenge will then be to multiply the result by a factor of 100 during the next decade
to arrive at that capacity of hundreds of millions of tons of stored CO; approved by experts
(future SGC International Agency) to have asignificant decrease in current anthropogenic
footprint on the c arbon cycle. The challenge is therefore double forthe experts on
geological storage of COx: 1) Optimize storage performance to achieve CO; injected and
trapped volumes in the order of hundreds of millions of tons and ii) Ensuring the safety

of CO; sequestration in the reservoir for several thousands of years.




1.3 CARBON CAPTURE AND STORAGE (CCS): GEOLOGICAL
ASPECTS

The steps of the CCS -collection, transport and storage- are three distinct areas of R&D
for scientific and industrial world, but is in the storage where there are undoubtedly the
greatest scientific challenges, including the prediction of the environmental impacts.. In
fact, once CO: is injected at depths greater than 800 meters, the geochemistry and physics
of the aquifer systems is strongly perturbed due to the interaction between CO- (+ trace
gases), native water and host rock. These interactions occur in three main areas: i) The
reservoir, a porous geological formation in which the CO. is directly injected as
supercritical state forming a bubble and then migrating laterally and vertically, ii)
Injection wells formed of steel layers and cement and iii) the cover, a very low
permeability geological formation where the vertical migration CO; is limited or stopped
naturally. Physical and chemical entrapment for the fluid operates during the injection for
the long-term storage of supercritical CO> in the reservoir formation. These could be
divided into i) structural trapping, by retention of the supercritical CO; into the pore space
by capillary forces and at the interface of heterogeneous geological levels, ii) geochemical
trapping, by dissolving the supercritical CO- in native fluids, increasing the density of the
acidified solution and its migration to the deeper levels of the target aquifer and iii)
mineralogical trapping, by precipitation of carbonate minerals due to the formation of
carbonate and bicarbonate ions from the dissolution of CO.. The wells also have a specific
reactivity due to the presence of cement and iron-rich materials interacting with the
acidified solution. However, depending on the geometry of the system, the injection
pressure, the nature of the reservoir, alteration of the pipe lines and conduits and the
period considered, some of the COz-rich phases can reach shallow aquifers, causing a

variety of geochemical reactions.

The storage of CO; in deep subsurface reservoirs must be accurate enough to minimize
the risks to human health and the environment. In fact, the possibility of CO> leakage
cannot be completely ruled out, in which case the stored CO2 could migrate following
preferential pathways upward into overlying shallow groundwater resources or directly
emitted to atmosphere (Fig. 3). The dissolution of CO> leads to a decrease of the pH and,
in turn, to an increase on the dissolution, mobilization and re-precipitation of metals and

other rock-forming elements.




In fact, acidification and carbonation of water could induce Fe-, Cr-, Zn-, Pb-, Ni- and
Mn-bearing minerals dissolution that increases the concentration of these metals in water
(e.g., Czernichowski-Lauriol et al., 2006; Kharaka et al., 2006; Wigand et al., 2008;
Kharaka et al., 2009; Fischer et al., 2010).
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Fig. 3: Possible scenario of CO; leakage. The stored CO. could migrate following preferential
pathways (i.e. fractures or faults) upward into overlying shallow groundwater resources leading
to a decreasing of the pH and so to an increase on the dissolution, mobilization and re-
precipitation of metal or diffuse naturally from the soil.




14 CHEMICAL ASPECTS OF CARBON STORAGE:

1.4.1 H,O - CO, SYSTEM: Dissolution of CO; and system acidification

The reservoir and cover rocks are naturally filled with pore fluids that are mainly in
equilibrium with the mi neralogical composition of the host rock under the e xisting
environmental conditions of the system (temperature, pressure). Once injected, the CO>

migrates into the reservoir under supercritical state (>37 °C; >73 bars).

During injection, as well as during a potential leakage episode, the CO; present in it's
hydrated form COxq) reacts with water to form carbonic acid H2COs (eq. 1). This acid
dissociates into protons H* and bicarbonate ion HCOs (eq. 1) for the interaction with the

surrounding solution (initial pH > 6.00), decreasing the pH.

COyaq) + H,0 = Hy,CO3 - H* + HCO;  pKal =3.58, pKa2 = 637 (25°C) eq.1

H* + HCO5 — 2H* + C0%™ pKa3 = 10.3 (25°C) eq2

The predominant carbon species in the system depend on the acidity and alkalinity (Fig.
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Fig. 4: Predominance diagram of the C(IV) species in water at 25 ° C.




1.4.2 H,0 - CO, SYSTEM: Metals solubility and mobility

In the last thirty years, the study of the trace metal mobiity in natural waters affected by
carbon dioxide is a field of investigation that has become increasingly important. T he
pioneering works were by Hietanen and Ho gfeldt (1976) on mi xed hydroxo-carbonate
complexes of Hg (II), by Ferri et al. on Z n(II) (1987a) and on P b(II) (1987b) mixed
hydroxo carbonate complexes, and by Bruno et al. (1987) on the Be(II) hydroxo carbonate
system. They early established that metal mobility in natural waters is affected by carbon

dioxide content through the formation of mixed hydroxo-carbonate complexes.

The reaction of metal bridging OH groups with CO» to build carbonate bridges has been
further studied for Cu(Il) (Kitajima et al, 1990), for Zn(II) (Murthy and Karlin, 1993) and
for a series of divalent organometallic(II) complexes, including Mn, Fe, Co, Ni, Cu and
Zn, in Kitajima et al (1993). This research is particularly relevant in the case of zinc since
the Zn(II) enzyme carbonic anhydrase catalyses the reversible reaction CO> hydration to
produce bicarbonate, a process that is essential to remove CO2 from tissues in mammalian
respiration proc ess. More re cently, Huanga etal . (2011) have propo sed a sim ilar
mechanism for the fixation of CO; onto a Ni(Il) pyridine hydroxo complex which occur
at remarkable fast rates (10° -M!-s') compared to rates obtained for the transformation

of metal hydroxides onto metal carbonates which are 1000 times slower.




1.4.2.1 Fe(l1l) Solubility and Mobility

Iron is a key metal ion in biological and geochemical systems as it regulates many key
processes, including the scavenging and release of critical trace metals in natural water
systems. The biogeochemical cycling of iron through the global reservoirs (atmosphere,
oceans, soils, and sediments) depends on a number of physical, chemical and biological
processes and it is regulated to a large extent by electron transfer processes (Fig. 5).

In all reservoirs, iron-bearing solids are present with high surface area to volume ratios.
Surface-controlled reactions are, therefore, of great significance in regulating the
composition of the reservoirs and they influence the mass fluxes of elements from one
reservoir to another. The cycle of iron is often kinetically coupled with the cycles of P, S,
heavy metals, Oz and C, and depends on the biota and the energy and intensity of the light
(Luther et al., 1992; Stumm and Sulzberger, 1992).

relative depth

Fig. 5 Schematic diagram of important processes controlling the fate of dissolved iron at an oxic-
anoxic boundary in a water column (Grivé, 2005).




The linkage between the iron and the carbon cycles is of paramount importance to
understand and quantify the effect of increased CO> concentrations in natural waters on
the mobility of iron and associated trace elements. The cycles of iron (Stumm and
Sulzberger, 1992) and carbon (Berner and Lasaga, 1989) are also the drivers of the
mobility and retention of trace elements involved in natural weathering processes of
minerals as well as in the anthropogenic activities. This is especially critical in the
biosphere/geosphere interface, where atmospheric oxygen and carbon dioxide undergo
the main part of their transformation processes. Among them, the coupled dissolution
precipitation of Fe(lll) hydroxides and calcium carbonate are very dynamic processes in

underground environments and can be normally approached assuming local equilibrium.

The oxygen-rich upper zone is a source of Fe(lll) oxide solid phases, which settle
downwards. In the other hand, the anoxic bottom waters are a source of dissolved Fe(ll),
which diffuses upwards. The oxidation of Fe(ll) is accompanied by precipitation, and the
reduction of Fe(lll) oxy-hydroxides is accompanied by processes of dissolution.
Precipitation and dissolution of Fe(lll) oxy-hydroxides is normally fast in the order of
hours-day time scale and the transformation of the ferric phases can lead to
immobilization-mobilization of associated trace components. Therefore, the
understanding of the effect of the different parameters affecting the dynamics of the
Fe(lll) system is critical to address the migration of the trace components potentially
affected by this system. Nevertheless, there are at least two parameters affecting the oxic
part of the cycle, (i.e., the stability of Fe(lll) oxides under oxic conditions), which are not
yet well known from a quantitative point of view. First of all the solid particle size of
Fe(I1l) oxy-hydroxide that is the most important physical property of the solid that may
affect solubility. Among the different iron oxides forming in nature, ferrihydrite is of
particular interest because it may be considered to be the first iron oxide typically
occurring in natural agueous environments, undergoing further ageing to more crystalline
forms like hematite or goethite (Schwertmann and Cornell, 1991; Cornell and
Schwertmann, 1996). It is a poorly-ordered iron oxi-hydroxide that, due to its small grain
size, shows a high specific surface area. This makes it an important constituent for
surface-related processes in nature as well as in catalytic processes (Dzombak and Morel,
1990; Jambor and Dutrizac, 1998; Cornell and Schwertmann, 2003).

Precipitation of this mineral does not only control the concentration of iron in surface

waters, but also removes many dissolved metals from the aqueous solution through co-
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precipitation and adsorption processes (Schultz et al., 1987; Ford et al., 1997). Although
numerous efforts have been devoted to measuring the solubility product constants of
ferrihydrite, a wide range of solubility data has been reported. This wide range of
variation in the solubility of ferrihydrite has been normally attributed to differences in the

crystallinity of the solid.
The second parameter affecting the oxic part of the cycle is the carbonate concentration.

Dissolved carbonate is ubiquitous in aquifers and groundwater systems, often in
equilibrium with CO; at partial pressures 100 to 1000 times higher than ambient
atmosphere (Hem, 1989). Although the carbonate equilibrium contributes to regulate
master variables as pH or alkalinity in most natural water systems, the coupling between
the carbonate and the iron cycles in these systems is not completely understood. In
groundwater, carbonate contributes to the mobilization of iron under reducing conditions
by forming aqueous Fe(ll) carbonate complexes and some thermodynamic data at the
Fe(I1)-CO2-H20 system are available from the literature (Larson, 1967; Mattigod and
Sposito, 1977; Fouillac and Criaud, 1984; Nordstrom and Puigdomenech, 1986; Bruno et
al., 1992). However, the available information on the influence of carbonate system in
the iron cycle under oxic conditions is limited (Bruno et al., 1992; Bruno and Duro, 2000;
Hummel, 2000; Grivé et al., 2014).

Despite the attention that has been already devoted to Fe(lll) aqueous speciation, the
thermodynamics of some species such as Fe(lll) carbonates are still not well known,

particularly in the pH range of natural waters (i.e., Bruno et al., 1992).

Recently, experiments conducted on the ferrihydrite under a different pCO. but
maintaining the same circum-neutral pH, gave different iron concentrations (see Fig. 6)
in equilibrium with ferrihydrite, indicating a dependence of iron measurements on the
pCO- (Grivé et al., 2014).

Thus, the no-dependence on the pH but the clear dependence on pCO2 suggests that
aqueous iron species in equilibrium with ferrihydrite at this pH should be neutral and
might be FeOHCOz(aq), as previously suggested (Bruno et al., 1992; Bruno and Duro,
2000).

As suggested by Griveé et al. (2014), the dissolution of ferrihydrite is therefore affected
thermodynamically by the carbonate system, increasing its solubility in carbonated

solutions.




The measured experimental data are well explained by assuming the formation of two
aqueous Fe(lll) species: FeOHCOs(aq) and Fe(COs)s*. The dominant speciation for
ferric iron may be shifted from hydrolysed species to FeOHCO3 and Fe(COs)s* in

groundwater environments, where pCO2 reaches 107 atm.
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Fig. 6: Dependence of concentration of iron on pCO; inf the experiments conducted in
equilibrium with ferrihydrite (from Grivé, 2005).

In principle, the metal transport capacity of CO2-bearing fluids in shallow aquifers should
dramatically decrease as pH increases due the buffering with aquifer rocks and also due
to the relative high Eh favouring very low iron solubility. However, the formation of
Fe(lll) carbonate complexes, that are stable at circumneutral pH’s, make that the iron
being more persistent in time and space in the geological media. The experimental results
match observations in natural systems, where high Fe(lll) concentration can be found
under oxic, circum-neutral solutions where iron concentration is up to 3 orders of

magnitude higher than that expected in CO»-free solutions (Bruno et al., 2009).




One example illustrating on how the mixed Fe(l11)-carbonate aqueous species predicted
in Bruno et el. (1992) and Grivé (2005) and Grivé et al. (2014) might explain the high
measured aqueous iron concentrations in some CO»-bearing springs is given below (see
Figure 7, data from Vilanova, 2004). As it can be observed, when those species are not
taken into account, the calculated and measured iron concentrations are in total
disagreement.When these species are considered in the calculations with the constants
reported in Grivé (2005) and Grivé et al. (2014), the measured iron concentrations are in

total agreement with the predicted (calculated) ones.
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Fig. 7: Plot of the calculated iron (l11) concentrations in some springs in the La Selva basin (Font
de Bell-Lloch, Font Panedes and Font del Ferro), in front of the iron (Il1l) measured
concentrations (from Vilanova 2004)(a) No iron (I11) aqueous carbonate species included in the
thermodynamic database used (b) Effect of the consideration of iron (I1I) carbonate species
proposed in Grivé (2005) and Grivé et al. (2014) in the thermodynamic database used in the
calculations.




1.4.2.2 Secondary trace elemental mobility as a result of Fe(l1l) dissolution
under oxic conditions

The enhanced solubility of Fe(lll) has an additional and unwanted side effect: the
inhibition of the precipitation of Fe(OH)s(am) (ferrihydrite), which is the main sink for
many trace and minor elements in shallow aquifers. Then, CO.-bearing solutions are
particularly rich not only in iron but also in many other metals and metalloids, increasing
the pollution impact of affected aquifers. The Fe(OH)z inhibition is gone due to CO>
degassing related to fluid ascent to surface, and eventually part of all these metals may be

precipitated back into solid phases but still some of the metal load is under solution.

The association of trace elements to Fe** oxy-hydroxides through sorption processes has
also been very well established and the compilation by Dzombak and Morel(1990)
summarizes the rationalization of these interactions through surface complexation
reactions. Therefore, any effect of CO. on the solubility of the Fe(lll) oxy-hydroxides
cascades into the release of trace metals associated to these solid phases. In addition, for
some trace metals, the formation of mixed hydroxocarbonato or carbonate agqueous

complexes enhances their dissolution and consequently their mobility.

One of the trace elements that better exemplifies this is uranium. In oxic environments

uranium is present in the hexavalent form and is rather soluble in natural water conditions.

However, U(VI) has also a strong tendency to sorb onto Fe(lll) oxy-hydroxide phases
and depending on the circumstances may even co-precipitate with these solid phases
(Bruno et al, 1995). The presence of increased CO> concentrations has a double effect on
this retention mechanism. On one hand, as we have seen in the previous section, carbon
dioxide may destabilize the precipitate Fe(lll) oxy-hydroxide releasing the attached
U(VI) and in addition, increased total carbonate has the result of building stable U(VI)
carbonate complexes. Duro (1996) studied the effect of increased HCO3 concentration in
the Kinetics of dissolution of U(VI)/Fe(OH)z co-precipitates. The kinetic data in terms of
the U(VI) dissolved had a direct linear correlation with the dissolved HCOgz
concentration, with a rate constant of the order of 10~ moles Ug*h™. The comparison of
the rates of congruent dissolution of the U/Fe co-precipitate and the pure schoepite
indicated that the co-precipitate had a protective action against dissolution. This is that
the rates in the presence of bicarbonate were three orders of magnitude slower in the case

of the co-precipitate than the pure schoepite phase. However, the co-precipitate was
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destabilized also in the presence of bicarbonate, indicating that in the long run, increased
CO2 and consequently larger bicarbonate concentrations would have a deleterious effect
on metal-iron oxy-hydroxide co-precipitated phases.

Grivé (2005), investigated the effect of the carbonate system on the kinetics of dissolution
of ferrihydrite, as representative of one of the most widespread oxides in nature behaving
as a sink of trace metals, on the kinetics of dissolution of schoepite, which is one of the
main secondary phases of uranium to form under oxidizing conditions, and on the kinetics
of dissolution of a co-precipitate of Fe(lll) and U(VI), given that the formation and
dissolution of Fe minerals can imply the incorporation of U into these Fe oxide structures
or the sorption of U onto these newly formed minerals. The mechanism for the ligand-
promoted dissolution of ferrihydrite, schoepite and Fe(ll1)-U(VI) co-precipitate in
bicarbonate solutions was ascertained in that thesis (Grivé, 2005) suggesting a three-step
mechanism in the case of ferrihydrite and schoepite, and a two-step mechanism in the
case of the co-precipitate. The applicability and validity of the model presented in the
case of the co-precipitate was tested against independent data from Duro (1996) (see
Grivé et al., 2005).




1.4.3 ENHANCED METAL TRANSPORT IN CO,-BEARING FLUIDS:
Leassons learned from laboratory experiments and natural analogues
evidences

In recent years the fo cus of the research on C CS has shifted towards the potential
environmental e ffects of the geological storage of CO: and in particular in the metal
mobilization in aquifers affected by potential 1 eakage from the storage c omplex. The
effects of a potential C O leakage from a carbon storage reservoir are one of the key
environmental concerns related to the geological storage of CO.. There is a large body of
experimental, natural analogue and modelling studies in this respect (see Keating et al,

2013, and references therein)

An illustrative example of the impact of CO2 dissolution on the iron transport is found in
the aquifers affected by CO: flows from deep underground natural sources (i.e., mantle
degassing, ther mal de carbonation). This gas-water-rock int eraction has been recently
studied in detail in the environmental impact assessment of potential CO; leakage from
geological storage (e.g., Zheng et al., 2009; Kharaka et al., 2010; Spangler et al., 2010).
In addition, injection tests of high-pressured CO- have resulted in an increase of iron and
other metals in the reservoir (e.g., Peter et al., 2012; Trautz et al., 2013). In this context,
there are two issues to be concerned about. On one hand, increased CO; concentrations
may induce increased acidity in poorly buffered systems where acidity increases of three
orders of magnitude have been observed (Trautz et al, 2013). This increased acidity may

result in the release of metals bound on the existing solid phases.

On the other hand, the increased CO» concentrations will result in the increase of the total
carbonate of the system and consequently in the build-up of metal hydroxo carbonate and
metal carbonate complexes, which will result in increased metal concentrations. In both
scenarios, the metal mobilization has been commonly related to acidity increase and the

relative high solubility of Fe(III).

How and where such le akage can be detected very early is then challenging. N atural
systems provide evidence of metal increase in solution as a response of CO; intrusion but
these are in  most c ases very matur e in terms of hydrogeology a nd wa ter-to-rock
interaction processes. Instead, early intrusion may lead to a transient state in which neither
CO, ascent nor geochemical reactions are constant in time. The de tection of metal

changes in shallow aquifers can be done by periodic water collection and analysis in wells
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within a n area that sho uld cover the potential spreading of C O> plume in the de ep
reservoir. In general, the extension of this area should be at least some hundreds of km?,
including dozens of sampling points to be regularly monitored through the operational
and post-closure stages. In this context, depending on the nature of early intrusion, there
is a chance of not detecting leakage even considering a tight, regular water sampling. To
illustrate this, three scenarios could be drawn: i) No CO; intrusion, ii) episodic intrusion,
and iii) constant intrusion. Assuming that CO; dissolution and metal release is fast, the
periodic collection and analysis of a particular well close to the intrusion point should

yield different results if inputs of CO; react with the water aquifer (Fig. 8).

Episodic intrusion of CO2(g) or C O;-rich deep groundwater into shallow aquifers has
been recently reported by Piqué et al. (2010) from the Caldes de Malavella geothermal
field (NE Spain). In one of the studied stations (shallow aquifer DW-5), a remarkable
increase in bicarbonate concentration wa s re corded ( Fig. 9a ), coupled with a sharp
increase in metal concentration, mainly iron (Fig. 9b) but also U, V, Cu, Zn, Th, and Al.
In contrast, pH did not significantly change through the sampling period (9 months). The
COz-rich groundwater was geothermal in origin, showing a very similar chemistry with

geothermal springs nearby.
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Fig.8: Example of expected metal release from water- rock interaction as detected in a well close
to a CO: intrusion point considering an episodic intrusion and a constant intrusion.
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Fig. 9: a) Episodic intrusion of CO»-rich deep groundwater into a shallow aquifer at Caldes de
Malavella g eothermal field ( station D W-5 from Piqué et al.2010 ). N ote that pH does n ot
significantly change. b) Increase in Fe and U in shallow aquifer as a response of an ep isodic
intrusion of COz-rich deep groundwater at Caldes de Malavella geothermal field (station DW-5

from Piqué et al. 2010).
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1.5 GEOLOGICAL FRAMEWORK OF CO: NATURAL
EMISSIONS

Plate boundaries are characterized by high heat flow and large-scale vertical-expulsion,
through a number of mechanisms (Person and Baumgartner, 1995; Kerrick, 2001; and
references therein), of hot and deep pressurized fluids from volcanic and geothermal
systems as well as active faults (i.e., Oliver, 1986). Volcanoes, fumaroles, mofettes, mud
pools, geysers, thermal springs are typical surface features of such fluid expulsion, of
material mostly recycled by subduction (i.e., Peacock, 1990) and partly having a
“‘juvenile’” mantle origin (i.e., Hawkesworth et al., 1991). Such thermal fluid discharges,
focused around volcanic and geothermal areas, mix with topographically driven
downward and laterally flowing non-thermal ground waters as they move towards the
oceans (Sverjensky and Garven, 1992). Where the meteoric versus thermal fluid ratio is
high enough, volcanic and geothermal fluids condense, and a free, non-condensable gas
may form and rise along faults and fractures to spread in shallow aquifers. Because this
non-condensable (or scarcely condensable) phase is rich in acidic compounds (such as
CO2, HCI and H»S), its partial solubilisation enhances the water-rock interactions in
shallow ground waters. By this mechanism, progressive de-carbonation of carbonaceous
minerals in orogenic areas or direct mantle degassing can produce huge quantities of CO>
(Minissale et al., 2004). Non-volcanic CO> would be released as small- to-powerful
emissions (dry vents or bubbling pools), diffuse degassing and COz-enriched spring
waters, sometimes spectacular in terms of both the amount of CO; released to the
atmosphere (up to several tons/day) and the capability of CO2 to displace the water
gurgling in up to the height of 1 m (Chiodini et al., 1999; Minissale et al., 2000; Minissale
2004).
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Mechanism of gas migration:

The gas migration through the geosphere, generally constituted by a prevailing gas
(usually CO, or CH4) and secondary components, among which the main hydrocarbons
(benzene and toluene) and rare gas (Rn, He), is closely linked to the presence of a source
(deep aquifer fluids, hydrocarbons in sedimentary basins, presence of geothermal fluids
in volcanic areas or in areas related to igneous or metamorphic phenomena) and the
existence of preferential paths of movement which allow the gas to migrate both in
vertical and horizontal direction (Gold and Soter, 1985).

The preferential paths are usually linked to the zones of greater permeability, where the
gas can migrate horizontally (i.e., sandy levels within a sequence of clay), and tectonic
discontinuities (i.e., faults and fractures) through which the gas tends to migrate
vertically.

The nature of the driving force of the migration can change several times during the ascent
of the gas due to the geological and physico-chemical conditions (changes in temperature,
pressure, precipitation and chemical reactions that may change the permeability of the

crossed formations).

In addition, the rocks and the fluids contained in it may be subjected to enormous loads,
phenomena of compaction (subsidence) and tectonic stress that can change the way

migration unpredictably.

The interaction of all these factors can give rise to migration processes varying in time in
a manner such that the escape of gas to the earth's surface should be considered, at least
to the geological time scale, an episodic phenomenon.

One can assume that the movement of gases in the subsurface can be induced by two

kinds of forces: pressure gradients or concentration gradients.
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2 GENERAL OBJECTIVES OF THE Ph.D.:

The research objective of this Ph.D. project is the study of the capacity of aquifers to
supply metals and metalloids from reactions with CO»-bearing fluids and the effect of
trace gases in the metal transport. This is a fundamental issue in the risk assessment of
present-day a nd futur e c ommercial projects of C O> storage in deep a quifers, since
potential leakage may jeopardize the quality of fresh water resources. The research on the
effects of dissolved CO; on the mobility of some metals in aquifers has been mainly
focused on Fe(IlIl) solub ility in CO»-bearing fluids, and e xperimental re sults match
observations in naturals systems, where high Fe concentration can be found under oxic,
circum-neutral solutions. This project focuses on the fate of iron and other trace metals
and metalloids once they are released from the rocks until they are precipitated back or

adsorbed on minerals or organic substances.

The expected outcome is to fix a set of implications and recommendations for the risk

assessment of geological storage of COx.

The development of the project is based on the next interrelated research activities:

e Review the various mechanisms for meta ]l mobilization a nd transport in fluids
characterized by high amount of dissolved CO; and circum-neutral pH, with a special

focus on iron.

e Determine the gas-water-rock interaction time for the formation of metal plumes in

COz-bearing waters and the influence of carbonate species on iron solubility.

e Assess the possibility to use metals as an early detection tool of low-intensity leakage

from CO- storages
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Section Two
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3 SAMPLING AND ANALYTICAL METHODOLOGIES

The sampling stations selected in natural analogues in this work consist of bubbling pools,
rivers and cold geysers. The sampling of the two geysers was carried outin order to collect
deep waters not affected by a long-term degasification, able to give direct information of
the redox state and metal content of the aquifer. The degasification, in fact, can lead to
changes in the pH and redox state of a water that control the chemical speciation of many
chemical elements (e.g. Fe, Mn, As) and so the chemistry and the structure of many metal
complexes, colloids and particles present in solution. For the same reason, a detailed
systematic s ampling w as performed at the Font Groga stream (La Selva B asin) (see
section 3 in this volume), with the aim of understanding the change on the metal amount
from the source point to the end of the stream as a consequence of a steady de gassing

state.

3.1 WATER SAMPLING

From each sampling site, 4 aliquots of water were collected (Fig. 10): i) 125 mL in a
plastic bottle for the determinations of anions; i) 50 mL in a plastic bottle for the
determination of cations, previous acidification with 0.5 mL of Suprapur HCl and
filtration using 0.45 um filters; 111) 50 mL in a plastic bottle for the determination of trace
metals, previous acidification with 0.5 mL of 1M HNOj and filtration using 0.1 ym filters;
iv) a 50 ml. glass bottles where 5 mL of a 1M Na,COj; solution was previously added for
the Free CO;. The p H-Eh measurements where performed in the field using a Crison

portable pH-Eh meter with a platinum electrode for the redox determination.
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3.2 FREE CO; COLLECTION AND ANALYSIS

When high CO; flow is present, free CO; bubbles can be observed. “Free” CO, is CO, present in
water as both gas micro-bubbles (CO2 gas) and dissolved phase (CO, aq), the latter being CO. not

yet transformed into HCO, , which is the largely dominant ionic carbonate compound in water at

pH ranging between 4.5 and 8. The kinetics of the CO,-HCO, reaction is independent on the
CO, concentration. Therefore, high concentrations of “free” CO, correspond to high CO,
recharge rate from bacterial activity and/or other possible sources, i.e. mantle and/or
thermometamorphism suffered by carbonate formations. As a consequence, free-CO, is

a useful parameter to detect “active” CO, inputs in aquifers.

The concentration (in mg/L) of “free” CO, is calculated on the basis of the analysis of
total alkalinity, carried out with a 0.5M HCI solution, on water samples collected in 50
mL glass bottles where 5 mL of a 1M Na,CO; solution was previously added. The
carbonate solution is used to increase the water pH to >12, allowing the entrapment of
free CO, within the liquid phase as CO3?".

Fig. 10: Bottles and filters used to collect the aliquots of water.
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3.3 DISSOLVED GASSES:

In order to determine the main dissolved gaseous species in aqueous phase and their
partial pressures, a dedicated sampling was performed using a new method setup by the
CNR-IGG Unit of Geochemistry (Tassi et al., 2008) for which the determination of
dissolved gases is carried out at equilibrium conditions (Fig. 11). The sampling is
operated by using gas tubes with a capacity of 200-300 mL with a Teflon stopcock. In the
laboratory the gas vials are pre-evacuated by a rotary pump with a vacuum value of 10%-
10 Pa. By immerging the gas vial into the water and opening the Teflon stopcock, the

water is forced to enter the vial by decompression. Normally, <70% of the tube volume

has to be filled with water in order to allow the chemical and determination.

Fig. 11: a) Glass tube used to sampling dissolved gasses and b, ¢) schematic representation of
the sampling methodology). By immerging the gas vial into the water (b) and opening the
stopcock, the water is forced to enter the vial by decompression (c).
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ANALYTICAL METHODS:

3.4 MAJOR AND MINOR ELEMENTS CONCENTRATION

The measurement of the concentration of major anions, e.g., chlorides, sulphates,
bromides, nitrates, fluorides, and phosphates, and major cations, e.g., Ca, Mg, Na and K,
were performed at the laboratories of the Department of Earth Sciences of the University
of Florence using the ion chromatography technique. The chromatograph used is the
Metrohm 761 Compact IC for the anions and the Metrohm 861 Advanced Compact IC

for cationic species.

The sample is fed into the circuit of the instrument using a syringe, and then, enters inside
of a separation chromatographic column filled with an ion exchange resin.

The instrument uses the resistance that the ions encounter when crossing the resin in
relation to their size and their affinity with the eluent, consisting, respectively, of 0.329 g
of Na,COs and 0.084 g of NaHCO3 for the anion chromatograph and 34.6 mL of HNOs
0.65% for the cation chromatograph for each liter of MilliQ water.

The eluent, introduced by peristaltic pump, allows the various ionic species to move
through the column, acquiring different speeds depending on their molecular size. The
analytes come to the detection system, constituted by a conductivity meter, at successive
times, characteristic of each species.

Within the suppressor of the anion chromatograph, placed downstream of the
chromatographic column and upstream of the conductivity meter, an exchange between
the cations present and the hydrogen ions of the regenerating (consisting of Milli-Q water
and 2.5 mL of H.SO4 95-97%) also takes place, causing a consequent decrease in the

intensity of the background signal and an enhancement of the anions’ peak.

An integrator collects the signals provided by the conductivity, relative to the various
ionic species, according to the order of arrival, and is also able to provide the maximum
value of conductivity (height) and the area of each peak. Through the responses obtained
from solutions of known, of which height and peak area are known, it is possible to build

a calibration curve and through this trace the concentrations of the species investigated.
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3.5 TRACE ELEMENTS

Trace elements (Al, As, B, Ba, Be, Bi, Cd, Co, Cr, Cs, Cu, Fe, Hg, Li, Mn, Mo, Ni, P, Pb,
Rb, Sb, Sc, Se, Si, Sr, T, U, V, W, Y, Zn and Zr) were analyzed at the Universitat

Autonoma de Barcelona (UAB) laboratories and ActLabs Laboratories® (Canada).

The technique uses a plasma torch to produce the ICP ionization and a mass spectrometer
for the separation and detection of the ions produced.

The spectrometer uses a quadrupole mass analyzer, the component responsible for the
instrument to direct the ions of the sample to the detector (electron multiplier), on the
basis of their mass/charge ratio (m/z). Once transmitted, only the ion beam having the
“m / z” ratio selected produces a signal proportional to its concentration, which is then
determined by calibration with a standard. The relatively low resolution of the quadrupole
mass filter is sufficient to completely separate the peaks relating to atomic species with
mass numbers contiguous, but not those due to polyatomic ions with small mass

differences, which can produce interference in a particular m/z <40.

3.6 DISSOLVED GASES:

The composition of inorganic compounds dissolved in the gas phase (CO2, N2, O, Ar,
Ne, H2 and He) was determined by a gas chromatograph (Shimadzu 15a), equipped with
a Thermal Conductivity Detector (TCD); methane was determined by a gas
chromatograph Shimadzu 14a equipped with a Flame lonization Detector (FID) (Tassi et
al., 2004). The composition of the volatile species in the liquid phase is a function of the

Henry’s Law and it can be calculated, follows (eq. 3.1):

Ci(liq) = Pi X Ki (31)

Where Cj(lig) is the concentration (in mol/L) of i-species in the liquid phase, Kj is the
solubility of the i-species at room temperature (25 °C); Pj is the partial pressure (in atm)

of the i-species in the head space of the gas vial.
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From Pj we have (eq. 3.2):

P = Pior X X; (%gas) (3.2)

Where Ptot is the total pressure (in atm) of the exsolved gases in the vial head space;
Xi(%gas) is the concentration (% by vol.) with respect to the total of the exsolved gases

of the i-species in the gas phase.

The concentration of the different gas compounds is determined as follows (eq. 3.3):

Ctot(gas)
Ci(gas) = X; (%gas) X 010%(15 (3.3)

Ci(gas) is the concentration (in mmol/L) of the i-species in the gas phase; Ctot(gas) is the
total amount (in mmol/L) of gas in the vial head space. In turn, Ctot(gas) is calculated on

the basis of the Law of the Perfect Gases from eq. 3.4:

V
Ctot(gas) = Pror X ﬁ (3.4)

The remaining gas can be finally used to determine the isotopic composition of CO-
and/or helium.
Determination of gaseous compounds was performed at the Department of Earth Sciences

of the University of Florence.
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3.7 ALKALINITY AND FREE COsz:

The poten tiometric ti tration wa s used to measure alkalinity, corresponding to th e
concentration of the bicarbonate, and the “free” CO;. The analyses were performed with
a Metrohm 794 Basic Titrino at the Department of Earth Sciences of the University of
Florence. The instrument is equipped with a combined glass and calomel electrode, of

automatic burette and magnetic stirrer.

3.7.1 BICARBONATES:

The concentration of the bicarbonates in the samples was obtained from the acidimetric
titration curve, registered by an automatic titrator. The combined glass electrode used in
this analysis is simultaneously measuring and reference. The titrant is 0.01M HCI.

The concentration of the bicarbonate is obtained from the formula in eq. 3.5:

mLyrgrant X TITRAND

MLsampLEe

x 1000 (3.5)

The number of mL of titrant is read on the acidimetric curve at the inflexion point,
indicating complete transformation from bicarbonate to carbonic acid according to the

reaction eq. 3.6:

HCO3; + H* = H,0+ CO, (3.6)
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3.7.2 “FREE” COx:

The concentration was derived from the aliquots, weighed pre- and post-sampling, to

which were previously added 5 ml of Na,COs3 (1M) solution.

The “free” COz is obtained by the following formula (eq. 3.7):

COy(1ory X Weight of Sample
Weight of Sample — 5

— [HCO5]™ x% (3.7)

The weight of the sample was obtained by subtracting to the weight of the bottle with the
sample inside (glass + carbonate + sample) the weight of the single bottle + 5 mL solution

of sodium carbonate, measured on the scale before sampling.
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4 Objective 1:

Review of the various mechanisms for metal mobilization and
transport in fluids characterized by high amount of dissolved

CO: and circum-neutral pH, with a special focus on iron.
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Article 1: The effect of increased CO; concentrations
on trace metal mobility: field and laboratory

experiences

Marco Agnelli?, Jordi Bruno®*, Lara Duro?, Fidel Grandia?, Mireia Grivé?, Javier Olmeda?

aAmphos 21 Consulting SL, Passeig Garcia Faria 49-51, 08109 Barcelona

Abstract:

Already in 1990 it was postulated that increased CO. concentrations in seawater would affect
trace element mobility. Some 24 years later, CO; levels have further increased and the acidity of
seawater is also increasing. In this article we revise the effects of increased CO; concentrations
on the iron(lll) mobility and associated trace elements with particular emphasis on the
environmental consequences of CO, geological storage.

The outcome of this work would indicate, by comparison between field and laboratory
experiences, that increasing in dissolved CO; solubilises Fe(lll) oxyhydroxides and triggers
secondary mobility of the trace metals associated to these phases with special focus on

uranium(V1).

Keywords

Trace metal mobility; Iron solubility; CO- geological storage; Carbonate content; Dissolved CO;

Seawater acidity.

Submitted to scientific journal: Applied Geochemistry
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4.1 INTRODUCTION

Back in 1990 was already postulated that increased CO> concentrations would have an
effect on trace metal mobility, particularly in seawater (Bruno, 1990). At that time the
CO2 concentrations in the atmosphere as measured in the Manua Loa observatory were
around 350 ppmv, while at present they reach the 400 ppmv (Tans and Kieling, 2014).
The measured CO> concentrations in surface sea water appear to follow the increased
trend of atmospheric concentrations with some variability depending on sea water
temperature (Bates et al. 2014). This has critical consequences for seawater acidification
as the oceans constitute the largest CO- sink. An example of the consequences caused by
the increase in the atmospheric CO> concentration in the surface of the ocean is that its
mean pH is approximately 0.1 units lower today than in the preindustrial period (Zeebe
and Wolf-Gladrow, 2001) and these trends are confirmed by the multisite oceanographic
study by Bates et al. (2014).

Since the publication in 1990, a large number of investigations have been performed in
order to determine the influence of increased CO concentrations in the mobility of a
number of key trace metals, including Fe(ll) (Bruno et al., 1992a) and Fe(l1l) (Bruno et
al., 1992b; Duro, 1996 ; Bruno and Duro, 2000; Grivé et al., 20144, b) and U(V1) (Bruno
et al., 1995; Duro, 1996; Grivé, 2005).

The linkage between uranium mobility and the influence of CO on Fe(111) mobility was
specifically studied in Duro (1996) and Grivé (2005). The outcome of these studies was
clear in the sense of demonstrating the influence of increased CO> concentrations on the
dissolution of Fe(l11) oxyhydroxides and consequently on the mobilisation of trace metals
attached to these very relevant and ubiquitous surfaces. This was later confirmed by a
number of evidences from the geochemical modelling of trace element solubility in a
number of sites that were investigated as natural analogues to geological repositories of
spent nuclear fuel (Miller et al., 2000), particularly, in the Pogos de Caldas and the El
Berrocal sites (Duro, 1996; Bruno et al., 2002; Griveé, 2005).

In recent years, the focus of our research has shifted towards the potential environmental
effects of the geological storage of CO> and in particular in the metal mobilisation in
aquifers affected by potential leakage from the storage complex. In this context, there are
two issues to be concerned about. On one hand, increased CO2 concentrations may induce

increased acidity in poorly buffered systems where acidity increases of three orders of
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magnitude have been observed (Trautz et al., 2013). This increased acidity may result in
the release of metals bound on the existing solid phases. On the other hand, the increased
CO: concentrations will result in the increase of the total carbonate of the system and
consequently in the build-up of metal hydroxo carbonate and metal carbonate complexes,
which will result in increased metal concentrations. The two effects are difficult to
separate in natural system studies, but some dedicated laboratory tests, particularly in

relation to effects on marine systems may give some interesting clues.

In this paper the findings from the early publication in the light of the research conducted
in these two decades, will be revised and updated with the aim to clearly confirm the link
between increased carbon dioxide, iron(l11) solubility and trace metal mobility by the
comparison of laboratory results and field experiences, discussing the implications for
trace metal mobility in the present emissions scenario with constantly increasing CO>

levels.

4.2 FIELD EXPERIENCE

An illustrative example of the impact of CO2 dissolution on the iron transport is found in
the aquifers affected by CO. flows from deep underground sources (i.e., mantle
degassing, thermal decarbonation). These gas-water-rock interactions have been recently
studied in detail in the environmental impact assessment of potential CO> leakage from
geological storage (e.g., Zheng et al., 2009; Kharaka et al., 2010; Spangler et al., 2010).
In addition, injection tests of high-pressured CO> have resulted in an increase of iron and
other metals in the reservoir (e.g., Peter et al., 2012; Trautz et al., 2013). In both cases,
the metal mobilisation has been commonly related to acidity increase and the relative high
solubility of Fe(Il). However, the role of carbonate complex formation has also been
discussed (Lions et al., 2014). Many CO»-bearing aquifers carry high amounts of iron
and other metal even at circumneutral pH and oxidising Eh, in which Fe(lll) is the
dominant redox state. In these cases, the low solubility of iron(111) oxyhydroxide phases
should prevent the dissolution of significant amounts of Fe(lIl) but the formation of
aqueous carbonate complexes allows the concentration of Fe(lll) to reach values higher
than 10 mol-L™. (e.g., Agnelli et al., 2013). In order to better understand that increasing
in dissolved CO- solubilises Fe(l111) oxyhydroxides and triggers secondary mobility of the
trace metals associated to these phases, a detailed systematic sampling was performed,

from the source point to the end, at the Font Groga stream (La Selva Basin, NE Spain).
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4.2.1 GEOLOGY OF LA SELVA BASIN (NE SPAIN)

La Selva basin is a tectonic depression of Tertiary age surrounded by Paleozoic massifs
located in the province of Girona (NE Spain) (Fig. 12). It is a graben of tectonic origin,
part of the so-called Prelitoral Catalan depression, which extends from the NE rift of
Valles basin, to the south of Transversal Mountains. La Selva basin is surrounded by a
number of elevated tectonic blocks: the massif of Guilleries to the west, the Transversal
ranges to the north,the Gavarres range to the east, and the Selva Maritima mountains to
the south. It covers an area of approximately 331.1 km?. The depression of La Selva
originated in the Neogene, during the distensive phase of the Alpine orogeny,. These
movements originated magmatic episodes into the depression, leading to the formation
of some volcanic structures at surface, e.g., Esparra, Riudarenes, Sils, Macanet de la Selva
and Vidreres (Donville, 1976; Palli i R oqué, 1995). The main fault trend in the area is
NW-SE, with other relevant faults oriented NE-SW and N-S. The NW-SE faults could be
considered as the most relevant of the La Selva depression and determine its eastern
border with Gavarres and the western with Guilleries and the Massanet trough. Finally, a
set of N-S faults crosses the depression from Girona city to Caldes de Malavella town
(Palli et al., 1983; Mas-Pla, 1986; Pous et al., 1990). All these fractures have led to an
irregular basement, consisting mainly of Paleozoic materials. The collapse originated in
the Neogene, allowed the filling of the depression with materials from the erosion of
adjacent beds, mainly covered by the most recent alluvial deposits. The characteristics of
these Neogene materials depend mainly on the source area,as well as the typeof
sedimentary processes. The north of the depression is predominantly characterized by
clay materials, while in the rest of the depression consists of coarser material of colluvial
origin, sand and conglomerates with clasts of metamorphic or granitic composition and
with sandy or clay matrix (Mencié i Domingo, 2005). The thickness of these Neogene
materials depends on the shape and depth of the bottom of the basin. At the western
margin, the thickness reaches up to 300 m, whilst in the central part of the basin, thickness

isup to 175 m.
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The water and gas discharges:

A large number of CO2-bearing springs are found in La Selva basin, mainly located in the
fault system that borders the basin. CO> isrelated to mantle degassing ascending through
these deep fractures. All these groundwaters have a circumneutral pH (between 6 and 7)
and show a relatively oxic Eh (Vilanova, 2004; Piqué et al., 2010). The degree of water-
gas-rock interaction is though to be high as proved by the elevated concentration of
solutes such as Cl, Na, K, Li and F (up to 5.9 10 mol-L?). Characteristically, these
waters are iron-rich, with concentration up to 10* mol-L™. One of the best-known CO;-
bearing groundwater in the area is the Font Groga stream, located in the north margin of
the basin.
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Fig. 12: Geological map of the northern part of the CCR, with the location of the Caldes de
Malavella geothermal field, and other CO2-rich cold springs and wells and thermal springs.
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4.2.2 WATER AND GAS SAMPLING:

The sampling was carried out dividing the initial 60 m of the stream into 9 e quidistant
sampling points starting from the spring and then considering each point as a separated

system in equilibrium with a given CO; pressure (Fig. 13 and Fig. 14).

CalC0, FelOH}, Spring

Precipitutin Precapitulian

Fig. 13: Sketch of the sampling in the Font Groga stream. Observable precipitation of ferrihydrite
and calcite has been indicated as a reddish and bluish colour, respectively.

Fig. 14: View of the sampling in the Font Groga stream. Precipitation of ferrihydrite (left) and
calcite (right) is clearly observed.

45




4.2.3 GEOCHEMICAL MODELLING:

Water chemistry was interpreted by using the equilibrium chemical-speciation/mass
transfer model PHREEQC-3 (Parkhurst and Appelo, 2013). The thermodynamic
calculations were performed using the Sit.dat database, based on the ThermoChimie v.7.c
(Giffaut et al., 2014), in order to determine both the Fe(OH); saturation indexes and the

amount of Fe-carbon-complexes formed as a function of the pCO» and pH.

Input data for each sampling point include measured values of metal (Fewt) and major
elements (HCOj5, SO4*, CI,, K¥, Na*, Mg?*, Ca®") concentrations, temperature, pH and

alkalinity.

For each sampling point a simulation has been performed using both measured pCO-
values and the calculated ones by using the HCO3” amounts determined in the water. This
double step was carried out to verify whether the simulation result obtained with the
measured values does not deviate from the theoretical result and to detect any problems
caused by sampling. The degree of saturation is expressed as the saturation index (SI),
where Sl is equal to the difference between logarithms of product ion activity and constant
solubility (SI = log IAP — log Ksp). To determine the ferrihydrite SI was used the log Ksp
from the Minteq.V4 dataset (log_k = 3.19) instead of the original one of the SIT dataset
(log Ksp = 1.19). This change was done taking in mind the variability of the

thermodynamic properties referring to a poorly crystalline mineral in natural systems.

4.2.4 RESULTS:

4.24.1 Gas and Water Chemistry:

The physical parameters, the chemical composition of water in terms of major, minor and
trace elements and an aliquot of dissolved gases were sampled for each point. The results
are shown in Table 1. From the spring to the last sample point, the stream is characterized
by an electrical conductivity ranging from 6470 xS-cm™ up to 6600 xS-cm™ and by pH

values that increase from 6.4 to 7.3.

Eh ranges from 168 mV to 214 mV. The main metal characterizing the spring is Fe, in a
range of 2.5x 10" mg-L! (4.47x10° mmol- L") to 6.4 mg-L"! (1.15x10" mol-L!). The
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studied samples also show rather high concentrations of Mn (up to 652 ug-L1,11.9
umol-L™), Zn (up to 14.6 pug- L', 2.23 x10™" ymol- L"), Ni (up to 6.4 ug- L', 1.09 x10!
umol-L1) and Co (up to 3.38 pg- L', 5.73x102 ymol-L1).

The main diss olved gas dominating is CO: (Table 2), with a range from 96.2% (6.56
mmol- L) to 65,5% (1.58 mmol-L!). The remaining gas portion is mainly characterized

by the occurrence of N2, CH4 and Ar.

A comparison between CO; amount and pH in each sampling station (Fig. 15) shows that
as the gas concentration de creases, as a consequence o f the degasification, the pH
increases. In the field, this trend is well-evidenced by the pr ecipitation of CaCOs3
throughout the stream (Fig. 13 and Fig. 14). The same comparison has been done for CO>
and F e c oncentrations (Fig. 16). As for the pH,the plot shows how Fe re duces its

concentration as CQO; decreases.

L0 fhar} det
7
L
&

Fig. 15 : CO; pressre vs pH sampled along the Font Groga stream
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Groga River sampling stations.

48




Table 1: Chemistry of the water samples at Font Groga stream (La Selva basin).

Sample | DiStance | oy I PH | EN Cond. ~ |HCOs |ClI SO# |Ca Mg Na K F Fe
(m) (mV) (US-cm?) | (mmol/l) | (mmol/l) | (mmol/l) | (mmol/l) | (mmol/l) | (mmol/l) | (mmol/l) | (mmol/l) | (mmol/l)
Spring 0.0 171 | 64 168 6470 55.9 18.7 3.0 8.3 3.4 59.1 0.8 0.05 0.170
Point 1 13.2 16.3 | 6.5 189 6620 55.0 19.7 3.1 9.2 3.4 58.9 0.9 0.02 0.068
Point 2 16.2 152 | 6.6 195 6630 56.0 191 3.1 8.5 34 58.5 0.8 0.02 0.048
Point 3 21.2 158 | 6.7 198 6570 55.9 19.3 3.1 8.6 34 58.9 0.9 0.02 0.027
Point 4 27.2 155 | 6.9 188 6640 57.6 19.4 3.1 8.1 3.4 58.7 0.7 0.03 0.013
Point 5 30.9 153 | 6.9 180 6660 56.9 18.9 3.1 8.6 3.3 57.6 0.8 0.02 0.010
Point 6 38.3 150 | 7.0 189 6630 57.3 19.2 3.2 8.4 35 60.6 0.8 0.02 0.009
Point 7 46.8 146 | 7.1 197 6630 57.5 19.7 3.3 7.9 3.4 58.3 0.8 0.02 0.004
Point 8 56.0 137 | 7.3 214 6560 55.9 18.9 3.0 8.0 3.3 58.1 0.8 0.03 0.005
Table 2: Chemical composition of the dissolved gases sampled in the Fong Groga stream station
Sample CO: N2 Ar CH4 02 CO: N: Ar CH4 02
(mmol-L") | (mmol-L") | (mmol-L") | (mmol-L") | (mmol-L") | (%) (%) (%) (%) (%)
Spring 6.564 0.213 0.006 0.0005 0.043 96.16 3.12 0.08 | 0.0073 0.63
Point 1 3.685 0.411 0.010 0.0002 0.015 89.41 9.97 0.24 | 0.0049 0.37
Point 2 2.047 0.405 0.010 0.0016 0.052 81.37 16.10 0.40 | 0.0636 2.07
Point 3 2.698 0.395 0.010 0.0008 0.041 85.79 12.56 0.32 | 0.0254 1.30
Point 4 1.588 0.615 0.015 0.0001 0.208 65.45 25.35 0.62 | 0.0041 8.57
Point 5 2.165 0.316 0.008 0.0011 0.057 85.01 12.41 0.31 0.0432 2.22
Point 6 1.515 0.588 0.014 0.0001 0.116 67.84 26.33 0.63 0.0045 5.19
Point 7 5.623 0.255 0.006 0.0002 0.022 95.21 4.32 0.10 | 0.0034 0.36
Point 8 1.554 0.319 0.008 0.0007 0.0890 78.86 16.19 0.41 0.0355 4.52
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4.2.4.2 Thermodynamic Modelling results:

From the chemistry data from gas and water analysis, the Sl for calcite and ferrihydrite
have been calculated. The results shown that the Sl calculated using the sampled pCO>
fit reasonably better with field observations than those obtained using the calculated pCO2
(Fig. 17 to 19). Moreover, a undersaturation with respect with calcite generally
corresponds to an oversaturation in ferrihydrite. This is consistent with the field
observation since ferrihydrite precipitation stops between sampling points 3 and 4 and the

calcite precipitation starting at the same points (Fig. 13 and Fig. 14).

Under the pH-Eh conditions in the studied samples, iron is present as Fe(lll). The
solubility of this species is commonly low in shallow aquifers and surface waters due to
the precipitation of Fe(OH)s. However, the dissolution of CO2 allows the enhanced
solubilisation of Fe(lll) by the formation of aqueous Fe(lll) carbonate complexes. The
impact of these complexes, especially FeOHCOs, is illustrated in Fig. 20, since the
solubility of Fe(lll) increases three orders of magnitude. Such an impact is very well
illustrated looking at the ferrihydrite saturation index (SI) (Fig. 21) obtained in the set of
simulations performed using the sampled pCO2 (pCO: det) and the calculated one (pCO2
calc) and with or without the aqueous Fe-carbonate complexes formation. In fact, the Sl
values calculated without the aqueous Fe-carbonate complexes always show an
unrealistic oversaturation of Fe(OH)s along the river, independently of the pCO> used.
Introducing the aqueous carbonate complexes, the SI dramatically decreases to normal

saturation values.

Table 3: Sampled CO: pressure values and recalculated (PhreeqC) by using the
HCO3- amounts determined in Font Groga stream stations.

Sample CO:z (bar) CO: (bar)
(sampled) (PhreeqC)
Spring 0.145 0.662
Point 1 0.081 0.562
Point 2 0.045 0.512
Point 3 0.059 0.407
Point 4 0.035 0.269
Point 5 0.048 0.281
Point 6 0.033 0.239
Point 7 0.123 0.194
Point 8 0.034 0.131
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4.3 EVIDENCES FROM LABORATORY STUDIES RELATED TO
CO: STORAGE:

4.3.1 TRACE METAL BEHAVIOUR IN SYSTEMS WITH INCREASED
CO, CONCENTRATION.

Ardelan et al. (2012) reported a particularly interesting study in connection with the
effects of CO; seepage from sub-seabed geological storage. In this study the authors have
used a titanium pressure tank, to simulate a high-pressure release of carbon dioxide in a
sediment-sea water system. The sediments used in the experiment were extracted from
the Trondheimsfjord and placed in contact with seawater extracted from the same site at
90 m depth. The seawater was flown into the tank and out for sampling at a flow rate of

1 1 min"!. Pure CO, was pumped into the system at 10 bar.

The ¢ onditions of the experiment were carefully ¢ ontrolled a nd th e inflowing and
outflowing waters were analysed for pH, dissolved inorganic carbonate (DIC), pCO> and

trace metal concentrations as collected in diffusive gradient thin-film (DGT) units.

The inflow sea water composition was: pH=8.1; pC 0,=3.38-107 atm and DIC=2.13
milimolar. The outflow ing se awater c omposition was pH=6.9; pCO»=6.6 a tm a nd
DIC=2.635 milimolar. One of the striking observations is that the acidity of the system is
rather well buffered, due to the sediment-water interactions that control the pH, in this
case most probably through the CO2/CaCOs(s) buffer system. Cruz Payén et al. (2012)
made similar observations in their investigations of the effects of CO, interactions with
seabed sediments from the Cantabria Sea, where they observed a strong buffering effect
of the sediments when put in contact with water at pH between 5 and 7, although they

could also observe a substantial release of trace metals contained in the sediments.

In spite of the relative acidity buffering effect, Ardelan et al. (2012) observed a strong
mobilisation of Al, Cr, Co, Pb, Ce, As and U when compared with similar high pressure

tests run with N as blanks.

In order to discern to which extent this effect is the result of the acidification and/or the

carbonate complexation, a simple modelling exercise was performed in this study.

The solubility and speciation of a number of trace metals was calculated as a function of
pCO:> at the outflow pH=6.8 reported by Ardelan et al (2012). The code used was the
Spana package developed by Puigdomenech (last update, April 2013) together with the
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ThermoChimie database (Giffaut et al., 2014a; Grivé et al, 2014b;
http://www.thermochimie-tdb.com/).

The results of the calculations are shown in Figure 21.

The outcome of these simple calculations would indicate that for most trace metals
(Hg(I1), Pb(11), Zn(11), Ce(111) and Ce(IV)) the increased pCO: has a positive effect in
terms of stabilising their carbonate or hydroxocarbonato solid phases. This is the result
of the formation of carbonate containing solid phases, which are more stable than the
aqueous carbonate complexes. In the case of Cr(l11) the increased pCO: has no effect, as
no Cr(l11) carbonate complexes have been reported in the literature. It is only in the case
of Fe(lll), when increased pCO: clearly results on a solubilisation of the Fe(lll)
oxyhydroxide or Fe(l11) oxide phases resulting not only into increased iron concentrations
but also triggering the dissolution of a number of trace metals sorbed onto the Fe(lll)
oxyhydroxide phases. This is clearly in line with the observations in the Font Groga

stream and other data, previously discussed.

In the case of uranium(V1), the presence of very stable hydroxocarbonate and carbonate
complexes results in the increase of uranium solubility as a function of pCO.. This effect,
together with the destabilisation of Fe(l11) oxyhydroxides results in a net release of U(V1)
in CO2-rich waters as described in the results here reported, as well as in Grivé (2005)

and references therein.
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4.3.2 SECONDARY TRACE ELEMENTAL MOBILITY AS A RESULT
OF Fe(III) DISSOLUTION IN OXIC CONDITIONS

The association of trace elements to Fe(Ill) ox yhydroxides through sorption processes
has also been very well established and the compilation by Dzombak and Morel (1990)
summarises the rationalisation of these interactions through surf ace ¢ omplexation
reactions. Therefore, any effect of CO2 on the solubility of the iron(IIl) ox yhydroxides
cascades into the release of trace metals associated to these solid phases. In addition, for
some tra ce metals, the formation of mixed hydroxocarbonate or carbonate a queous

complexes enhances their dissolution and consequently their mobility.

One of the trace elements that better exemplifies this is uranium. In oxic environments
uranium is present in the hexavalent form and is rather soluble in natural water conditions.
However, U(VI) has also a strong affinity to sorb onto iron(III) oxyhydroxide phases and
depending on the circumstances may even co-precipitate with these solid phases (Bruno
et al., 1995). The presence of increased CO> concentrations has a double effect on this
retention mechanism. In one hand,as we have seen in the previous se ctions, c arbon
dioxide may destabilise the iron(III) oxyhydroxide (ferrihydrite, Fe(OH)3(am)) releasing
the attached uranium(VI) and, in addition, the increased total carbonate has the result of

building stable U(VI) carbonate complexes.

Duro (1996 ) studi ed th e e ffect of increased H CO3 concentration in the Kinetics of
dissolution of U(VI)/Fe(OH)s coprecipitates back in 1996. To this aim, coprecipitates of
Fe(OH)3/U(VI) were synthesised at a nominal 3% U:Fe ratio (2.71+0.1)- 10 determined
by total dissolution and ICP analyses. 5 different experiments with the same solid phase
were se tup, by c ontacting 0.4 gof solid with 200 m L of a 0.1MNa HCOs solution,
previously equilibrated with 1 atm CO2(g). The experiments were kept under a constant
bubbling of 100% CO2(g) at different pH values (in the range 5 to 7), as shown in Table
4. Another experiment, equilibrated with atmospheric CO2(g) was set up to reach a more
alkaline pH of 9.2. Solution samples were taken at different time intervals for uranium
analysis and pH monitoring until steady state uranium concentration w as reached. No
important pH changes were observed (the uncertainty in Table 4 stands for the maximum
pH variation in each experiment). For the sake of comparison with a pure uranium solid
phase, an experiment mimicking the previous ones, but by using schoepite (UO2(OH)2(s))

instead of a Fe(OH)3/U(V]) coprecipitate, was set up.
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Table 4: Experimental conditions used in the dissolution experiments of a
coprecipitate and schoepite samples.

Exp Solid phase Gas pH

Exp 1 Fe(OH)a/U(VI) coprecipitate 100% CO; 5.58+0.04
Exp 2 Fe(OH)3s/U(VI) coprecipitate 100% CO, 6.16 + 0.12
Exp 3 Fe(OH)3s/U(VI) coprecipitate 100% CO, 6.66 + 0.06
Exp 4 Fe(OH)3s/U(VI) coprecipitate 100% CO; 7.03 +0.07
Exp 5 Fe(OH)a/U(VI) coprecipitate Atmospheric CO; 9.18+£0.04
Exp. 6 Schoepite 100% CO, 6.03+£0.04

The results obtained are shown in Fig. 22, showing an initial stage of fast uranium
dissolution is followed by a slow down until a steady-state is established (note the

logarithmic scale in the plot).

The influence that bicarbonate has on the dissolution of uranium from the coprecipitate
can be clearly observed when representing the initial dissolution rates versus the
concentration of [HCO37] in the system (Fig. 23 a) from where a direct linear correlation
with the dissolved HCOs™ concentration is observed. The best fit to the data renders a

calculated rate constant in the order of 10 moles U-gth (see eq. 4.1):

Ro = (1.140.2)-103-[HCO3]3-96012) moles U gth (4.1)

Bruno et al. (1992) established the formation of a surface complex on the surface of
ferrihydrite in the presence of CO2(g): >FeOH-HCO3". According to their study, the rate
of dissolution of hematite was linearly dependent on the concentration of this surface
complex. By assuming congruent dissolution of the co-precipitate, and calculating the
concentration of the surface complex in experiments 1 to 5, it is possible to observe a
direct correlation between the rate of dissolution of iron from the coprecipitate and the
concentration of this surface species (see Fig. 23b). The comparison of the rates of
congruent dissolution of the U/Fe coprecipitate and the pure schoepite indicated that the
coprecipitate had a protective action against dissolution. The rates of uranium dissolution
in the presence of bicarbonate were three orders of magnitude slower in the case of the
coprecipitate than for the pure schoepite phase. Kinetic data for schoepite was only
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possible to obtain until 120 hours, given that a solid phase transformation to (UO2CO3(s))

occurred after 200 hours of contact between the solid and the solution, confirmed by XRD

(see Fig. 25).
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Fig. 23: Evolution of the concentration of uranium in solution with time in experiments 1 to 5 in Table 4.
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Fig. 24 (a) Plot of the initial rates of uranium dissolution from the co-precipitates versus the concentration
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The concentrations of uranium reached at steady state from Experiments 1 to 5 in Table
4, could be properly explained by invoking the dissociation of the following carbonate

surface complex (eq. 4.2), with its associated equilibrium constant (Fig. 25):

FeO-UO,OH-HCO5 + 3 H* < >FeOH + UO»** + COx(g)+ 2 H2O (log K = 42)
13.42+0.5) '

which is in agreement with a similar complex defined by Waite et al. (1994) with alog K

=14.43.
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Fig. 26: Steady state concentrations of uranium in solution from the dissolution of a coprecipitate (see
Table 4) versus the concentration of hydrogenocarbonate in solution. Symbols stand for experimental data

and line for the calculated solubility obtained by considering the formation of the surface species in eqg. 2.

These results highlight again the relevance of carbonate not only on the kinetics of the
release of trace metals associated with major mineral phases, such as U(VI) with

ferrihydrite, but also on the equilibrium (or steady-state) concentrations in the system.

In order to remove the effect of phase transformation and to expand the study to lower
pCO2(g), more representative of natural conditions, Grivé (2005) investigated further the
previous system by means of flow-through experiments. This author assessed the effect
of the carbonate system on the kinetics of dissolution of ferrihydrite, schoepite and
U(VI)/Fe(OH)s co-precipitate in bicarbonate solutions through flow-through
experiments. The results suggested a three-step mechanism in the case of ferrihydrite and
schoepite, and a two-step mechanism in the case of the co-precipitate. The applicability
and validity of the model presented in the case of the co-precipitate was tested against
independent data from Duro (1996) (see Grive, 2005).
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44 DISCUSSION:

4.4.1 GENERAL ASPECTS:

4.4.1.1 The effect of CO, on trace metal complexation:

Already in 1986 it was postulated that trace metal mobility in natural waters is affected
by carbon dioxide content through the formation of mixed hydroxo-carbonate complexes
(Bruno, 1986) , as it h ad be en e stablished b y the pionee ring work of Hietanen and
Hogfeldt (1976) on mixed hydroxo-carbonate complexes of Hg(II) and the one by Ferri
and co-workers on Zn(Il) and Pb(II) (Ferri et al., 1987a,b) mixed h ydroxo-carbonate

complexes and the work on the Be(Il) hydroxo carbonate system (Bruno et al. 1987).

The co-authors of this paper proposed that mec hanism for the transition between metal
hydroxo complexes to metal hydroxo carbonate complexes involved the attack of the
dissolved C O> onto the metal h ydroxide bridges to buil d bicarbonate and carbonate
bridges. This was based on the kinetic work performed by Chaffe et al (1973), Dasgupta
and Harris (1977), Spitzer et al. (1982) and Sadler and Dasgupta (1987) on the formation

of ternary organo-hydroxo-carbonato complexes in the presence of COx.

Later, the reaction of metal bridging OH groups with CO» to build carbonate bridges has
been further studied for Cu(Il) (Kitajima et al. 1990), for Zn(II) (Murthy and Karlin, 1993)
and for a series of divalent organometallic(Il) complexes, including Mn, Fe, Co, Ni, Cu
and Zn, in Kitajima et al. (1993). This research is particularly relevant in the case of zinc
since the Zn(II) e nzyme c arbonic a nhydrase c atalyses the reversible reaction C O»
hydration to produce bicarbonate, a process that is essential to remove CO> from tissues

in mammalian respiration process.

More recently Huanga et al. (2011) have proposed a similar mechanism for the fixation
of CO; onto a Ni(Il) pyridine hydroxo complex by a combination of spectrophotometric
measurements and density func tional theory (D FT) calculations which oc curs at
remarkable fast rates (10° M!s™!) compared to rates obtained for the transformation of

metal hydroxides onto metal carbonates which are 1000 times slower.

From all thi s information, we c an c onclude that the formation of metal carbonate

complexes is kinetically enhanced by increased CO> concentrations and that it is favoured
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by the occurrence of metal hydroxide complexes normally occurring at the pH ranges of
natural water systems. According to the work performed on divalent organometallic

complexes, the presence of organic matter could largely accelerate the reaction.

Iron is a key metal ion in biological and geochemical systems as it regulates many key
processes, including the scavenging and release of critical trace metals in natural water
systems. The cycle of iron is often kinetically coupled with the cycles of P, S, heavy
metals, O, and C, and depends on the biota and the energy and intensity of the light
(Luther et al., 1992; Stumm and Sulzberger, 1992).

The cycles of iron (Stumm and Sulzberger, 1992) and of carbon (Berner and Lasaga,
1989) are also the drivers of the mobility and retention of trace elements involved in
natural weathering processes of minerals as well as in the anthropogenic activities. This
is especially critical in the biosphere/geosphere interface, where the atmospheric oxygen
and carbon dioxide undergo the main part of the transformation processes. Among them,
the coupled dissolution-precipitation of iron (I11) hydroxides and calcium carbonate are
very dynamic processes in natural water systems with characteristic reaction times which

are in the range of days.

The role of the iron cycle on trace metal mobility in natural water systems has been
traditionally associated to the oxic/anoxic redox transitions and the effect of increased
CO2 concentrations has been mainly explained by the formation of Fe(ll) carbonate
complexes in anoxic/reducing conditions. However, already in 1992, the effect of
increased CO2 on Fe(lll) oxyhydroxide dissolution by the formation of mixed Fe(lll)
hydroxocarbonato complexes was established (Bruno et al., 1992b; Bruno and Duro,
2000). The stoichiometry and stability of the mixed hydroxocarbonato complexes was
firmly determined by Grivé in her PhD Thesis (2005) and it has been recently published
(Grivé et al., 20144, b). In this work was shown that the solubility of Fe(lll) is enhanced
some 3 to 4 orders of magnitude as CO2(qg) is increased from present atmospheric to 1 bar
at the pH range of most natural waters. This is mainly due to the formation of one mixed
hydroxocarbonato complex, Fe(OH)COs(aq), predominant in the circumneutral pH range

and a very stable Fe(I11) carbonato complex, Fe(COs)s¥, in the alkaline pH range.
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45 CONCLUSIONS:

Increased atmospheric CO> concentrations have an effect on the aquatic chemistry of

seawater by increasing the total carbonate content and increasing the acidity.

The buffering capacity of the oceanic system is quite large but a clear increase of acidity
and of the dissolved CO> content can be seen, provided a careful date analyses is

performed in a long time series (Bates et al., 2014)

The effect of increased acidity in trace elemental solubility is obvious but the net effect
of increased carbon dioxide concentrations is more complex. The increased dissolution
due to the formation of aqueous carbonate complexes can be compensated by the
formation of carbonate solid phases. However, as the kinetics of the carbonate complex
formation is faster than the build up of carbonate solid phases, in a dynamic situation a

net metal release could be observed when the partial pressure of CO- is increased.

Our observations from several CO,-rich systems would indicate that there is a marked
increase of Fe(lll) solubility due to the formation of aqueous hydroxo carbonate and
carbonate complexes (Agnelli et al., 2013; Grive et al., 2014). This increase on Fe(lll)
solubility cascades in the release of trace elements associated to Fe(lll) oxyhydroxide

solid phases.

An analysis of the observations by Ardelan et al. (2012) on the effect of increased CO>
on increased trace metal dissolution would indicate that most of the trace elemental
mobility is due to secondary dissolution as a result of the destabilisation of Fe(lll)
oxyhydroxides and/or the competing kinetics between aqueous and solid metal carbonate

complex formation.
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5 Objective 2:

Characterisation of the gas-water-rock interaction
time for the formation of metal plumes in CO;-bearing
waters and the influence of carbonate species on iron

solubility
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Abstract:

The interaction between carbon dioxide gas flows and groundwater leads to the dissolution,
mobilization and re-precipitation of metals and metalloids. The potential for metal release
associated with CO; leakage from underground storage formations into shallow aquifers is an
important aspect in the risk assessment associated with CO; sequestration, and the understanding
of the persistence of metal plumes is a very concerning aspect. In the Campo de Calatrava region,
an old volcanic field in central Spain, CO, flows from mantle interact with shallow aquifers
resulting in remarkable metal release. 12 sampling stations have been selected for gas and water
analysis, 10 as bubbling pools and 2 as episodic “cold” geysers. These samples are
characteristically much enriched in trace metals compared to CO,-free aquifers, being Fe the most
abundant, (up to 6.08x10*mol-L™). Also, high concentrations of Mn (up 8.01x10° mol-L%), Zn
(up to 1.46x10® mol-L1), Ni (up to 1.19x10° mol-L?), Co (up to 7.1x10”" mol-L?), Cu (up to
3.3x107 mol-L?) and As (up to 1.4x107 mol-L%). pH range is very close to 6 and Eh is quite
oxidising. Gas composition is almost pure CO2, with no detectable amounts of CH, and H,S.
Thermodynamic calculations reveal that the formation of aqueous Fe(lll) carbonate complexes,
mainly FeCO30OH, as a result of the CO»-shallow aquifer interaction causes the dissolution of
native Fe(OH); releasing iron and all trace metals sorbed onto its charged surface. Then, neither
acidification, “reducing” gas impurities, nor low Eh environments (i.e., making Fe(Il) as
predominant iron form) can be considered as the main drivers for the development of the metal
plumes associated to gas inflows into shallow aquifers.

The persistence of these metal plumes, which is crucial in the risk assessment studies of CO,
underground storage, is predicted to be potentially long since Fe(OH)s is the solubility-limiting
phase not only for Fe but also for the other metals with an observed increase in concentration.
The effect of the formation of aqueous metal carbonate is not as relevant in metals like Mn, Zn,
Cu, Co, Ni, and except for Mn, the measured concentration in samples from the Campo de
Calatrava are far from the saturation in solid carbonates.

Keywords: Carbon storage, leakage, metal transport, natural analogue, Campo de Calatrava

Submitted to scientific journal: Chemical Geology
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5.1 INTRODUCTION:

The capture and storage of CO2 in deep subsurface reservoirs is one of the options
currently being considered to lower the industrial emissions of this greenhouse gas to the
atmosphere. The site selection of CO. storage reservoirs must be accurate enough to
minimize the risks to human health and the environment (Rempel et al., 2011; Zheng et
al., 2011). However, the possibility of CO> leakage cannot be completely ruled out, in
which case the stored CO. could migrate following preferential pathways upward into
overlying shallow groundwater resources. The presence of high carbon dioxide content
into an aquifer leads to chemical interactions between the CO., brine and reservoir rock,
leading the dissolution, mobilization and re-precipitation of metals and metalloids
(Czernichowski-Lauriol et al., 2006; Fischer et al., 2010; Kharaka et al., 2006; Kharaka
et al., 2009; Wigand et al., 2008). The potential for metal release associated with CO2
leakage from underground storage formations into shallow aquifers is an important aspect
in the risk assessment associated with CO. sequestration. The effects of increased CO>
concentrations on the release of metals like Zn, Cu, Co and Ni in shallow aquifers have
been studied using numerical simulation (Apps et al., 2010; Atchley et al., 2013; Navarre-
Sitchler et al., 2013; Siirila et al., 2012; Wang and Jaffe, 2004; Wilkin and DiGiulio,
2010; Zheng et al., 2012), laboratory experiments (Frye et al., 2012; Little and Jackson,
2010; Luetal., 2010; Romano et al., 2013; Wei et al., 2011) and few field studies (Agnelli
et al., 2013; Kharaka et al., 2009; Trautz et al., 2013). In most studies, the exposure of
aquifer materials to CO> increased the aqueous concentrations of metals, although in
some cases such increase was episodic (Lu et al., 2010). In other cases, the concentration
of some metals decreased altogether (Little and Jackson, 2010). In principle, the metal
transport capacity of COz-bearing fluids in shallow aquifers should increase as pH
decreases; another potential mechanism is the formation of low Eh environments due to
the presence of “reducing” trace gases (e.g., H2S and CH4). More recently, Grivé et al.
(2014) showed that Fe(111) solubility in CO2-bearing fluids can significantly increase due
to the formation of Fe(III) carbonate complexes that are stable at circumneutral pH’s, and,
therefore, being more persistent in time and space in geological media. The enhanced
solubility of Fe(lll) has an additional and unwanted side effect: the inhibition of the
precipitation of Fe(OH)3z (am), which is a major sink for many trace and minor elements.
The Fe(OH)s precipitation is favoured when CO- starts degassing due to loss of pressure

(i.e., fluid ascent to surface through faults or by well production) and, eventually, part of
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all these metals may precipitate back into solid phases; but some of the metal load is still

dissolved.

The high solubilisation of metals can be used as a monitoring tool of CO. leakage
episodes. Time-lapse measurement of metal contents in shallow aquifers can help in the
early detection of seal failure of CO> storage site because the concentration of all these
metals in shallow and surface waters is commonly very low, and tiny changes in such a
concentration could be indicative of early leakage (Agnelli et al., 2013; Romano de Orte
etal., 2013; Wunsch et al., 2013).

Constraining the duration and intensity of metal release to the aquifer is fundamental in
the risk assessment of the geological storage because such metal increase, if fast and
intense, can jeopardise the quality of water resources. The rates of metal release due to
COo(g)-water interaction are believed to be quite fast in view of laboratory experiments
and from few pilot plant-scale injection operation. Recently, Romano de Orte et al. (2013)
found, in a laboratory experiment, how Fe content in water increased 85% and persisted
in water due to a decrease of pH from 7 to 5.5 in 10 days, showing that short time
interaction between CO2(g) and water is sufficient to dramatically increase the metal
concentration in the water. Furthermore, in natural systems, some examples of episodic
intrusion of deep natural CO: into shallow aquifers provide evidence of quick metal
increase in solution (Piqué et al., 2010).

In this research article, the interaction of deep CO: fluxes with shallow aquifers is
investigated through the geochemistry of CO.-bearing waters and gas emissions in natural
systems in the Campo de Calatrava region in central Spain. A ubiquitous feature of the
COq-rich waters in this area is the reddish color due to the formation of iron hydroxide
colloids. The quality of these springs and aquifers is not acceptable in terms of metal
content and represents an illustrative example of the impact of potential leakage from
deep geological storage. The role and importance of the aqueous Fe(lll) carbonate
complexes in metal mobility is assessed and compared against other mechanism of metal

solubilisation, such as acidity or reducing gases.
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5.2 THE CAMPO DE CALATRAVA GEOLOGICAL SETTING:

The Campo de Calatrava is located a few hundreds of kilometers south of Madrid and
about 25 km south-east from Ciudad Real. This area is geologically interesting since it
does contain a volcanic field with a large number of gas+water discharges. These springs
are often accompanied by conspicuous and gentle gas bubbling generally dominated by
CO.. This area can probably be regarded as one of the most important natural emitting
zone of COz in the whole Peninsular Spain, along with that of La Selva-Emporda basin

in north-eastern Spain (Catalunya).

The geological setting of this area can be summarized into three main units (Fig. 27):

> A basement of Paleozoic rocks that define the higher relief, with small ridges
that are arranged with preferred orientations E-O, NNE-SSO and NO-SE.

> Tertiary basins opened over the Hercynian material, with the occurrence of
normal faults, forming depressions (sometimes closed, sometimes open
towards the plain of La Mancha) refilled by alluvial and lacustrine sediments

aged between Miocene and Quaternary.

> The volcanic material from Campo de Calatrava, is a product of an eruptive
phase that began in the area in the late Miocene (between 7 and 8 Ma), with
the most important peak of activity taking place between the upper Pliocene
and lower Pleistocene (between 3.7 and 1.75 Ma) (Ancochea, 1982).
Traditionally, this volcanism has been associated to an extensional setting or
of “aborted rifting”, but some authors suggested that this activity could be
related to flexural processes of the lithosphere, through which the mantle
would rise and partially melt.
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Fig. 27: Geological map of the central area of Campo de Calatrava (extracted from IGME, 1983).
In the map are shown the main faults and sites characterized by CO; emissions. (1): Villar del
Rio; (2): Villafranca; (3): Fuensanta; (4): San Cristobal; (5): El Chorrillo; (6): Piedra de Hierro;
(7): Jabalon-La Nava; (8): Fontecha; (9) Bafios del Barranco, Aldea del Rey; (10): Fuentillejo;
(11): Hoya de Almagro; (12): EI Bombo; (13) El Chorro de Granatula de Calatrava; (14): La

Sima.

72




The materials emerging in the proximity of the study area consist predominantly of
quartzites. The thickness of this unit ranges from 200 to 300 m and it is believed to be of
Ordovician age (IGME, 1988). In the field, this unit forms the main reliefs and showing
some strata that locally allow the observation of structures of folds and small fracture

displacements.

Above the Hercynian basement it is possible to find levels of breccias, conglomerates and
sandstones with ferruginous cement, alternating with stretches of pelitic dominance (Fig.
28). Occasionally it’s possible to observe crusts and concretions of iron and manganese

oxides.

Fig. 28: Detrital levels of lower Pliocene age

The rest of the sedimentary deposits filling basins are those that have a greater extent of
surface outcrops. These deposits consist mainly of detrital formations dominated by silts
and sands with different degree of cementation related to sedimentation in wetlands.
Carbonate-rich horizons are also present (IGME, 1988 a,b) (Fig. 29).

Concerning the volcanic materials of the Campo de Calatrava province, these are a set of
more than 200 eruptive centers. The main eruptive features of the many volcanic edifices
that characterize the Campo de Calatrava are dominated by strombolian and

hydromagmatic events.
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This area is characterized by several gas and water discharges that are distributed almost
through the whole volcanic provinc e. It is interesting to be point ed out that the

geochemical and isotopic features of the gas seeps indicate a high concentration of CO»
(up to 98% by vol.) and helium isotopic ratios affected by a deep(mantle)- related source.
The Campo de Calatrava volcanic province along with that of Selva-Emporda (NE Spain)

likely represent the highest output zone of COz in the whole continental Spain.

Fig. 29: Blocks of calcarenite accumulated near the river Jabalon (left) and details of the
internal organization into the calcarenite (right).

5.2.1 THE WATER AND FLUID DISCHARGES:

The CO»-bearing emission sites in the Campo de Calatrava area are mainly located in its
southern part. By analyzing the distribution of the different emission sites, it c an be
observed that most of them seep out from the main volcanic centers. Furthermore, these
fluid discharging sites are apparently aligned along we ll-defined tec tonic li neaments:

NW-SE and NNW-SSE and subordinately, ENE-WSW.

Geophysical investigations have revealed the pre sence of crustal and mantle anomalies

that support the correlation between CO> discharges and the volcanic activity.

A peculiar and sp ectacular fe ature of the Campo de Calatrava Vol canic Field is that
during well drillings some gas blasts have recently occurred, leading to the formation of
“cold geisers”. The most famous episode oc curred in spring 2000 in  Grandtula de

Calatrava when a gas blast emitted a column of water and gas up to 60 m high, caused by

illegal drilling (Fig 30). These events are strongly indicative of a geopressurized (CO2-
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rich) reservoir that may have at least two important implications. The first one is related
to the need of ensuring a proper protocol while drilling wells in the area in order to prevent
such gas blasts that may have fatal effects on the people in vicinity of the drilling
operation. The second one is that the presence of a pressurized reservoir at depth may

suggest weak diffuse soil degassing in the Campo de Calatrava Volcanic Field.

An important feature for the geological and hydrogeological characterization of the area
is the formation of iron and manganese crusts, with economically relevant concentrations
of cobalt (Crespo, 1992; Poblete, 1992). In fact, it is likely that the rise of CO2 contributes
or contributed to the formation of metal plumes that are the origin of these deposits (Fig.
31).Spring waters of the Campo de Calatrava share a number of geological and
geochemical features (Poblete, 1992; Pérez et al., 1996; Yélamos et al., 1999). The waters
are hyperthermal (<33 °C), bicarbonate or sulphate-carbonate and characterized by
moderate electrical conductivity (1 to 6.7 mS/cm), slightly acid pH (5.5-6), high
concentrations of Fe and Mn and high CO. concentration (up to 2990 mg/l) (Calvo et al.,
2010; Vaselli et al., 2013; Elio et al., 2015). The isotopic composition of oxygen and
hydrogen suggests a meteoric origin for the water, while those of carbon and helium

indicate a significant contribution from the mantle in the dissolved gas.
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Fig. 30: The gas blast occurred in July 2011 close tu Almagro.
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Fig. 31: Geological outline of the types of oxide mineralization Fe-Mn-Co and fractures
associated to the volcanism of Campo de Calatrava. 1: Proximal Mn deposit, 2: Distal Mn
deposit; 3: Volcanic rocks, 4: Pliocene and Quaternary sediments, 6: Faults. (Adapted from

Crespo, 1992).
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5.3 GEOPHYSICAL PROSPECTING:

5.3.1 GENERAL ASPECTS:

In order to constrain ground geology and hydrogeology related to the CO»-bearing water
emission points, electrical resistivity tomography (ERT) investigations were carried out
at the Canada Real site (see location in Fig. 32), the largest CO; discharge in CCVF. The
geophysical prospecting techniques aim to characterize the subsurface in a non-invasive
way, from measuring a physical parameter that may be related with characteristics of
geological materials or other entities under the soil’s surface. In the case of prospecting
electrical the parameter investigated is the electrical resistivity, usually expressed in ohm
per meter (Q2m). It can be defined as the resistance that a material opposes to the passage
of electric current through it, and is equivalent to the inverse of electrical conductivity.
The electrical resistivity of the material depends on its mineral composition, the internal
structure, the pr esence of fluid inthe pores (typically airor water), and ion’s
concentration. The two-dimensional electrical tomography gets a quite accurate model of
the variations in resistivity on the ground, based on large number of measurements from
the surface. The measuring device consists of a cable which connects a certain amount of
metallic electrodes stuck to the floor in regular distances, defining an ideally straight
profile. The measuring equipment, typically placed in a central position of the profile,
consists of an amperemeter that c an regulate the intensity of the current injected in the
ground and a potentiometer that measures the potential loss of the electric field generated.
This apparatus was usually integrated into a Resistivity, equipped with filtering systems
for the environmental electrical noise and powered by an external DC source. Every
resistivity r eading involves two current andtwo  potential electrodes ina

“tetraelectrodical” configuration characterized by a known distance (spacing) between
the four points. The resistivity measurement represents an average value of real resistivity
of all the materials that are in the focus of the four electrodes. The automated recording
of all possible combinations of the device results in a pseudo-section of points of apparent
resistivity of the ground distributed in consecutive data levels, which, broadly speaking,
has the shape of inverted triangle. The arrangement of the electrodes and their separation
determines the degree of resolution and depth of study. Closer electrodes yield a shorter
profile but with a higher resolution, while greater separation permit to cover more surface

and go deeper but with a loss of data.
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Fig. 32 Location of sampling stations in the Jabalon river basin in the Campo de Calatrava region (from Visor Iberpix IGN, http://www.ign.es/iberpix2/visor).
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5.3.2 FIELD WORK:

5.3.2.1 ERT profiles:

As part of a wider campaign of data acquisition around the Cafiada Real (Fig 34), on 61
and 7™ of May 2014, five electrical resistivity tomography profiles, among 200 m and
600 m in length, have been made (ERT-1 to ERT-5). The details of the geometry of each

profile are shown in Table 5, while its location and geometry can be seen in Figure 33.
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Fig. 33: Location of the geoelectrical profiles performed on the farm Caiiada Real.

Table 5: Characteristics of electrical resistivity profiles performed. (a) Distance
between electrodes corresponding to the protocol as long and short,
respectively. (b) Does not include the time of assembly and disassembly

Profile Date Length (m) Spacing (m) Electrodes  Measuring  Points of Data Levels
(a) positions times(b) apparent
resistivity
ERT-1 06/05/2014 400 10and 5 71 3h 10min 947 26
ERT-2 06/05/2014 200 5and 2,5 61 2h 15min 744 26
ERT-3 07/05/2014 400 10and 5 61 2h 47min 745 26
ERT-4 07/05/2014 600 20and 10 51 2h 04min 572 23
ERT-5 07/05/2014 200 5and 2,5 61 2h 25min 741 26
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Fig. 34: Geometry of the Cafiada Real CO--bearing spring.




The apparatus used for measuring it’s a Lund Imaging System (ABEMAT Instrument
AB), formed by a Terrameter Resistivity System SAS1000 and automatic channel
selector ES10-64. The electricity has been provided by a standard battery of 12V and
60Ah and has been transmitted to the ground by galvanized steel electrodes stuck to the

floor of 15-20 cm, connected by stainless steel clamp wiring.

The electrode configuration protocol used in the data acquisition was the Wenner-
Schlumberger type in which the current electrodes are the external ones and potential are
the two interiors. This combination offers a good resolution and sensitivity in horizontal
and vertical, and was chosen precisely because was expected that the study area presents

both horizontally and vertically geological structures.

For each measurement cycle, the individual registration of resistivity corresponds to the
arithmetic average between two and four stacks of three pulses of current injection with
each polarity reversal. The device automatically discards all resistivity values that are

negative or having a variation coefficient greater than 2.5%.

All profiles were arranged parallel to each other, crossing the space between the rows of

vines on the estate and following a direction close to NO-SE.

Apart from the constraints imposed by the location, this approach was considered
adequate enough to intercept perpendicularly what is expected to be the geophysical
anomaly associated with the regional fracture that runs through the area, considered the

main cause of the rise of CO: in the sector.

The data acquisition was done independently for each profile, but has taken advantage of
those electrodes that, according with the corresponding spacing, have position in both
profiles.
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54 WATER AND GAS SAMPLING:

12 sampling stations have been selected for gas and water analysis, 10 as bubbling pools
and 2 as episodic “cold” geysers. The sampling of the two geysers was found relevant
because they provide a unique opportunity to collect aquifer waters not affected by a long-
term degassing, and, therefore, to collect more pristine water from the impacted aquifer.
Degassing leads to the formation of Fe(Ill) hydroxide colloids that can trap metals by

surface sorption, lowering the metal concentration in solution (Fig. 35).

Fig. 35: Gas and water eruption at sampling station “Chorro Glicerio” near Almagro village in
2014 (a) and the formation of iron hydroxide colloids and algae growth over the water table due
to the degassing (b).
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5.5 RESULTS:

5.5.1 ERT RESULTS:

Results of the three electrical resistivity tomography profiles at Cafiada Real provide an
insight into the subsurface characteristics and hydrodynamics of the emplacement (Fig.
36). According to the resistivity distribution along the model sections, three zones can be
differentiated with respect to theirsignificance about lithology, geological structure, pore-
water content and its salinity. Just for explanatory purposes, resistivity values have been
arbitrarily classified into four categories: very low (<4 Qm), low (4 - 16 Qm), medium
(16 - 64 QOm) and high (>64 to =650 QQm). The uppermost resistive unit defines a roughly
continuous level parallel to the surface in all the profiles, with a minimum thickness of 5-
7 m and a maximum of 15 m. It shows medium to high resistivity in the western and
central parts of the prospected area, and low-medium values in the eastern half of ERT#2.
The unit is attributed to Upper Pliocene calcarenites (IGME, 1988a, 1988b). In fact, a
laminated porous calcarenite crops out in the perimeter of the spring below a thin surficial
mixture of anthropogenically dist urbed c olluvial-alluvial sa nds and pe bbles. At the
nearby Jabalon river valley slopes, a bundant joints divide up calcarenites into slightly
shifted meter-sized blocks. This observed pattern may explain the irregular shape of basal
contact of the unit,a nda Iso the pronounced horiz ontal ¢ ontrasts in resistivity.
Groundwater table is located within this unit at depths mostly ranging between 4.5 and
5.5 m from the surface. Underlying the pre vious materials, a second resistive unit is
characterized by very low to low resistivity values with some low-medium resistivity
patches in its eastern upper zones. Presumably it is made up of Upper Pliocene sediments
(IGME, 1988a, 1988b), consisting in sands and gravels with varying contents of silt and
clay, in an alternation of layers and lenses typical of proximal alluvial facies. Equivalent
lithologies can b e dire ctly se ena bout 3km to the south.S ince the se mate rials
unconformably cover a paleo-relief defined by the rocky basement, they undergo strong
differences in thickness. Minimum values of 7-8 m are found in the western area around
the spring z one (E RT#1 and ERT#3), and a pproximately 10 m are de tected in the
easternmost part of ERT#2. In these areas the unit has a sharp contact with the basement.
Conversely, in the centre of sections ERT#1 and ERT#2 the unit reaches up to 40-50 m
in what is believed to represent an infilled valley. In accordance with the low resistivity

values and the e xistence of springs, it may be assumed th at the unit is saturated in
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groundwater. Moreover, taking into account the source’s outflow, water within the
aquifer must stay somewhat confined. The bottom of the geo-electrical sections forms a
third resistive unit attributed to the Ordovician quartzite basement that actually crops out
in all the nearby hills. Medium to high resistivity values delineate a convex shape in the
western and eastern areas, gradually passing into lower resistivities in the central concave
zone of lines ERT#1 and ERT#2. This pattern may be attributed to rocky topographic
highs located at both sides of a nearly vertical fault zone where materials affected by
fracturing and weathering present low-medium resistivity values. The fault has WSW-
ENE orientation, a width of about 50 m perpendicularly to its trace, and acts as the main
source for the ascending CO: in the area. Upward migration of gas would cause a
progressive decrease in resistivity of the Neogene sediments as it gradually becomes
dissolved into groundwater, increasing its electrical conductivity and hence, giving rise
to very low resistivity areas. The size and distribution of these most conductive lenses
probably reflect the stratigraphic position of higher porosity zones (i.e. sand-gravel lenses
with lesser fine content) which represent preferential pathways followed by the CO»-
bearing water to spread across the aquifer. A detailed inspection of resistivity distribution
in the vicinity of the spring zone (X coordinates 25 to 35 m in line ERT#1) reveals
distinctive features that can be directly linked to the process of groundwater upward
migration and gas release (Fig. 36 and Fig. 37). Here, the uppermost calcarenitic unit
hosts a negative anomaly that suddenly disrupts the horizontal continuity of prevailing
high resistivity values. Under the first 3-4 m from the surface (18-30 Qm), resistivity
rapidly decreases to 4-16 QQm, depicting a sort of hemispherical convex shape up to about
8-9 m depth. The anomaly extends even deeper inside the underlying detrital sediments,
where it becomes a nearly vertical neck-shaped positive anomaly of low-medium values
(8-20 Qm) horizontally surrounded at both sides by two very low resistivity elliptical
zones (<4 ©m). No more distortion of the resistivity isolines is detected below 20-22 m
deep, so the Paleozoic basement does not seem to be involved here in the dynamics that
causes this particular anomaly. Slightly increased resistivity within the aquifer in the
vertical of the spring may be interpreted to be due to a loss of dissolved ionic content (i.e.
HCOz3" passing into CO> gaseous phase). Ascent of water across the fractured calcarenites
would cause a marked reduction of their resistivity and originate the plume-like shape
related to localized elevation of the water table. Finally, near-surface massive water

degassing would increase again resistivity values immediately below the bubbling.
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Fig. 36 (a): Location and model sections of the three electrical resistivity tomography profiles measured at Cafiada Real in May, 2014. The two existing bubbling springs are
placed inside a green grassy rectangular area, surrounded by brown vineyard'’s terrain. The inferred cartographic trace of the CO; source fault zone is also indicated in the
map. Resistivity scale in the sections is divided into four classes only for descriptive clarity. Black dashed lines delineate contacts between resistivity units 1, 2 and 3, whereas
dotted lines indicate different resistivity areas within Unit 3. (b) Zoomed view of the resistivity section ERT#1 along the spring zone. Color scheme is adjusted to four discrete
resistivity intervals in order to emphasize different features related to the CO, dynamics: (b1) uses the same scale as in Fig. 4a for a more detailed general perception; (b2)
highlights very low and low resistivity values in Unit 2; (b3) calls attention to the convex shape defined by the ascending CO,-bearing water plume across Unit 1; and (b4)
illustrates horizontal spreading of gas and water in the near-surface.
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Fig 36 (b): Zoomed view of the resistivity section ERT#1 along the spring zone. Color scheme is adjusted to four discrete resistivity intervals in order to emphasize different
features related to the CO, dynamics: (b1) uses the same scale as in Fig. 4a for a more detailed general perception; (b2) highlights very low and low resistivity values in Unit
2; (b3) calls attention to the convex shape defined by the ascending CO.-bearing water plume across Unit 1; and (b4) illustrates horizontal spreading of gas and water in the
near-surface.
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5.5.2 WATER AND GAS COMPOSITION:

The temperature and the chemical composition of major, minor and trace elements of the
waters have been determined for all the springs (Table 6). Spring waters are characterized
by a circumneutral pH in the range of 5.9 to 6.4, an electrical conductivity ranging from
1345 uS-cm™ up to 3910 uS-cm™! and Eh values in the range of 167.2 mV to 360.2 mV.
Only in one station, Bafio Chiquillo, a more reduced Eh value has been measured (-52
mV). Temperature at sampling point is 16.9 and 27 °C. Major ion composition is Mg-Ca-
HCOs, with mi nor Na-CI-SO4 (Fig. 38, and Ta ble 6). Dissol ved CO; (mainly a s
bicarbonate) is the main anion in solution (up to 2110 mg-L™!, 34.6 mol L'}, in the Cafiada
Real site) (Fig. 38). These data are quite similar as CO»-free aquifers in the region (Table
7), although a general increase in the solute content is observed when COx is present,

suggesting some degree of water-gas-rock interaction.

Concerning the chemical composition of the dissolved gases (Table 8), COx is by far the
most abundant gas species, ranging from 85.77% to 99.92%, followed by N> and Ar. HoS
content was always less than the detection limit. These compositions are consistent with
those reported in a previous study by Vaselli et al. (2013). The authors suggested that a
mantle-sourced signature of these volcanic products is apparently preserved in many
COs-rich (up to 99% vol) gas discharges in the Calatrava Volc anic Province, whose
carbon and helium isotopic signature is characterized by values between -6.8 and -3.2 %o
(V-PDB) and up to2.7 R/Ra, respectively. The authors also found that nitrogen and argon
are related to an atmospheric component, with values between that of the air (83) and that

of ASW (Air Saturated Water).
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Fig. 38: Triangular diagrams showing the chemical composition of the major elements in CO.-bearing water samples, and in non-impacted aquifers in the

Campo de Calatrava region. See Tables 3 and 4 for complete chemistry of these waters.
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Table 6: Chemistry parameters of the CO2-bearing springs sampled in Campo de Calatrava area. All the concentrations are

expressed as mg 1-'.

Sample T °C pH Eh Cond. EL HCOs F Cr Br- SO4* Ca? Mg?** Na* K*
(mV) (pS-cm™)
Chorro Glicerio 16.9 6.2 181 3660 2482 0.42 173 0.49 186 237 308 229 66
Chorro Villa Elena 18.8 6.1 180 2390 1586 0.52 78 0.29 62 165 201 97 48
Fontecha 1 18.4 5.9 207 2430 997 0.58 178 0.38 251 65.9 109 301 43.8
Fontecha 2 224 5.9 295 2310 1022 0.72 187 0.40 267 65 111 324 43.2
Fontecha 3 215 6.2 313 2440 1052 0.86 206 0.31 262 68.2 115 313 42.8
Fontecha 4 27.1 5.9 17 1720 831 0.47 110 0.30 147 55.7 85 199 36
Cafiada Real 21.8 6.1 282 3910 2111 0.47 281 0.77 305 151 232 466 80.2
Bafio Chico 21.6 6.1 360 1600 1009 0.57 45.2 0.180 55.8 71.5 128 78.4 27.4
Bafio Chiquillo 25.2 6.4 -53 1714 1105 0.78 49.3 0.1 61.1 124 113 84.9 31.1
Codo Jabalon 18.2 5.9 211 1345 975 0.60 134 0.33 184 68.3 114 212 31.9
Barranco Grande 21 6.1 167 2000 1054 0.57 103 0.20 134 76.3 128 166 39.7
Hervidero Nuevo 21 6.0 213 1626 676 0.73 77.8 n.d. 92.4 54.7 68.2 111 26.4
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Table 7: Chemistry of the representative spring not affected by CO: in Campo de Calatrava. All the concentrations are expressed as
mg 1-1. Data from Confederacion Hidrogrdfica del Guadiana (www.chguadiana.es).

Sample Date pH HCOs3 Cr SO4* Ca? Mg Na* K*
mar-09 7.2 211 29.1 8.7 42.9 21.2 26.9 3.6
sep-09 7.1 210 33 8.2 41.3 22.2 24.8 3.9
aug-10 7.3 123 88.1 168 61.2 33.8 46.7 6.1
nov-10 7.4 209 23.3 8.3 437 22.6 24.6 35

Pozuelo de Calatrava jun-12 7.3 210 30.4 11.4 42,5 21.7 25.6 3.9
dic-12 7.2 213 26.2 9.9 418 20.8 26.5 3.6
jun-13 7.2 210 27.8 9.3 39.9 22.1 24.2 3.8
dic-13 7.2 213 28.5 10.9 428 22.4 24.6 3.9
oct-14 7.4 144 44.8 24.9 433 14.0 316 -
nov-14 7.3 168.5 66.4 31.1 55.6 16.4 37.4 -

Table 8: Chemical composition of the dissolved gases sampled. All the values are reported in %.

Sample CO: N2 Ar 02

Barranco Grande 85.77 13.41 0.32 0.48
Chorro Glicerio 91.16 8.23 0.20 0.40
Chorro Villa Elena 88.35 11.25 0.16 0.30
Cafiada Real 99.53 0.42 0.01 0.01
Hervidero Nuevo 88.50 11.12 0.23 0.14
Fontecha 1 92.00 7.66 0.17 0.16
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5.5.2.1 Determination of alkalinity: CO, measured vs calculated

One of the key parameters in the assessment of the mobility of metals in the CO2-impacted
aquifers is the correct determination of the CO> pressure once dissolved. Such data are
obtained by direct sampling of the gas phase since most sampling stations show gentle
bubbling meaning that active degassing is occurring or gas flows are bubbled through the
groundwater. In both cases, direct collection of the gas phase may lead to overestimation
or underestimation of the CO; pressure in equilibrium with water. In this work, gas
pressure data from direct sampling has been compared with CO- pressure calculated from
alkalinity of water samples. The calculation has been done using the PHREEQC-3 code
(Parkhurst and Appelo, 1999), and with the ThermoChimie v.9 database (Giffaut et al.,
2014), including the SIT approach for ionic strength correction. The compared pressures
for each sampling station are shown in Table 9. Calculated pressure is in general similar
as measured in the field, although in some stations the difference is remarkable. This
suggests that sampling is performed under gas-water disequilibrium, assuming that no

degassing occurs after water collection.

Table 9: Sampled CO: pressure value vs. calculated (PhreeqC) pressure in the
sampling stations.

Calculated CO: pressure
Sample Sampled CO: pressure (bar) (bar)
Bafio Chico 0.400 0.281
Bafio Chiquillo 0.200 0.223
Barranco grande 0.200 0.295
Cafiada Real 0.733 0.602
Chorro Glicerio 0.022 0.478
Chorro Villa Elena 0.020 0.457
Fontecha 1 0.029 0.316
Fontecha 3 0.700 0.288
Fontecha 4 0.600 0.281
Hervidero Nuevo 0.024 0.208
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Gas pressure is important to quantify the impact of CO> on the aquifers in terms of water-
gas-rock interaction. The nature of shallow aquifers receiving CO; discharges in the
Campo de Calatrava region is not well constrained but thermodynamic equilibrium
calculation from water chemistry can provide clues on the mineral assemblage. For
sample “Pozuelo de Calatrava”, considered as a representative example of non-impacted
shallow aquifer in the region, the saturation index calculation indicates that these waters
are undersaturated with carbonate minerals (calcite and dolomite) but close to saturation
(Table 10). This suggests that some carbonate components are part of the mineralogy of
the aquifer, and, therefore, some potential of CO buffering could exist. In contrast,
equilibrium with silica is not attained, likely due to the very slow dissolution kinetics of
silicon-bearing phases at low T and circumneutral pH. The intrusion of CO> (either
already dissolved or as a gas phase) into the shallow aquifers in Campo de Calatrava leads
to a decrease in pH and dissolution of carbonate phases. However, such dissolution is not
significant as a pH buffer since all samples become even more undersaturated in

carbonate minerals (Fig. 39).

Table 10: Saturation indexes with respect calcite, dolomite, gypsum and silica of
the aquifer not affected by CO: intrusion in Campo de Calatrava (central Spain).
All the concenirations are expressed as mg+1i-'. Data from Confederacién
Hidrogrdfica del Guadiana (www.chguadiana.es).

Sample Date pH SI Calcite SI Dolomite SI Gypsum SI SiO2(am)
mar-09 | 7.2 -0.22 -0.37 -2.80 -0.57
sep-09 | 7.1 -0.34 -0.57 -2.85 -0.54
aug-10 | 7.3 -0.28 -0.44 -1.48 -0.90
nov-10 | 7.4 -0.02 0.06 -2.82 -0.57

Pozuelo de Calatrava
jun-12 | 7.3 -0.15 -0.19 -2.68 -0.53
dic-12 | 7.2 -0.22 -0.38 -2.76 -0.54
jun-13 | 7.2 -0.25 -0.38 -2.80 -0.56
dic-13 | 7.2 -0.22 -0.34 -2.71 -0.52
oct-14 | 7.4 -0.18 -0.46 -2.32 -0.59
nov-14 | 7.3 -0.12 -0.39 -2.16 -0.59
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Fig. 39: Calcite saturation indexes (SI) trend calculated using the sampled and calculated CO;

pressure.

5.5.2.2 Trace (transition, post-transition) metals and metalloids

All the studied samples are characteristically much enriched in trace metals compared to

CO»-free aquifers (Table 11). Iron is by far the most abundant, ranging from 2.5x1072
mg-L! (4.47x107 mol-L!) to 34 mg-L! (6.08%10* mol-L!) (Fig. 40). They also show

high concentrations of Mn (up to 4.4 mg-L!, 8.01x10”° mol-L"), Zn (up to 96 ypg-L",
1.46x10° mol- L"), Ni (up to 70 pg-L!, 1.19x10° mol-L), Co (up to 42 ug-L!, 7.1x10°
"mol-L'Y), Cu(upto21 pg-L!, 3.3x107" mol-L ") and As (upto 11 ug-L!, 1.4x107 mol-L

1) (Fig. 41). In general, uranium is not significantly enriched except in the sample from

the cold geyser called “Chorro Glicerio”, with 12 ug-L'(5.1x10°® mol-L™).
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Table 11: Concentration of trace metals and metalloids in impacted and non-
impacted shallow aquifers.

Sample Fe (tot) Mn? Cr¥* Ni* Co* Cu?*
(mg/1) (mg/l) (g (pg/h (g (g
<0.05 <0.1 <0.02 <0.05 <0.05 <0.05
<0.05 <0.1 <0.02 <0.05 <0.05 <0.05
<0.1 <0.1 <0.02 <0.05 <0.05 <0.05
<0.1 <0.1 <0.02 <0.05 <0.05 <0.05

Pozuelo de Calatrava <0.1 <0.1 <0.02 <0.05 <0.05 <0.05
<0.1 <0.1 <0.02 <0.05 <0.05 <0.05
<0.1 <0.1 <0.02 <0.05 <0.05 <0.05
<0.1 <0.1 <0.02 <0.05 <0.05 <0.05
<0.1 <0.1 <0.02 <0.05 <0.05 <0.05
<0.1 <0.1 <0.02 <0.05 <0.05 <0.05

Chorro Glicerio 7.0 4.4 4.0 70 42 13

Chorro Villa Elena 16 12 6.7 41 14 13

Fontecha 1 34 0.8 2.1 56 16 20

Fontecha 2 29 0.7 22 34 10 21

Fontecha 3 0.08 0.26 22 27 37 21

Fontecha 4 2.6 1.0 1.1 46 20 9.8

Cafada Real 09 04 52 17 5.7 1

Bano Chico 14 09 1.2 36 22 13

Baiio Chiquillo 0.02 0.6 14 57 17 11

Codo Jabalon 22 0.6 2.0 43 13 20

Herviderio Nuevo 21 1.0 1.8 48 19 17

Barranco Grande 34 1.4 1.9 37 20 19
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Fig. 40: Fe and Mn concentration of the sampled CO»-bearing sampling stations.
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Fig. 41: Main trace metal and metalloid concentration of the sampled CO,-bearing sampling
Sstations.

The increase of iron and trace metals in solution is neither directly correlated with pH or
COs pressure (actually both parameters should be strongly related since CO» is the main
contributor to water acidity) (Fig. 48). In a similar way, trace metals content do not show
any positive correlation (Fig.42 to Fig. 44). In contrast, a good linear correlation between
Ni, Zn and Co concentrations is observed (Fig. 45), suggesting a similar geochemical

behaviour and source for all them.
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Fig. 43: Diagram of Fe.. concentration vs. CO; pressure in the CO2-bearing sampling stations.
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5.6 GEOCHEMICAL MODELLING: release and mobility of Fe(lll),
Mn and trace metals

The mobility of iron in low-CO», surface water and shallow groundwater is very limited
due to the slightly solubility of Fe(lll) at circumneutral pH and oxidizing conditions. In
general, iron concentration under these conditions is lower than 1x10°% mol-L* due to the
equilibrium with iron (I11) oxihydroxides. Higher concentrations are commonly observed
in acidic environments from oxidative Fe-sulphide dissolution (e.g., acid mine drainage)
or in anoxic waters due to the higher solubility of Fe(ll). The observation that CO»-
bearing waters are commonly rich in iron has been reported from many natural systems
and the formation of Fe(lll) carbonate complexes accounts for its enhanced solubility
(Grivé et al., 2014; Table 12).

The role of Fe(lll) carbonate complexes is illustrated in Table 13 and Fig. 46, which
shows the sharing between main aqueous Fe species in the samples. In all them, almost
all Fe is found as carbonate FeCO3(OH), allowing a much higher iron concentration in
equilibrium with Fe(OH)3 existing in the aquifer. Figure 47 shows the saturation index
(SI) with respect to Fe(OH)s considering the presence and absence of these two Fe(l1l)
carbonate aqueous species. It is clearly observed that the solubility of solid Fe(OH)s is
enhanced up to three order of magnitude if the formation of Fe(l1l) carbon complexes is
taken in account. In general, most shallow groundwaters affected by CO; intrusion in
Campo de Calatrava are saturated with respect Fe(OH)s. However, it is worth considering
that the crystallinity of these Fe(lll) minerals is highly changeable, and in turn, its
solubility product can also vary from one site to another. Therefore, the calculation of Sl

is just indicative of the necessary role of aqueous carbonate complexes.

Table 12: Solubility of Fe(lll) carbonate aqueous complexes and ferrihydrite
(Fe(OH)s (am)). Data from Grivé et al. (2014) and Schindler et al. (1963).

FeCOsOH « Fe**+ H'+ COs* + H,0 |, log K=-10.76

Fe(CO3)s®> <« Fe¥* +3C0s% , log K= -24.24
Fe(OH)s (am) + 3H* <> Fe** + 3H,0, log K= 2.54
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Table 13: Percentage of iron species in solution in the studied samples.

Stations FeCO3(OH) Fe+2 Fe(CO3) ea) | Fe(OH)s (g

(%) (%) (%0) (%)
Bafio chico 93.5 5.9 0.6 0.002
Bafio chiquillo 98.4 1.2 0.3 0.003
Barranco Grande 92.2 7.1 0.6 0.002
Cafiada Real 94.0 5.3 0.7 0.001
Chorro Glicerio 98.9 0.7 0.3 0.001
Chorro Villa Elena 92.8 6.5 0.7 0.001
Fontecha 1 79.2 19.9 0.8 0.002
Fontecha 2 775 21.7 0.9 0.002
Fontecha 3 93.9 5.5 0.6 0.002
Fontecha 4 75.9 23.2 0.8 0.002
Hervidero Nuevo 83.0 16.2 0.7 0.003
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Fig. 46: pH-Eh diagram of the aqueous speciation of iron considering the pCO, found in shallow
groundwaters in Campo de Calatrava.
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Fig.47: Fe(OH)s3(am) saturation indexes (SI) trend calculated using the sampled and calculated
pCO:> compared with the theoretical values obtained excluding the formation of Fe(Ill) carbonate
complexes.

The source of iron in the Campo de Calatrava shallow CO»-bearing groundwaters is likely
the iron(III) oxihydroxides in the aquifer host rocks, which are widespread in sedimentary
rocks. A numerical model of a gas-water-rock reaction supports such hypothesis. The
impact of pH, CO; pressure and iron solubility increase was simulated using PHREEQC.
1 mol of COx(g) has been progressively added, in steps of 1x107 moles, to an aquifer
with the initial chemical composition of the water “mar-09” from the regional aquifer
(Table 4 above). The aquifer is considered in equilibrium with Fe(OH)s (am) and to
account for the potential variability in the solubility product of Fe(OH)s; (am), a range of
Log K has been considered (Log K =4, 3.5,3 and 2.2 r espectively). T he numerical
simulation has been compared with the data c ollected from the C Oz-bearing wa ters,
assuming the sampled CO; pressure. The results indicate that the intrusion of CO2 gas
can account for the observed pH and CO: pressure even assuming a significant loss of

accuracy in sampling due to the bubbling during the water and gas collection (Fig. 48).

Concerning the iron re lease and solub ility, the sim ulation re sults show that most
measured [Fe] can be explained by the dissolution of Fe(III) solids due to the inflow of
COa(g) (Fig. 49). Again, the role of aqueous Fe (III) carbonate complexes is essential to
reach the observed iron concentrations since the decrease in pH is not sufficient (see green

dashed line in Fig. 50).
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Fig. 48: Predicted increase of pCO: and decrease in pH in an aquifer as a response of CO: gas
intrusion. Blue triangles are the data from Campo de Calatrava CO,-bearing sampling stations.

1.0E+0

1.0E-1 +

1.0€-2 + —ferrilwydrite_4

= ferribpdrite_3.5
o 1.0E-3 —fwrribydrite_3
=
_'.ﬂ- ferribydrite_2,17
_E 10E-4 4 +===ng_farriydrite
—
[ —no complexes
Me  10E5 1
& Sarmpled Poents_pCO2 Phreegl

1.0E-6 1

1.0E-7 +

1.06-8 1 . ; — ; . ; ; ; .

2.5 -2 -1.5 -1 0.5 0 0.5 1 L5 2

pCo2 (bar)

Fig. 49: Predicted concentration of iron from Fe(OH)s(am) (ferrihydrite in the label) dissolution
due to the intrusion of COx(g). Lines are the reaction path considering different Fe( OH)s3(am)
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Fig. 50: Predicted concentration of iron from Fe(OH)s(am) dissolution due to the intrusion of
CO4(g) vs. pH. Lines are the reaction path considering different Fe(OH)s(am) solubility products
(Ksp= 4, 3 and 2.17, respectively). Dashed line corresponds to the simulation with no
consideration of aqueous Fe(l11) carbonate complexes. Iron concentration and corresponding pH
of sampled shallow groundwaters in Campo de Calatrava are included in the plot for comparison.
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Fig. 51: pH-Eh diagram of the aqueous speciation of Mn considering the pCO, found in shallow
groundwaters in Campo de Calatrava.
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Manganese is also released in shallow aquifers in Campo de Calatrava. According the

existing thermodynamic data, the speciation of Mn in fresh, oxidising waters is essentially

as Mn?". In CO»-impacted aquifers, the formation of MnCOs(aq) is enhanced (Fig. 51).

In the studied waters, carbonate aqueous Mn species are in the same order of magnitude

as free Mn**, being predominant is some samples up to 75% of the dissolved Mn (Table

14). The solubility of Mn is limited by the precipitation of MnCOs(s) (rthodocrosite) as

suggested by the SI of these samples; Mn oxides and hydroxides are significantly much

soluble.

Table 14: Percentage of Mn free cations and aqueous carbonate species in the
studied samples. Saturation indexes of the solubility -limiting phase (rhodocrosite)

are also listed.

S| rhodocrosite

2+ .
Stations Mn MnCOs MnHCO: (MnCO3)
% % % %
Bafio chico 56.6 37.7 4.1 -0.59
Bafio chiquillo 343 61.1 3.6 -0.51
Barranco Grande 57.9 333 4.0 -0.44
Cafiada Real 48.2 41.3 9.5 0.97
Chorro Glicerio 236 70.8 4.4 0.38
Chorro Villa Elena 55.3 38.5 5.1 -0.44
Fontecha 1 70.1 18.8 3.4 -0.93
Fontecha 2 704 17.8 3.4 -1.00
Fontecha 3 534 36.1 3.9 -1.14
Fontecha 4 74.0 17.1 3.2 -0.87
Hervidero Nuevo 724 20.8 3.0 -0.79
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The trace metal contents from the analysis of the CO-bearing fluids reveal a clear
enrichment mainly in Zn, Co, Ni, Cu and, in a minor extend, U. Unlike Fe (I1I), whose
enhanced concentration is a combination of release from the iron minerals and the
formation of soluble Fe(l11) aqueous carbonate complexes, the high concentration of these
trace metals seems to be only related to a dissolution of the their source, i.e., Fe(OH)s.
Considering the aqueous species for Co and Ni included in Thermochimie v.9 database,
and Minteg-v4 (U.S. Environmen tal Protection Agency, 1998) for Zn and Cu (since Cu
and Zn carbonate and hydrolised species are not defined in Thermochimie v.9). This is
the reason behind the selection of Minteg-v4., the impact on transport of the formation of
aqueous metal carbonate complexes is less relevant, and divalent free cations are much
predominant for Co, Ni and Zn (Table 15). In contrast, Cu carbonate species are

predominant in some samples.
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Table 15: Percentage of Co, Ni, Cu and Zn free cations and aqueous carbonate species in the studied samples.

Co? CoHCOs* Ni NiHCO3* Cu* CuCOQOs CuHCOs" Zn?* ZnHCO3*
Stations
% % % % % % % % %

Bafio chico 75.1 22.3 88.4 8.5 38.1 47.0 9.4 85.6 10.6
Bafio chiquillo 67.9 29.3 84.7 11.8 20.6 68.2 7.4 80.3 145
Barranco Grande 74.0 20.6 85.8 7.7 38.6 42.1 9.2 83.4 10.0
Cafada Real 63.4 29.6 79.1 11.9 27.4 43.7 11.0 75.5 15.3
Chorro Glicerio 54.2 41.8 75.7 18.9 12.9 72.6 8.7 68.9 23.3
Chorro Villa Elena 71.1 26.8 86.9 10.6 35.9 46.6 115 83.4 134
Fontecha 1 75.3 14.9 83.2 5.3 46.6 23.7 7.9 82.1 7.0
Fontecha 2 75.1 147 82.8 5.3 46.8 22.4 7.9 81.7 6.9
Fontecha 3 70.0 20.7 80.9 1.7 32.7 41.1 8.1 78.7 9.8
Fontecha 4 79.1 13.9 86.8 4.9 53.3 22.9 7.8 85.6 7.2
Hervidero Nuevo 81.0 13.8 89.1 4.9 52.3 28.4 7.5 87.7 6.3
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5.7 DISCUSSION:

The impact of CO» solubilisation on metal transport has been a topic thoroughly studied
in the last decade due to the intention of store this greenhouse gas underground. A
complete literature review on this topic has recently been performed by Lions et al.
(2014). In general, most lab and field studies agree that iron and manganese are easily
mobilised when an aquifer is impacted by CO., already dissolved in water or as
supercritical gas in the storage formation (Kharaka et al., 2010; Trautz et al., 2013; Lu et
al., 2010; Little and Jackson, 2010; Humez et al., 2013). However, there is still some
debate on the driving processes of this metal mobilisation. Acidification is commonly
invoked as a releasing and transport mechanism (Kharaka et al., 2009). Another proposed
metal-releasing mechanism is the ascent of low-Eh, deeper fluxes and subsequent
displacement of native, oxidising fluids, leading to, e.g., the reduction of Fe(III) to a more
mobile Fe(Il) form (Hem, 1985; Yardley et al., 2003; Kharaka and Hanor., 2007;
Birkholzer et al., 2008; Keating et al., 2010). Finally, the occurrence of minor gases in
the gas mixture such as CH4 or H2S may favour the development of microbially-driven
reactions causing metal reduction (McMahon and Chapelle, 1991, 2008; Lions et al., 2014

and references therein).

The chemistry of the shallow groundwaters affected by COz(g) fluxes in Campo de
Calatrava reveals that none of the above mechanisms is the main driver for metal release
and solubilisation, since (1) all of them have circumneutral pH (close to 6), (2) they have
oxidising Eh, and (3) the gas flow is almost pure CO: and free of “reducing” minor gases.
The measured pH is likely controlled by the dissolution of gas into the shallow aquifer
rather than mineral dissolution, as supported by numerical thermodynamic calculations,
but gas fluxes are not intense enough to cause very acidic (pH<4) plumes in the affected
aquifers. Geophysical profiles reveal that gas mixes at shallow depths with groundwater
and part of this gas directly flows to the atmosphere. However, the suspected short
interaction time between gas, water and host rocks is enough to dissolve iron hydroxides
and form plumes of iron and other trace metals. The source of these trace metals are likely
the iron hydroxides themselves since these minerals present charged surfaces where trace
metals are immobilised by sorption. The lack of correlation between the concentration of
iron and these metals could be found in the variable composition of the surface sites in

the sampling stations.
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Although part of the metal load precipitates back as colloids if some degree of degassing
occurs, the metal concentration is still much higher than expected for circumneutral,
oxidising waters. Therefore, the role of aqueous Fe(Ill) carbonate complexes becomes
crucial for the persistence of this metal content in solution. In the samples studied in the
Campo de Calatrava area, the theoretical impact of iron mobility calculated from
laboratory experiments is well proved, and, contrary to the current opinion in the scientific
community, the impact of CO> fluxes into shallow aquifers leading to relatively low CO>

pressure is very significant and worth taking into consideration in the risk assessment.

Manganese is usually reported to be mobilised along with Fe in CO; injection test in
aquifers. Interestingly, the role of carbonate complexes in Mn mobilisation is quite
different from iron: at high pCOy, a significant part of dissolved Mn predicted to be found
as MnCOs(aq) but, in turn, the solution is approaching the equilibrium with solid Mn
carbonate. Therefore, the competition between the formation of soluble Mn carbonates

and the precipitation of solid MnCOs3 controls the solubility of Mn in these aquifers.

The general consensus on the release of Fe and Mn is not shared for other trace metals
since the reported data shows a disparity of sets of metals released either in laboratory or
from field tests (see review in Harvey et al., 2012). According to the analysis performed
in this work, the formation of trace transition metal plumes in COz-impacted shallow
waters is basically related to the occurrence of such metals in surface sorption sites in
solid Fe(OH)s3, and their transport is eventually controlled by the precipitation of solid
carbonates, in a similar way as Mn. In the studied samples in Campo de Calatrava, the
thermodynamic calculations predict that these waters are far from the equilibrium with
these carbonates (more than 2 orders of magnitude below the saturation) suggesting that
the concentration of these metals is actually related to the source rather than to the
transport. Their solubilisation is, then, maintained as long as the aquifer system keeps

Fe(OH)3 undersaturated.

Compared to results from literature, it is remarkable the similarity with the experimental
data from Little and Jackson (2010), obtained from the same pH range. In both datasets,
the trace metals with a significant increase are the same, i.e., Fe, Mn, Zn, Co, Ni, Cu and

U. Only barium has not found to be mobilised in the present work.
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5.8 CONCLUSIONS:

The CO: (g) flows into shallow aquifers cause severe changes in shallow, fresh aquifer
chemistry since lead to the release and solubilisation of metals, mainly Fe and Mn but
also of a set of many other metals in minor or trace amounts. In most cases, such amounts
are not acceptable in terms of water consumption. The persistence of these metal plumes,
which is crucial in the risk assessment studies of CO> underground storage, is under
debate since subsequent water-rock interaction may lead to a decrease of acidity and, in
turn, the metal load is then back to the rock. However, the observations from this work
reveals that such persistence is clearly enhanced due to the formation of aqueous Fe(III)
carbonate complexes, which has not been considered in the past in the risk assessment of
the impacts of CO> (g) flows into shallow aquifers. These complexes modify the water-
rock equilibrium in the aquifer forcing the dissolution of Fe(OH)3, and, in turn, the release
of the sorbed trace metals. These trace metals are dissolved with amounts lower than those
necessary to precipitate pure metal carbonate and they are predicted to persist until they
sorbed again in iron hydroxides. Consequently, the formation of iron carbonate
complexes can be considered as the main driver of metal transport in the CO»-impacted

shallow aquifers.
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é Objective 3:

Assessment of the use of metal concentration changes
as an early detection tool of low-intensity leakage from

CO; storage
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Article 3: Use of diffusive gradients in thin films (DGT)
as an early detection tool of low-intensity leakage from

CO; storage

Marco Agnelli?, Fidel Grandia?, Anthony Credoz?, Andrea Gasparini®, Jordi Bruno?¢

aAmphos 21 Consulting S.L., Barcelona, Spain
b |stituto Nazionale di Geofi sica e Vulcanologia (INGV), Rome, Italy

¢Fundacion Ciudad de la Energia (CIUDEN), Ponferrada, Spain

Abstract:

Diffusive gradients in thin films (DGT) have been tested in CO»-rich, metal-bearing fluids from
springs in the Campo de Calatrava region in Central Spain, to assess their applicability as a
monitoring tool in onshore CO2 storage projects. These films are capable of adsorbing metals and
recording changes in their concentration in water, sediments, and soils. Considering that CO-
dissolution promotes metal solubilization and transport, the use of these films could be valuable
as a monitoring tool of early leakage. A number of DGT have been deployed in selected springs
with constant metal concentration. The studied waters show high concentrations of Fe, as high as
1x10* pg-L*, Ni, Co, Zn, Cu, and Mn. Comparing re-calculated metal concentration in DGT with
metal water concentration, two different metal behaviors are observed: (i) metals with sorption
consistent with the metal concentration (i.e. plotting close to the 1:1 line in a [Me]DGT:
[Me]water plot), and (ii) metals with non-linear sorption, with some data showing metal
enrichment in DGT compared with the concentration in water. Metals in the first group include
Fe, Mn, Co, Ni, and U, and metals in the second group are Zn, Pb, Cr, Cu, and Al. From this
research, it is concluded that the metals in the fi rst group can be used to monitor potential leakage
by using DGT, providing effective leakage detection even considering low variations of
concentrations, episodic metal release, and reducing costs compared with conventional, periodic
water sampling.

© 2013 Society of Chemical Industry and John Wiley & Sons, Ltd

Keywords: Campo de Calatrava; COz storage and leakage; DGT; metal leakage; metal transport;
trace metals.

Scientific journal: Greenhouse Gases Science Technology. 1-13 (2013); DOI: 10.1002/ghg
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6.1 INTRODUCTION:

The capture and the storage of CO: in deep subsurface reservoirs is one of the options
currently being considered to mitigate the rising anthropogenic greenhouse gas (GHG)
concentrations in the atmosphere (European Commission, 2013). The site selection of CO2
storage reservoirs must be accurate enough to minimize the risks to human health and the
environment (Rempel et al., 2011; Zheng et al., 2011). However, even considering a thick,
impervious seal formation, the possibility of leakage via preferential pathways (fracture
or wells) cannot be completely ruled out, and its early detection is essential to avoid major
impacts. In this respect, the changes in the geochemistry of shallow groundwater may
provide evidence of CO> intrusion in such aquifers. These changes can be promoted by
the chemical interactions between the CO, and shallow groundwater, leading to the
dissolution, mobilization, and re-precipitation of metals and metalloids (Czernichowski-
Lauriol et al., 2006; Kharaka et al., 2006; Kharaka et al., 2009 ; Wigand et al., 2008; Fisher et
al., 2010). In principle, the metal transport capacity of CO-bearing fluids in shallow
aquifers should dramatically decrease as pH increases due the buffering with aquifer
rocks and also due to the relative high Eh favoring very low iron solubility. However, the
Fe(I11) solubility in CO2-bearing fluids can be significantly increased due to the formation
of Fe(lI11) carbonate complexes that are stable at circum-neutral pHs, and, therefore, being
more persistent in time and space in the geological media (Grivé et al., 2013). The
experimental results match observations in natural systems, where high Fe(lll)
concentration can be found under oxic, circum-neutral solutions where iron concentration
is up to 3 orders of magnitude higher than that expected in CO2-free solutions (bruno et
al., 2009). The enhanced solubility of Fe(l11) has an additional and unwanted side effect:
the inhibition of the precipitation of Fe(OH)z(am), which is the main sink for many trace
and minor elements in shallow aquifers. Then, CO2-bearing solutions are particularly rich
not only in iron but also in many other metals and metalloids, increasing the pollution
impact of affected aquifers. The Fe(OH)s inhibition is gone due to CO> degassing related
to fluid ascent to surface, and eventually part of all these metals may be precipitated back
into solid phases but still some of the metal load is under solution. Monitoring of metal
contents in shallow aquifers can, therefore, be valuable in the early detection of failure of
containment of a CO; storage site because the concentration of all these metals in shallow
and surface waters is commonly very low, and tiny changes in such a concentration could

be indicative of early leakage.
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DGT have long been used as recorders of ion pollution in waters, soils and sediments
(Zhang et al., 1995).

They are commonly used to detect changes of metal concentration through time.
Recently, Ardelan and Steinnes (2010) and Ardelan et al. (2012) used DGT to record the
increase in metal concentration in CO2-seepage chamber as a test of potential impact of
CO:. leakage on seafloor in off shore storage. Their results show that many metals were
remarkably increased in their concentration after CO> dissolution in seawater, especially
U and Ce, whose dramatic increase permits the use of these metals as chemo-indicators
for CO2 seepage. They concluded that the enhanced Fe, Co and Mn can also be used as
supportive chemo-indicators for a possible CO> seepage in oxic waters. In this paper,
DGT have been tested in CO-rich, metal-bearing fluids from shallow aquifers and
springs in the Campo de Calatrava region in Central Spain, to assess its applicability as a

monitoring tool in on-shore storage projects.

6.2 DIFFUSIVE GRADIENTS IN THIN FILMS (DGT)
METHODOLOGY

Diffusive gradients in thin films (DGT), developed in Lancaster University in 1993, are
devices capable of accumulating dissolved substances and provide the in situ
concentration at time of deployment, measuring trace metals, phosphate, sulfide and
radionuclides in waters, soils and sediments. When deployed in water, DGT measures
labile species. DGT consist of a plastic base (2.5 cm diameter) loaded with a resin gel, a
diffusive gel, and filter, and then the plastic top securely push fits over it to leave a 2.0
cm diameter window. The mouldings have been designed to accommodate a 0.4 mm
Chelex resin gel layer, 0.8 mm diffusive hydrogel layer and 0.135 mm filter (0.45 pm)
(Fig. 52).

The simple plastic DGT is deployed for a known time and then the mass of metal on the
resin layer is measured after elution with acid by, for example, AAS or ICP-MS. DGT
devices have usually been deployed by simply suspending them from a rope or string.
Above a low threshold value, the measurement is independent of solution flow. DGT has
been deployed in situ in rivers, lakes, estuaries, and the deep sea. Its in-built pre-
concentration gives it excellent sensitivity (10-12 mol-L™) and avoids contamination

problems. DGT can be kept under water from hours to several weeks, depending on the
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metal concentration of water and the potential metal saturation of the Chelex resin. While
Chelex is a robust and tolerant resin, it works very well in the pH range of 5 to 9 for most
metals. Below or above these values the resin is prone to modify its physical
characteristics. For Cu, the resin operates effectively over a broader range of 2—-11.

DGT provides time-averaged concentrations that are ideal for regulatory monitoring. In
water, the determination of the average concentration Cpct of each metal given by DGT
device, and the mass m of each metal adsorbed in the Chelex resin, are calculated from
eq (6.1):

mxA ; Vano3 XV gel
229 with m = Ce X (Vinosx Viger) (6.1)
DXtxA fe

Dper =
where Ag is the thickness of the diffusive gel plus filter (0.8 mm plus 0.14 mm
respectively), D is the specific diffusion coefficient in the diffusive gel for each metal at
the sampling temperature (m?-s™%), t is the duration of deployment, A is the area of
exposure (3.14 cm?), Ce is the concentration in the 1.0 M HNOj3 elution solution, VHNO3
is the volume for acid elution (average of 1 mL), Vgel is the volume of gel (0.15 mL), fe
is the elution factor (0.8). The diffusion coefficient D used for each metal was selected as
a function of the sampling point temperature and are those recommended by DGT
Research Ltd. (2003) (Table 16).

Table 16: Diffusion coefficients (D, x10-¢ cm2 s7) for each studied elements in the
T range between 10 and 27 °C.

Temp D (10% cm?/s)

°C Al Cr Mn Fe Co Ni Cu Zn Cd Pb U
10 3,04 3,23 3,74 3,91 3,80 3,70 3,99 3,89 3,90 5,14

12 3,25 3,45 4,00 4,18 4,06 3,94 4,26 4,15 4,16 5,49

13 3,35 3,56 4,12 4,31 4,19 4,07 4,39 4,29 4,30 5,67

14 3,46 3,67 4,26 4,45 4,32 4,20 4,53 4,42 4,43 5,85

15 3,57 3,79 4,39 4,59 4,46 4,33 4,68 4,56 4,57 6,03

16 3,68 3,91 4,52 4,73 4,60 4,47 4,82 4,70 4,72 6,21

17 3,79 4,03 4,66 4,87 4,74 4,60 4,97 4,85 4,86 6,40

20 4,14 4,39 5,09 5,32 517 5,02 5,42 5,29 5,30 6,99

25 4,75 5,05 5,85 6,11 5,94 5,77 6,23 6,08 6,09 8,03 -
27 5,01 5,32 6,17 6,45 6,27 6,09 6,57 6,41 6,43 8,47 6,41
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Fig. 52: Schematic drawing of DGT device (left) and deployment in CO.-bearing spring (right).

6.3 CO2 LEAKAGE SCENARIOS

Assuming that CO> dissolution and metal release is fast, the periodic collection and
analysis of a particular well close to the intrusion point should yield different results if
inputs of CO- react with the water aquifer (Fig. 53).

In a steady state the composition of water remains the same during the passing time,
without significantly variation in terms of chemical composition and metal concentration.
At the contrary, in the case of a constant leakage, the concentration of metals increase
linearly with the increasing of time (brushed line), while in case of a pulse, the raise is
strictly associated to the pulse event with the concentration in water that grows instantly
at the beginning of the pulse to decrease later reaching the initial concentration until a
new event takes place.

These different scenarios produce different responses in terms of metals mass sorbed into
the DGT resin gel.

In fact in a “no intrusion” state, from the positioning to the collection, the DGT resin
records a linear increase of the mass sorbed during the sampling time, with a slope that is

directly related with the metal concentration in water (Fig. 54).

118




s
m
E‘ LEAK AGE BY
1= CONSTAMT PULSE
g LEAKAGE
E R
g "t
t : ]
e

E O LEAKAGE | —
= k. g—
g _ o g o
™ |
) = = A 4

Time

Fig. 53: Different scenarios of CO: leakage.

A similar trend is recorded when a constant leakage take place, with the mass of the
sorbed metals that grows in time but, in this case, as a function of the increasing of the
metals concentration in water (Fig. 55). In case of leakage by pulses the mass sorbed in
the DGT resin gel show a particular trend. As shown by diagarams (Fig. 56), until that
the first pulse takes place, the DGT resin sorbs metals with a slope depending on the
original concentration in water, like in a no-leakage event. When the first pulse arrives,
the slope representing the mass of metals sorbed in the resin increases for the increasing
of the metals concentration in the water. As the pulse ends, the DGT follows to sorb
metals with the same slope of the beginning but recording the rise of the mass caused by
the pulse event. By the conversion from mass of metal sorbed in DGT resin gel to average
concentration Cper (eq.1) it could be noted that,in case of a steady state, the metal
concentration determined in water samples is equivalent to that sampled using the DGT
device, and the comparison between the two concentrations gives a straight line with
slope 1. Instead, in case of leakage by pulses, the metal concentration determined in water
samples would be lower than the DGT ones and this results in a straight line characterized
by aslope >1.So, by the comparison between the metals concentrations in water and
DGT is possible to mark the presence (slope >1) or not (slope =1) of a metal leakage
during the time, thanks to the capacity of DGT to record these events that wouldn’t be
recorded or only partially observed by a periodical water sampling carried off in time
(Fig. 57). The use of DGT is intended to reduce costs of sampling and to avoid missing

metal release episodes (Fig. 58).
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Fig. 55 Constant leakage scenario. The slope depend on the increase of metal concentration in
water during the time.
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Fig.56: Evolution of the mass of metal sorbed in DGT deployed in a well close to a CO; intrusion
point in the three scenarios discussed in the text and illustrated in Fig. 53.
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Fig.57: [Me] sorbed in DGT per liter of water vs. [Me] in water plot. Potential leakage will yield
data plotting above the 1:1 line.
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Fig. 58: Example of expected metal release from water-rock interaction as detected in a well
close to a CO; intrusion point considering an episodic intrusion and a constant intrusion.
Numbers refer to a periodic sampling that misses the detection of the metal release episodes.

6.4 VALIDATION OF DGT IN NATURAL ANALOGUE OF CO:
SEEPAGE

The use of DGT to detect early leakage in commercial storage has been tested in natural
CO3-bearing, metal-rich groundwater in the Campo de Calatrava region in Central Spain.
The objective is to quantify the sorption behaviour of a number of metals in DGT resins
compared to the corresponding concentration in water. This must help to the selection of
those metals showing an almost ideal behaviour, i.e., 1:1 relationship in a time-averaged
[Me]oat/Lwater VS [Me]water/Lwater plot (Fig. 57), that can be latter used in a monitoring
campaigns in commercial storage. In the Campo de Calatrava region, CO; intrusion from
mantle in shallow aquifers leads to significant changes in the chemistry of the water in
terms of metal content. The metal concentration of these fluids can be considered
stationary (e.g., no significant changes through time are expected in the fluid chemistry)
in individual sampling point, at least in the sampling period. Interestingly, concentration
gradients have been observed in these aquifers and a relatively large difference in the
metal concentration is measured between sampling points. The reason behind such
gradients is likely related to the channelled nature of the CO2 migration and to particular
geochemical reactions at the sampling sites.

The deployment of DGT and monitoring of trace metals have been studied in nine
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sampling stations in the Jabalon river basin, in the Ciudad Real province (Fig. 59).

All stations, except one corresponding to the Jabalon river bed, are CO2-bearing springs.
Before deployment DGT devices were preserved in the fridge in a plastic bag filled with
deionized water to avoid drying. Under these conditions, they have an optimal life of 6
months. During the field campaign, they were taken out from the bag, disposed and kept
with a nylon string deep in the sampled spring. They were deployed from 24 hours (CO-
bearing springs) to 30 days (river bed and station 9). After collection, DGT surface was
washed with deionized water, disposed in the original bag and preserved in the fridge
until the laboratory treatment and analysis. Chelex resin was submerged 24 hin 1 M
Suprapur HNO3z solution to desorb metals. The mass of metal on the resin layer were
measured by ICP-MS.

In parallel to DGT withdrawal, sampling of spring and river water was performed in the
same sites. Since CO> degassing at springs leads to formation of Fe(lll) oxyhydroxide

colloids, special care was taken in collecting colloid-free samples using 0.1um filters.

421864 434816
4301296 . - - . 4301208

4291928 4201560
421880 A34672

Fig. 59: Location of sampling stations in the Jabaldn river basin in the Campo de Calatrava
region. Red lines are major fracture zones.
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6.5 RESULTS

Metal ratios are quite similar of the nine stations of Jabalon basin for both water and DGT
in spite of their different ranges of concentration (Table 17). Metal concentration in the
Jabalon River (point 8) and in the Chorrillo site (point 9) are one order of magnitude
lower than the CO»-bearing springs since they are much more diluted waters in spite of
the continuous metal release due to CO> degassing.
Sampled spring waters are slightly acidic with pH in the range of 5.4 to 5.9. Water from
Jabalon River has a pH of 8.16. Electrical conductivity is above 1000 pS-cm in all the
springs except in sampling point 9, reaching values above 2000 uS in points 1, 2 and 3.
The collected samples contain high Fe concentrations, up to 1x10* ug-L* (5.8 x 104 mol
- LY (Table 17). The concentration in sample 5 only reaches 60 ug-L™ (1.0 x 107° mol
- L1). This value is not consistent with the whole chemistry of the sample, and it is
concluded that some error occurred during analysis.
River water (sample 8) has a lower concentration (180 pg * L™, 3.2 x 10 mol - L™).
The redox state of these waters is quite oxidizing and Fe is found under its ferric form.
Then, considering the low solubility of Fe(lll) in CO2-free waters, the elevated Fe
concentration in these samples illustrates well the role ofaqueous Fe(lll) carbonate
complexes.
The studied samples also show high concentrations of Ni (up to 60 ug - L%, 1.1 x 10°°
mol - L), Co (upto24 pg - L1, 4.1x10"mol - L), Zn(upto 157 ug - L1, 2.4 x 10°
®mol - L), Cu(upto22 pg - L%, 3.4x10 " mol - L), and Mn (uptolmg - L%, 1.8
x 10° mol - L™).
In river sample, the concentration of all these elements is at least 1 order of magnitude
lower. On the other hand, metals such as Pb, Cr, U (Table 17), and metalloids (As) do not
show elevated concentrations. Comparing re-calculated metal concentration in DGT
(from eq. 6.1; Table 17) with metal water concentration, two different groups of metals
are observed (Figs 60 and 61): (i) metals with sorption close to the ideality (plotting close
to the 1:1 line) or with lower sorption, and (ii) metals with non-linear sorption, with some
data with [Me]DGT: [Me]water >1. Metals in the first group include Fe, Mn, Co, Ni and
U (Fig. 60). Metals in the second group are Zn, Pb, Cr, Cu and Al, with most data showing

‘excess’ of sorption compared to the concentration in water (Fig. 61).
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Table 17: Metal concentration in the samples from the Campo de Calatrava CO:-bearing springs and in DGT devices after collection.

All concentrations are ug 1-'.

Ref Temp pH Conductivity Depth DGT/ Al Cr Mn Fe Co Ni Cu Zn Pb U
(°C) (uS) (m) Water (ugl™?) (pgL™) (ugl™) (gLh (ugl™) (gLlh) (gLl (ugl™) (wgl™) (ngLh
Detection limits 2 0.5 0.1 10 | 0.005 03 0.2 05  0.01 _0.001

1 17 | 50 2170 005 DGT 47868 459 20432 63276 595 2583 1011 6568 061  0.29
Water 1230.00 6.40 803.00 32400.00 19.20 59.60 21.80 157.00 3.96  0.61

2 13 | 59 2300 005 DGT 61582 503 25852 409961 7.66 2465 531 3618 068 001
Water 66.00 4.50 745.00 >10000 1220 40.50 3.40 1020 0.03  0.04

3 1 | s 2250 01 DGT 68199 583 21974 13734 489 2833 472 5432 078 021
Water 12.00 3.80 349.00 190.00 6.88 3920 240 2230 0.03  0.29

4 16 | 57 1216 00s DGT 55713 477 459.24 423474 1374 3487 425 9477 063  0.16
Water 204.00 3.00 973.00 >10000 2240 53.80 150 81.10 0.07  0.67

5 s | ss 1733 0p DGT 60890 648 51645 4769.96 1560 4015 1074 7088 067 022
Water 70.00 4.10 841.00 6860.00 18.30 43.30 1.80 73.60 0.06  0.30

6 14 | 61 1429 o5 DGT 64503 623 52471 12236 1888 5804 409 16321 071 025
Water 27.00 290 693.00 60.00 23.60 63.80 1.10 5560 0.06  0.35

7 14 | 58 1421 005 DGT 62336 515 44533 837271 2165 5498 19.78 10668 072  0.19
Water 53.00 4.70 763.00 8760.00 2430 5670 290 63.50 0.17  0.25

8 0 | a1 1244 o5 DGT 2302 021 5017 17330 066 0.65 040 201 003 016
Water 4.00  4.00 7890 180.00 056 690 370 3.80 0.05  3.98

9 17 | 54 960 05 DGT 3040 015 225 4.85 018 111 024 262 005 0.29
Water 38.00 4.00 3320 40.00 048 10.70 1.10 1280 0.09  0.33

Blanc 15 - - - DGT 55650 443 585 6460 005 228 3.59 39449 0.77 0.0002

125




[Feloer (Ha-L7)

[Mn]per (Hg-L7)

10000

1000

100

10

1000

a00

600

400

200

+"h A3
> AS
=15
o
a8

A

10

100
[FE] water (H9-L7)

1000 10000

’ @1
’ |2
a3
&4

A AS

o6

. ':.l _|'r

o8

A8

200

400 00
[Mn],ater (Mg-L7)

800

126




@1
m:z

&8
AG

[=F I~ o U R -5 B
d ® 4 @ O
O
O
\ ]
\
5\
\
9
\
\
N
L
+» B
\
\
“
(e N | i I s |

(,1-6) 199 [oo)]

30

25

20

15

10

[Co] water (I—lg'L'1}

@1
[
A3

|:I_|||I
6 T
Al

70

<+ I ©
* = @
@
@
5
LY
b
* ‘-
%
p’
%
%
%
A
h
o o 9o o
n T Mmoo

(,-1-6r) 199|N]

o

20 40 50 =11] 70
[Ni] yater (HO-L")

10

127




[Ulper (ML)

1
-
”
-
<
P
0.8 =
-
-
#
-
06 -
rd
Fa
-
-
04 =
#
&
- D @
s
0.2 PR ®
-
B -
'
o
0.0 02 04 05 K 1.0

[U] water (ug-L7)

@1
mz
A3
4
=5

@6

Fig. 60: [Me] sorbed in DGT per liter of water vs. [Me] plot in water corresponding to Fe, Mn,
Ni, Co and U, in samples collected in the Campo de Calatrava region. These metals show typically
data plotting below the 1:1 line. Symbol numbers are the sample station.
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Fig. 61: [Me] sorbed in DGT per liter of water vs. [Me] plot in water corresponding to Al, Cr,
Zn, Pb and Cu, in samples collected in the Campo de Calatrava region. These metals show most
data plotting above the 1:1 line. Symbol numbers are the sample station.

6.6 DISCUSSION:

The use of DGT for c onventional surface moni toring in the influence area of CO2
geological storage is apparently cost-effective for operators and regulators.

Considering one-year long monitoring campaign, DGT could be deployed during acouple
of times with water sampling at each de ployment and collection time. In contrast, a
traditional monitoring campaign of periodic water sampling is much more expensive in
both sample analysis and field work, and less reliable for detecting slight changes in metal
contents.

A strong point of DGT films is their capacity to bear tough environmental conditions (e.g.
intensive rainfall and water level increase inriver and lake, biological activity). However,
the sorption of metals in DGT could not be complete due to a number of processes and
this is something to take int o consideration during moni toring and in the data
interpretation. It is worth mentioning that DGT Chelex resin is selective for labile species

that form inorganic complexes or small organic complexes (Davison and Zhang, 1994).
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Large organic complexes diffuse differently through the resin and their presence may
underestimate the calculated amount of metals in solution.

It is also remarkable the effect of colloid formation, which can reduce the sorption of
mainly Fe and Mn in DGT, since particles larger than 0.45 um will be excluded. In
addition, all metals sorbed onto colloids cannot pass through the filters. However, the
impact of colloid formation is minimized if a [Me]DGT/Lwater vs [Me]water/Lwater plot
is used, since water collection also include colloid retention in filters. The formation of
biofilm growth on DGT device can limit metal retention. Dunn et al. (2003) observed that
DGT labile metal concentrations could be 3 to 5 times below the concentrations of 0.45
um filtered samples for some elements such as Ni, Pb, Cu and Zn.

They suggested that biofilm growth on DGT could act to increase the thickness of the
diffusive path-length above that estimated, which would mean that DGT labile metal
concentrations calculated are proportionally underestimated. In the time of DGT exposure
(24 h to one month) in the studied springs, biofi Im did not significantly grow to have a
significant retardation effect on metal diffusion into the monitoring device. Operators
would have to adapt the time of exposure of DGT to potential biofouling effect in
backwater.

From the monitoring perspective, the limitation of DGT resins seems to be, thus, the
behavior of the metal sorption depending on the metal speciation in the studied waters.
The results from the tests in Campo de Calatrava suggest that some metals (Fe, Co, Ni,
and U) are basically transported as labile inorganic forms and they are almost fully
adsorbed in the DGT, as revealed by the [Me]DGT/Lwater vs [Me]water/Lwater ratios
close to 1. For these metals, data plotting far below 1:1 line suggest problems with
clogging of the DGT filters or metal uptake by mineral precipitation prior to the sorption
in the DGT resin.

This could be the case of sample 1 since DGT is always much depleted in any metal.

In contrast, other metals (Zn, Pb, Cr, Al) show large discrepancies between the measured
and expected metal sorption in DGT, with [Me]DGT/Lwater vs [Me]water/Lwater ratios
typically higher than 1.

The reason behind such discrepancies is not clear and commonly proposed hypotheses
are not conclusive,

First of all, the formation of colloidal particles could overestimate the metal concentration
in DGT. In this work, two different filters have been used for DGT and for filtering the

water samples, 0.45 and 0.1 um, respectively. Therefore, some colloid-borne metals can
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be retained and analyzed in DGT and excluded from the water collection. However, since
most colloids in the studied samples seem to be Mn-, Fe-oxyhydroxides, the
overestimation of metals in DGT should also be seen for iron and manganese, and also
for other trace metals sorbed in their surfaces (including U, Ni, and Co), which is not the
case. For Al, the presence of clay colloids could account for the excess in the DGT, since
these minerals are abundant in the precipitates around the COz-rich springs.

Another hypothesis to explain preferential metal sorption on DGT could be a variable
metal concentration in water through sampling time (up to one month) due to, for
example, dilution in the aquifer.

However, this variability also should be seen in all metals. The formation of carbonate
mineral precipitates inside the DGT device which could be also dissolved during the
laboratory treatment could account for the data for Zn and Pb since calcite may uptake
these metals in its lattice. Nevertheless, calcite can also fix metals with similar
geochemical properties, i.e. Co and Ni, which are not enriched in excess in the DGT

analysis.

6.7 CONCLUSIONS:

The enhanced metal transport due to CO- dissolution makes the changes in metal contents
in surface waters and shallow aquifers a potential good indicator of leakage from deep
geological storage. The early stages of such metal increase may not be constant in time
and, consequently, of difficult detection. The use of DGT films appears to be a cost-
effective monitoring tool to be used as a regular technique in commercial on-shore
projects. Tests in CO2-bearing, metal-rich springs in the Campo de Calatrava region in
Central Spain reveal that DGT record well the concentration of some metals such as Fe,
Ni, Co and U since a remarkable correlation between metal concentration in water and
metal contents in DGT is observed. Therefore, these metals can be considered as
favourable tracers for detection of early leakage by using DGT films. On the other hand,
metals such as Zn, Pb, Al do not show a clear correlation between adsorbed contents in
DGT and water concentration. The reason behind such lack of correlation is not clear and
it is suggested that the use of these metals could lead to misinterpretation of early CO>

leakage from deep sources.
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Section Four
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7 GENERAL CONCLUSIONS:

From literature review, field work in natural analogues and thermodynamic modelling,
this Ph.D. work has provided clear evidences that metal release from aquifer rocks due to
the int eraction with COx(g) is readily o ccurring, ¢ ausing si gnificant changes in the
chemistry of the impacted aquifers. The reason behind such release is the dissolution of
native Fe(OH); (or ferrihydrite) which is widely believed to be the source and solubility-

limiting phase for many trace metals through surface sorption.

The main contribution of this work, in addition to confirm that metal mobilisation is a
real concern in the environmental safety assessment of CO» geological storage, is the
demonstration that the formation of stable aqueous Fe(Ill)-carbonate complexes is the
driving force in the metal release and transport (at least iron) when the CO2(g)-water-rock
interaction occurs at shallow depths, i.e., at oxisiding conditions. These complexes had
been found in laboratory experiments but their “observation” in natural systems had been
limited. The formation of these aqueous complexes helps making unstable ferrihydrite
grains in the aquifer host-rock since the Fe(Ill) activity is strongly decreased. The impact
of the formation of stable aqueous Fe(IlI)-carbonate complexes had not been previously
considered by the CCS scientific community and, now, it can be stated that the persistence
of high metal concentration plumes is extended to geological environments with higher
pH and Eh conditions since these c omplexes are stable under oxidising and ¢ ircum-
neutral pH conditions, which are prevalent in shallow aquifers. Previous hypotheses, i.e.,
acidification, re ducing trace gases in the gas flow or microbial activity leading to Fe
reduction, are now believed to be less important in the transport of metal in these shallow

waters.

This work also supports the idea, many times call it into question, that natural analogues
can provide valuable information on processes that are expected to occur in commercial
geological storage,not only of CO; but also of other w astes or energy-producing
substances. Therefore, t he ¢ ollection of data from laboratory e xperiments, process
observation in natural environments and numerical simulation is a powerful combination

for scientists.

Finally, this thesis has also contributed to the monitoring strategy of carbon storage

reservoirs by taking advantage of the lessons learned in the lab and in the field. The
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confirmation that DGT films are able to detect tiny changes in the concentration of some
metals related to CO. leakage is the base of a new monitoring methodology.

The research of the metal transport in CO»-bearing fluids has not, obviously, completed
with this work, and some aspects remain open. Among them, the impact of trace gases
included in the gas flow is a topic in line of the research carried out in this work. The
trace gases are present in the captured flue gas from industrial sources that is later injected
and stored. The reactivity of these gases with the metals released once injected in the
aquifer is a subject to be broadly investigated in natural systems. Actually, many CO. gas
flows interacting with shallow aquifers are H.S, CH4 and other hydrocarbon-bearing,
being the most prominent examples in western Italy. So this is the next frontier.
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Annex 1: Chemistry of the CO2-bearing springs sampled in Campo de Calatrava (central Spain). Major ions (in mmol-L™1).

Sample T °C Ph Eh Cond. | HCOs F cr Br NOs SO4* Ca™ Mg** Na* K* NH4*
(mmol/l) | (mmol/l) | (mmol/l) | (mmol/l) | (mmol/l) | (mmol/l) | (mmol/l) | (mmol/l) | (mmol/l) | (mmol/l) | (mmol/l)
Chorro Glicerio 16.9 6.1 181 3660 40.67 0.022 4.880 0.006 0.082 3.873 11.827 25.345 9.965 1.688 0.011
Chorro Vil Elen 18.8 6.0 180 2390 25.99 0.027 2.200 0.004 0.029 1.291 8.234 16.540 4.221 1.228 0.009
Fontecha 1 18.4 59 207 2430 16.33 0.031 5.021 0.005 0.003 5.226 3.289 8.969 13.098 1.120 0.069
Fontecha 2 224 59 295 2310 16.75 0.038 5.275 0.005 0.005 5.559 3.244 9.134 14.099 1.105 0.085
Fontecha 3 21.5 6.1 313 2440 17.23 0.045 5.811 0.004 0.015 5.455 3.403 9.463 13.621 1.095 0.054
Fontecha 4 27.1 5.9 17 1720 13.61 0.025 3.103 0.004 0.047 3.061 2.780 6.994 8.660 0.921 0.032
Cafiada Real 21.8 6.1 282 3910 34.59 0.025 7.926 0.010 0.001 6.350 7.535 19.091 20.279 2.052 0.058
Bafio Chico 21.6 6.1 360 1600 16.53 0.030 1.275 0.002 0.001 1.162 3.568 10.533 3.412 0.701 0.027
Bafio Chiquillo 25.2 6.4 -52 1714 18.11 0.041 1.391 0.001 0.013 1.272 6.188 9.298 3.695 0.796 0.047
Codo Jabalon 18.2 59 2111 1345 15.97 0.031 3.780 0.004 0.001 3.831 3.408 9.381 9.225 0.816 0.018
Barranko Grande | 21.0 6.1 167 2000 17.27 0.030 2.905 0.003 0.016 2.790 3.808 10.533 7.224 1.016 0.013
Hervidero Nuevo | 21.0 6.0 213 1626 11.08 0.038 2.194 n.d. 0.006 1.924 2.730 5.612 4.830 0.675 0.087
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Annex 2: Chemistry of the CO2-bearing springs sampled in Campo de Calatrava (central Spain). Major ions (in mg-L™1)

Sample T °C pH Eh Cond. HCOs F Cr Br NOs SO Ca? Mg Na* K* NH4*
(mg/1) (mg/1) (mg/1) (mg/1) (mg/1) (mg/1) (mg/1) (mg/) (mg/1) (mg/1) (mg/1)
Chorro Glicerio 16.9 6.1 181 3660 2482 0.42 173 0.49 5.1 186 237 308 229 66 0.2
Chorro Vil Elen 18.8 6.0 180 2390 1586 0.52 78 0.29 1.8 62 165 201 97 48 0.17
Fontecha 1 18.4 59 207 2430 996.74 0.58 178 0.38 0.216 251 65.9 109 301 43.8 1.24
Fontecha 2 224 5.9 295 2310 1022.36 0.72 187 0.397 0.303 267 65 111 324 43.2 1.53
Fontecha 3 21.5 6.1 313 2440 1051.64 0.855 206 0.308 0.928 262 68.2 115 313 42.8 0.977
Fontecha 4 27.1 59 17 1720 830.82 0.472 110 0.296 2.92 147 55.7 85 199 36 0.58
Canada Real 21.8 6.1 282 3910 2110.60 0.472 281 0.773 0.052 305 151 232 466 80.2 1.04
Bafio Chico 21.6 6.1 360 1600 1009.00 0.57 45.2 0.179 0.065 55.8 71.5 128 78.4 274 0.484
Bafio Chiquillo 25.2 6.4 -52 1714 1105.32 0.78 49.3 0.08 0.801 61.1 124 113 84.9 31.1 0.841
Codo Jabalon 18.2 5.9 2111 1345 974.78 0.596 134 0.329 0.059 184 68.3 114 212 319 0.319
Barranko Grande | 21.0 6.1 167 2000 1054.08 0.571 103 0.201 0.964 134 76.3 128 166 39.7 0.233
Hervidero Nuevo | 21.0 6.0 213 1626 675.88 0.731 77.8 n.d. 0.373 92.4 54.7 68.2 111 26.4 1.56
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Annex 3: Concentration of trace metals and metalloids in CO2-impacted shallow aquifers in the Campo de Calatrava region (in mol-L1).

Sample T°C| pH Eh Conduct Al Mn Fe Cr Co Ni Cu Zn As Cd Pb Th U
(mmol/l) | (mmol/l) | (mmol/l) | (Umol/l) | (Umol/1) | (Umol/D) | (Umol/D) | (Umol/]) | (Umol/]) | (Lmol/]) | (Lmol/]) | (Lmol/l) | (Lmol/l)

Chorro Glicerio | 16.9 | 6.1 181 3660 0.001 0.080 0.126 0.078 0.716 1.189 | <0.005 | 1.464 0.025 | <0.005 | <0.005 | <0.05 <0.05
Chorro Vil Elena | 188 | 6.0 180 2390 0.002 0.022 0.280 0.130 0.234 0.690 | <0.005| 0.735 0.025 | <0.005 | <0.005 | <0.05 <0.05
Fontecha 1 184 | 59 207 2430 0.004 0.014 0.603 0.040 0.275 0.949 0.310 0.915 0.142 | <0.005 | <0.005 | <0.05 <0.05
Fontecha 2 2241 59 295 2310 <0.001 | 0.013 0.521 0.043 0.175 0.580 0.330 0.382 0.082 | <0.005 | <0.005 | <0.05 <0.05
Fontecha 3 215 | 6.1 313 2440 <0.001 | 0.005 0.001 0.042 0.064 0.460 0.335 0.405 | <0.005 | <0.005 | <0.005 | <0.05 <0.05
Fontecha 4 271 59 17 1720 <0.001 | 0.019 0.047 0.021 0.331 0.784 0.154 1.183 0.017 | <0.005 | <0.005 | <0.05 <0.05
Cafiada Real 218 | 6.1 282 3910 <0.001 | 0.006 0.016 0.100 0.097 0.297 | <0.005| 0.438 0.009 | <0.005 | <0.005 | <0.05 <0.05
Bafio Chico 252 | 6.1 360 1714 <0.001 | 0.016 0.025 0.023 0.378 0.620 0.174 0.686 0.041 | <0.005 | <0.005 | <0.05 <0.05
Bafio Chiquillo 216 | 6.4 -52 1600 <0.001 | 0.012 0.000 0.028 0.281 0.973 0.210 0.524 | <0.005 | <0.005 | <0.005 | <0.05 <0.05
Codo Javalon 182 | 5.9 2111 1345 <0.001 | 0.011 0.389 0.039 0.227 0.740 0.315 0.740 0.076 | <0.005 | <0.005 | <0.05 <0.05
Herv. Nuevo 21 6.1 167 1626 0.004 0.018 0.373 0.035 0.316 0.816 0.270 1.030 0.053 | <0.005 | <0.005 | <0.05 <0.05
Barranco Grande | 21 6.0 213 2000 <0.001 | 0.025 0.601 0.036 0.335 0.626 0.297 0.382 0.087 | <0.005 | <0.005 | <0.05 <0.05
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Annex 4: Concentration of trace metals and metalloids in CO2-impacted shallow aquifers in the Campo de Calatrava region (in mg-L*

and pg-L1).
Sample
T°C| pH Eh Conduct Al Mn Fe Cr Co Ni Cu Zn As Cd Pb Th U
(mg/) | (mg/M) | (mg/) | (gD | gD | (ugM) | (ugh) | (gD | (g | (g | (gD | (g | (ugh
Chorro Glicerio 169 | 6.1 181 3660 0.027 4.4 7.0 4.0 42 70 <25 96 1.9 <0.5 <0.5 <0.5 12
Chorro Villa Elena | 18.8 | 6.0 180 2390 0.055 1.2 16 6.7 14 41 <25 48 1.9 <0.5 <0.5 <0.5 1.1
Fontecha 1 184 | 5.9 207 2430 0.097 0.80 34 2.1 16 56 20 60 11 <0.5 <0.5 <0.5 0.57
Fontecha 2 2241 59 295 2310 0.03 0.72 29 22 10 34 21 25 6.1 <0.5 <0.5 <0.5 <0.5
Fontecha 3 21.5] 6.1 313 2440 | <0.025 0.26 0.078 22 3.7 27 21 26 <0.5 <0.5 <0.5 <0.5 0.61
Fontecha 4 27.1 1 59 17 1720 | <0.025 1.0 2.6 1.1 20 46 9.8 77 1.3 <0.5 <0.5 <0.5 <0.5
Cafiada Real 21.8 | 6.1 282 3910 | <0.025 0.34 0.90 52 5.7 17 <25 29 0.66 <0.5 <0.5 <0.5 3.1
Bafio Chico 252 | 6.1 360 1714 | <0.025 0.89 1.4 1.2 22 36 11 45 3.0 <0.5 <0.5 <0.5 1.0
Bafio Chiquillo 216 | 64 -52 1600 | <0.025 0.65 0.025 1.4 17 57 13 34 <0.5 <0.5 <0.5 <0.5 0.52
Codo Javalon 182 ] 5.9 2111 1345 | <0.025 0.63 22 2.0 13 43 20 48 5.7 <0.5 <0.5 <0.5 2.6
Herv. Nuevo 21 6.1 167 1626 0.098 0.99 21 1.8 19 48 17 67 4.0 <0.5 <0.5 <0.5 <0.5
Barranco Grande 21 6.0 213 2000 | <0.025 1.4 34 1.9 20 37 19 25 6.5 <0.5 <0.5 <0.5 0.54
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Annex 5: Chemistry of the Font Groga CO2-bearing spring (in mol-L1).

Sample | Distance T °C pH Eh Cond. | HCOs F Cr Br NOs SO Ca? Mg Na* K* NH4
(m) (mmol/l) | (mmol/l) | (mmol/l) | (mmol/l) | (mmol/l) | (mmol/l) | (mmeol/l) | (mmol/l) | (mmol/l) | (mmeol/l) | (mmol/l)

Spring 0.0 17.1 6.4 168 6470 55.85 0.05 18.79 0.03 0.05 5.98 16.52 6.83 59.09 0.79 0.01
Point 1 13.2 16.3 6.5 189 6620 55.09 0.02 19.72 0.03 <0.05 6.29 16.52 6.83 58.92 0.92 0.01
Point 2 16.2 15.2 6.5 195 6630 56.00 0.02 19.12 0.03 <0.05 6.12 16.52 6.75 58.53 0.82 0.01
Point 3 21.2 15.8 6.7 198 6570 55.90 0.02 19.32 0.03 <0.05 6.18 16.52 6.83 58.92 0.87 0.01
Point 4 27.2 15.5 6.9 188 6640 57.60 0.03 19.41 0.04 <0.05 6.18 16.52 6.75 58.66 0.77 0.02
Point 5 30.9 153 6.9 180 6660 56.90 0.02 18.93 0.03 <0.05 6.16 16.52 6.58 57.66 0.82 0.01
Point 6 383 15.0 7.0 189 6630 57.29 0.02 19.21 0.03 0.03 6.52 16.52 6.99 60.62 0.87 0.02
Point 7 46.8 14.6 7.1 197 6630 57.47 0.02 19.74 0.03 0.03 6.62 16.52 6.75 58.27 0.79 0.02
Point 8 56.0 13.7 7.2 214 6560 55.95 0.03 18.90 0.03 0.03 6.00 16.52 6.67 58.09 0.77 0.02
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Annex 6: Chemistry of the Font Groga CO2-bearing spring (in mg-L™1).

Sample Distance T °C pH Eh Cond.. | HCOs F Ccr Br NOs SO+ Ca* | Mg” Na* K* NH4
(m) (mg/M) | (mg/) | (mg/l) | (mg/l) | (mg/l) | (mgM) | (mg/) | (mg/) | (mgM) | (mg/l) | (mg/)
Spring 0.0 17.1 6.4 168 6470 3408 0.89 666 2.06 3.22 287 331 83 1358 31 0.14
Point 1 13.2 16.3 6.5 189 6620 3362 0.38 699 2.27 <1.00 302 371 83 1354 36 0.18
Point 2 16.2 15.2 6.5 195 6630 3417 0.46 678 2.10 <1.00 294 340 82 1345 32 0.18
Point 3 21.2 15.8 6.7 198 6570 3411 0.31 685 2.45 <1.00 297 343 83 1354 34 0.23
Point 4 27.2 15.5 6.9 188 6640 3515 0.55 688 2.89 <1.00 297 323 82 1348 30 0.31
Point 5 30.9 15.3 6.9 180 6660 3472 0.29 671 2.17 <1.00 296 344 80 1325 32 0.13
Point 6 38.3 15.0 7.0 189 6630 3496 0.29 681 2.11 1.57 313 338 85 1393 34 0.27
Point 7 46.8 14.6 7.1 197 6630 3507 0.41 700 2.50 2.00 318 318 82 1339 31 0.29
Point 8 56.0 13.7 7.2 214 6560 3414 0.53 670 2.20 2.10 288 320 81 1335 30 0.39
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Annex 7: Concentration of trace metals and metalloids in Font Groga stream (in mmol-L™1).

Sample T °C pH Eh Cond. Fe Mn Al Co Ni Cu Zn As Pb Th U
(mmol/l) | (Umol/D) | (Umol/D) | (Mmol/l) | (Umol/l) | (Umol/D) | (Lmol/l) | (Umol/l) | (Umol/) | (Lmol/l) | (Lmol/T)

Spring 17.1 6.4 168 6470 0.115 11.870 0.111 0.058 0.068 0.025 0.112 0.162 <0.005 <0.05 <0.05
Point 1 16.3 6.5 189 6620 0.068 11.870 0.111 0.057 0.070 0.017 0.106 0.068 <0.005 <0.05 <0.05
Point 2 15.2 6.5 195 6630 0.049 11.870 0.074 0.057 0.073 0.020 0.167 0.064 <0.005 <0.05 <0.05
Point 3 15.8 6.7 198 6570 0.028 11.870 0.074 0.056 0.082 0.017 0.089 0.047 <0.005 <0.05 <0.05
Point 4 15.5 6.9 188 6640 0.013 11.870 0.074 0.057 0.090 0.017 0.086 0.040 <0.005 <0.05 <0.05
Point 5 15.3 6.9 180 6660 0.010 11.870 0.148 0.052 0.109 0.019 0.128 0.034 <0.005 <0.05 <0.05
Point 6 15.0 7.0 189 6630 0.009 11.870 0.185 0.053 0.094 0.019 0.150 0.035 <0.005 <0.05 <0.05
Point 7 14.6 7.1 197 6630 0.004 11.870 0.111 0.050 0.095 0.020 0.223 0.028 <0.005 <0.05 <0.05
Point 8 13.7 7.2 214 6560 0.005 11.870 <0.05 0.047 0.092 0.017 0.203 0.031 <0.005 <0.05 <0.05
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Annex 8: Concentration of trace metals and metalloids in Font Groga stream (in mg-L™1).

Sample T°C pH Eh Cond. Fe Mn Al Co Ni Cu Zn As Pb Th 8]
(mg) | gD | ed | g | @b | g | g | peh | @b | ued | ueh
Spring 17.1 6.4 168 6470 6.45 652 3 3.4 4 1.6 7.3 12.1 0.07 0.018 1.65
Point 1 16.3 6.5 189 6620 3.8 651 3 3.36 4.1 1.1 6.9 5.07 0.03 0.006 1.69
Point 2 15.2 6.5 195 6630 2.72 634 2 3.38 4.3 1.3 10.9 4.78 0.03 0.005 1.65
Point 3 15.8 6.7 198 6570 1.54 649 2 3.31 4.8 1.1 5.8 3.5 0.02 0.004 1.6
Point 4 15.5 6.9 188 6640 0.75 644 2 333 53 1.1 5.6 2.99 0.01 0.003 1.62
Point 5 15.3 6.9 180 6660 0.56 625 4 3.08 6.4 1.2 8.4 2.55 0.03 0.002 1.61
Point 6 15.0 7.0 189 6630 0.5 620 5 3.13 5.5 1.2 9.8 2.6 0.04 0.003 1.61
Point 7 14.6 7.1 197 6630 0.25 599 3 2.97 5.6 1.3 14.6 2.1 0.03 0.002 1.63
Point 8 13.7 7.2 214 6560 0.29 505 <2 2.79 54 1.1 13.3 2.3 0.02 0.001 1.51
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Annex 9: Chemistry of the dissolved gases sampled from the Font Groga stream.

Sample CO: N2 Ar CH4 (07) Tot CO: Nz Ar CH4 0:
(mmol/L) | (mmol/L) | (mmol/L) | (mmol/L) (mmol/L) (mmol/L) (%) (%) (%) (%) (%)
Spring 6.564 0.213 0.006 0.0005 0.043 6.83 96.16 3.12 0.08 0.0073 0.63
Point 1 3.685 0.411 0.010 0.0002 0.015 4.12 89.41 9.97 0.24 0.0049 0.37
Point 2 2.047 0.405 0.010 0.0016 0.052 2.52 81.37 16.10 0.40 0.0636 2.07
Point 3 2.698 0.395 0.010 0.0008 0.041 3.14 85.79 12.56 0.32 0.0254 1.30
Point 4 1.588 0.615 0.015 0.0001 0.208 243 65.45 25.35 0.62 0.0041 8.57
Point 5 2.165 0.316 0.008 0.0011 0.057 2.55 85.01 12.41 0.31 0.0432 2.22
Point 6 1.515 0.588 0.014 0.0001 0.116 223 67.84 26.33 0.63 0.0045 5.19
Point 7 5.623 0.255 0.006 0.0002 0.022 591 95.21 432 0.10 0.0034 0.36
Point 8 1.554 0.319 0.008 0.0007 0.0890 1.97 78.86 16.19 0.41 0.0355 4.52
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Annex 10: Diffusion coefficients for each metal and temperature within the DGT gel (m?/sec)

Temp

Ref Name (°C) Al Cr Mn Fe Co Ni Cu 7n Cd Pb
1 | Fontechal | 17 |3.7E-10|3.9E-10|4.5E-10|4.7E-10|4.6E-10|4.5E-10|4.8E-10|4.7E-10 |4.7E-10 | 6.2E-10
2 | Fontecha2 | 13 |3.1E-10|3.3E-10|3.9E-10|4.0E-10|3.9E-10|3.8E-10|4.1E-10|4.0E-10|4.0E-10|5.3E-10
3 | Fontecha3 | 12.6 |2.9E-10|3.0E-10|3.5E-10|3.7E-10|3.6E-10|3.5E-10 | 3.7E-10 | 3.6E-10|3.7E-10 | 4.8E-10
4 H‘;\;‘l’g‘j" 16 |3.6E-10|3.8E-10|4.4E-10|4.6E-10|4.5E-10 |4.3E-10 |4.7E-10 | 4.6E-10|4.6E-10 | 6.0E-10
Barranco
5 crooae | 155 |2.9E-10|3.1E-10|3.6E-10 |3.8E-10| 3.7E-10 |3.6E-10| 3.9E-10 | 3.8E-10| 3.8E-10  5.0E-10
6 B%r}ff‘cr(‘fo 14 |2.7E-10|2.8E-10|3.3E-10|3.4E-10|3.3E-10|3.2E-10 |3.5E-10 | 3.4E-10|3.4E-10 | 4.5E-10
7 Ei{;ﬁ?ﬁg 14 |2.9E-10|3.1E-10|3.6E-10|3.8E-10|3.7E-10|3.6E-10 |3.9E-10|3.8E-10 | 3.8E-10 | 5.0E-10
8 | RioJabalén | 10 |2.6E-10|2.7E-10|3.2E-10|3.3E-10|3.2E-10|3.1E-10|3.4E-10 |3.3E-10|3.3E-10 |4.3E-10
9 Chorrillo | 17 |3.6E-10|3.8E-10|4.4E-10|4.6E-10|4.5E-10|4.3E-10|4.7E-10|4.6E-10 | 4.6E-10 | 6.0E-10
Blanc|  Blanc 15 |3.6E-10|3.8E-10|4.4E-10 |4.6E-10|4.5E-10|4.3E-10 |4.7E-10|4.6E-10 | 4.6E-10 | 6.0E-10
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Annex 11: CO,-Bearing sampling stations

Barranco Grande

Bano chico
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Bano chiquillo
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Herviderio Nuevo

Chorro Glicerio
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Canada Real
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Fontecha 1
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Fontecha 3
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Jabalon
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Abstract

Already in 1990 it was postulated that increased CO, concentrations in seawater would affect trace element
mobility. Some 24 years later, CO; levels have further increased and the acidity of seawater is also
increasing. In this article we revise the effects of increased CO; concentrations on the iron(I11) mobility and
associated trace elements with particular emphasis on the environmental consequences of CO2 geological
storage.

The outcome of this work would indicate, by comparison between field and laboratory experiences, that
increasing in dissolved CO- solubilises Fe(l11) oxyhydroxides and triggers secondary mobility of the trace

metals associated to these phases with special focus on uranium(V1).
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acidity.
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1. Introduction

Back in 1990 it was already postulated that increased CO, concentrations would have an effect
on trace metal mobility, particularly in seawater (Bruno, 1990). At that time the CO;
concentrations in the atmosphere as measured in the Manua Loa observatory were around 350
ppmv, while at present they reach the 400 ppmv (Tans and Kieling, 2014). The measured CO;
concentrations in surface sea water appear to follow the increased trend of atmospheric
concentrations with some variability depending on sea water temperature (Bates et al., 2014).
This has critical consequences for seawater acidification as the oceans constitute the largest CO-
sink. An example of the consequences caused by the increase in the atmospheric CO;
concentration in the surface of the ocean is that its mean pH is approximately 0.1 units lower
today than in the preindustrial period (Zeebe and Wolf-Gladrow, 2001) and these trends are
confirmed by the multisite oceanographic study by Bates et al. (2014).

Since the publication in 1990, a large number of investigations have been performed in order to
determine the influence of increased CO; concentrations in the mobility of a number of key trace
metals, including Fe(ll) (Bruno et al., 1992a) and Fe(l11) (Bruno et al., 1992b; Duro, 1996 ; Bruno
and Duro, 2000; Grivé et al., 2014a, b) and U(V1) (Bruno et al., 1995; Duro, 1996; Grivé, 2005).
The linkage between uranium mobility and the influence of CO, on Fe(lll) mobility was
specifically studied in Duro (1996) and Grivé (2005).

The outcome of these studies was clear in the sense of demonstrating the influence of increased
CO, concentrations on the dissolution of Fe(lll) oxyhydroxides and consequently on the
mobilisation of trace metals attached to these very relevant and ubiquitous surfaces.

This was later confirmed by a number of evidences from the geochemical modelling of trace
element solubility in a number of sites that were investigated as natural analogues to geological
repositories of spent nuclear fuel (Miller et al., 2000), particularly, in the Pocos de Caldas and
the El Berrocal sites (Duro, 1996; Bruno et al., 2002; Grivé, 2005).

In recent years, the focus of our research has shifted towards the potential environmental effects
of the geological storage of CO, and in particular in the metal mobilisation in aquifers affected
by potential leakage from the storage complex. In this context, there are two issues to be
concerned about. On one hand, increased CO; concentrations may induce increased acidity in
poorly buffered systems where acidity increases of three orders of magnitude have been observed
(Trautz et al., 2013). This increased acidity may result in the release of metals bound on the
existing solid phases. On the other hand, the increased CO. concentrations will result in the
increase of the total carbonate of the system and consequently in the build-up of metal hydroxo
carbonate and metal carbonate complexes, which will result in increased metal concentrations.
The two effects are difficult to separate in natural system studies, but some dedicated laboratory

tests, particularly in relation to effects on marine systems may give some interesting clues.
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In this paper the findings from the early publication in the light of the research conducted in these
two decades, will be revised and updated with the aim to clearly confirm the link between
increased carbon dioxide, iron(l11) solubility and trace metal mobility by the comparison of
laboratory results and field experiences, discussing the implications for trace metal mobility in
the present emissions scenario with constantly increasing CO- levels.

2. Field experience:

An illustrative example of the impact of CO; dissolution on the iron transport is found in the
aquifers affected by CO, flows from deep underground sources (i.e., mantle degassing, thermal
decarbonation). These gas-water-rock interactions have been recently studied in detail in the
environmental impact assessment of potential CO, leakage from geological storage (e.g., Zheng
et al., 2009; Kharaka et al., 2010; Spangler et al., 2010). In addition, injection tests of high-
pressured CO- have resulted in an increase of iron and other metals in the reservoir (e.g., Peter et
al., 2012; Trautz et al., 2013). In both cases, the metal mobilisation has been commonly related
to acidity increase and the relative high solubility of Fe(ll). However, the role of carbonate
complex formation has also been discussed (Lions et al., 2014).

Many CO,-bearing aquifers carry high amounts of iron and other metal even at circumneutral pH
and oxidising Eh, in which Fe(l11) is the dominant redox state. In these cases, the low solubility
of iron(l11) oxyhydroxide phases should prevent the dissolution of significant amounts of Fe(l1)
but the formation of aqueous carbonate complexes allows the concentration of Fe(lll) to reach
values higher than 10* mol-L2. (e.g., Agnelli et al., 2013). In order to better understand that
increasing in dissolved CO; solubilises Fe(l11) oxyhydroxides and triggers secondary mobility of
the trace metals associated to these phases, a detailed systematic sampling was performed in this

work, from the source point to the end, at the Font Groga stream (Spain).

2.1. The case of Font Groga stream (La Selva basin, NE Spain):

In the Miocene-Pliocene La Selva basin, in NE Spain, a large number of CO,-bearing springs
occur, related to mantle degassing. Gas and water discharges are intimately related to deep fault
systems. All these ground waters have a circum-neutral pH (between 6 and 7) and relatively oxic
Eh (Vilanova, 2004; Piqué et al., 2010). The degree of water-gas-rock interaction is high as proved
by the elevated concentration of solutes such as ClI, Na, K, Li and F. Characteristically, these

waters are iron rich, with concentration up to 10 mol-L™.
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One of the best-known CO,-bearing groundwater in the area is the Font Groga stream, located in
the north margin of the basin. This stream allows the observation of the role of CO on the iron
transport. The chemistry of the water and solute evolution has been studied in detail in this study.

2.1.2 Sampling:

9 water samples in the Font Groga stream have been collected, from the spring (sample 0) and
downstream (samples 1 to 8; Fig. 1 and Fig. 2). From each sampling point, 3 aliquots of water
were collected: i) 125 mL in a plastic bottle for the analysis of anions; ii) 50 mL in a plastic bottle
for the analysis of cations, previous acidification with 0.5 mL of Suprapur HCI and filtration using
0.45 um filters; iii) 50 mL in a plastic bottle for the determination of trace metals, previous
acidification with 0.5 mL of 1M HNOs; and filtration using 0.1 um filters.

CaCO, FelOH}, Spring

Precipitation Precipitalion
. ! 4 = I co I

Figure 1: Sketch of the sampling in the Font Groga stream. Observable precipitation of ferrihydrite and calcite has

been indicated as a reddish and bluish colour, respectively.

The determination of the dissolved gas concentration in aqueous phase was performed by using a
new method setup (Tassi et al., 2008c) for which the collection of dissolved gases is carried out
at equilibrium conditions. The sampling is operated by using gas tubes with a capacity of 200-
300 mL with a Teflon stopcock. In the laboratory the gas vials are pre-evacuated by a rotary pump
with a vacuum value of 101-10? Pa. By submerging the gas vial into the water and opening the
Teflon stopcock, the water is forced to enter the vial by decompression. Normally, < 70% of the
tube volume has to be filled with water in order to allow the chemical and determination.

The pH-Eh measurements where performed in the field using a Crison portable pH-Eh meter with

a platinum electrode for the redox determination.
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Figure 2: View of the sampling in the Font Groga stream. Precipitation of ferrihydrite and calcite is clearly observed.

2.3. Geochemical modelling:

Water chemistry was interpreted by using the equilibrium chemical-speciation/mass transfer
model PHREEQC-3 (Parkhurst and Appelo, 2013). The thermodynamic calculations were
performed using the Sit.dat database, based on the ThermoChimie v.7.c dataset (Giffaut et al.,
2014) in order to determine both the Fe(OH)s saturation indexes and the amount of Fe carbonate
complexes formed as a function of the pCO; and pH.Input data for each sampling point include
measured values of metal (Fe) and major elements (HCOs,, SO4*, Cl, K*, Na*, Mg*, Ca*")
concentrations, temperature, pH and alkalinity.

For each sampling point a simulation has been performed using both measured pCO, values and
the recalculated ones by using the HCO3  amounts determined in the water. This double step was
carried out to verify whether the simulation result obtained with the measured values does not
deviate from the theoretical result and to detect any problems caused by sampling. The degree of
saturation is expressed as the saturation index (SI), where SI is equal to the difference between
logarithms of product ion activity and constant solubility (SI =log IAP — log Ksp). To determine
the ferrihydrite SI was used the log K from the Minteq.V4 dataset (log k = 3.19) instead of the
original one of the SIT dataset (log k = 1.19). This change was done taking in mind the variability

of the thermodynamic properties referring to a poorly crystalline mineral in natural systems.
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2.4. Results:

2.4.1 Gas and water chemistry

The sampling was carried out dividing the initial 60 m of the stream into 9 equidistant sampling
points starting from the spring and then considering each point as a separated system in
equilibrium with a given CO, pressure. The physical parameters, the chemical compositions of
waters in terms of major, minor and trace elements and an aliquot of dissolved gases were sampled
for each point. The results are shown in Table 1. From the spring to the last sample point, the
stream is characterized by an electrical conductivity ranging from 6470 uS-cm® up to 6600
uS-cm and by pH values that increase from 6.4 to 7.3.

Eh ranges from 168 mV to 214 mV. The main metal characterizing the spring is Fe, in a range of
2.5x10t mg-L1 (4.47x10* mmol-L?1) to 6.4 mg-L* (1.15x10  mol-L™?). The studied samples also
show rather high concentrations of Mn (up to 652 pg-L?, 11.9 pmol-L™2), Zn (up to 14.6 pg-L*,
2.23 x10r pmol-L?), Ni (up to 6.4 pg-L?%, 1.09 x10* umol-L?) and Co (up to 3.38 pg-L?,
5.73x102 ymol-L71).

The main dissolved gas dominating all the pools is CO; (Table 2), with a range from 96.16% (6.56
mmol-L?) to 65,45% (1.58 mmol-L™). The remaining gas portion is mainly characterized by the
occurrence of N2, CH4 and Ar.

A comparison between CO, amount and pH in each sampling station (Fig. 3) shows that as the
gas concentration decreases, as a consequence of the degasification, the pH increases. In the field
this trend is well evidenced by the precipitation of CaCO3 throughout the stream (Fig. 1 and Fig.
2). The same comparison has been done for CO, and Fe concentrations (Fig. 4). As for the pH,

the plot shows how Fe reduces its concentration as CO; decreases.
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Figure 3: pCO; vs pH sampled along the Font Groga stream
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Figure 4: Evolution of pH (red line) and Fe:,: concentration (blue line) downstream in the Font Groga River sampling

stations.
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Table 1: Chemistry of the water samples at Font Groga stream (La Selva basin).

Sample Distance |+ Q) pH |Eh Cond. L |HCOs CI SO |Ca Mg Na K F Fe
(m) (mV) (US-cm?) (mmol/l) (mmol/l) | (mmol/l) | (mmol/) | (mmol/l) | (mmol/l) | (mmol/l) | (mmol/) | (mmol/l)
Spring 0.0 171 6.4 168 6470 55.9 18.7 3.0 8.3 34 59.1 0.8 0.05 0.170
Point 1 13.2 16.3 6.5 189 6620 55.0 19.7 3.1 9.2 34 58.9 0.9 0.02 0.068
Point 2 16.2 15.2 6.6 195 6630 56.0 19.1 3.1 8.5 34 58.5 0.8 0.02 0.048
Point 3 21.2 15.8 6.7 198 6570 55.9 19.3 3.1 8.6 34 58.9 0.9 0.02 0.027
Point 4 27.2 155 6.9 188 6640 57.6 194 3.1 8.1 34 58.7 0.7 0.03 0.013
Point 5 30.9 15.3 6.9 180 6660 56.9 18.9 3.1 8.6 3.3 57.6 0.8 0.02 0.010
Point 6 38.3 15.0 7.0 189 6630 57.3 19.2 3.2 8.4 35 60.6 0.8 0.02 0.009
Point 7 46.8 14.6 7.1 197 6630 57.5 19.7 3.3 7.9 34 58.3 0.8 0.02 0.004
Point 8 56.0 13.7 7.3 214 6560 55.9 18.9 3.0 8.0 3.3 58.1 0.8 0.03 0.005
Table 2: Chemical composition of the dissolved gases sampled in the Fong Groga stream
Sample CO: N Ar CH4 02 CO: N Ar CH4 02
Spring 6.564 0.213 0.006 0.0005 0.043 96.16 3.12 0.08 0.0073 0.63
Point 1 3.685 0.411 0.010 0.0002 0.015 89.41 9.97 0.24 0.0049 0.37
Point 2 2.047 0.405 0.010 0.0016 0.052 81.37 16.10 0.40 0.0636 2.07
Point 3 2.698 0.395 0.010 0.0008 0.041 85.79 12.56 0.32 0.0254 1.30
Point 4 1.588 0.615 0.015 0.0001 0.208 65.45 25.35 0.62 0.0041 8.57
Point 5 2.165 0.316 0.008 0.0011 0.057 85.01 12.41 0.31 0.0432 2.22
Point 6 1.515 0.588 0.014 0.0001 0.116 67.84 26.33 0.63 0.0045 5.19
Point 7 5.623 0.255 0.006 0.0002 0.022 95.21 4.32 0.10 0.0034 0.36
Point 8 1.554 0.319 0.008 0.0007 0.0890 78.86 16.19 0.41 0.0355 4.52
mmol-L! %
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2.4.2 Thermodynamic modelling results:

From the chemistry data from gas and water analysis, the Sl for calcite and ferrihydrite have been
calculated. The results shown that the Sl calculated using the sampled pCO: fit reasonably better
with field observations than those obtained using the calculated pCO, (Fig. 5 and Fig 6).
Moreover, an undersaturation with respect with calcite generally corresponds to an oversaturation
in ferrihydrite. This is consistent with the field observation since ferrihydrite precipitation stops
between sampling points 3 and 4 and the calcite precipitation starting at the same points (Fig. 1
and Fig. 2).

Under the pH-Eh conditions in the studied samples, iron is present as Fe(lll). The solubility of
this species is commonly low in shallow aquifers and surface waters due to the precipitation of
Fe(OH)s. However, the dissolution of CO; allows the enhanced solubilisation of Fe(lll) by the
formation of aqueous Fe(lll) carbonate complexes. The impact of these complexes, especially
FeOHCO;, is illustrated in Fig. 7, since the solubility of Fe(lll) increases three orders of
magnitude. Such an impact is very well illustrated by looking at the ferrihydrite saturation index
(SI) (Fig. 8) obtained in the set of simulations performed using the sampled pCO; (pCO; det) and
the calculated one (pCO; calc) and with or without the aqueous Fe-carbonate complexes
formation. In fact, the SI values calculated without the aqueous Fe-carbonate complexes always
show an unrealistic oversaturation of Fe(OH)s along the stream, independently of the pCO- used.
Introducing the aqueous carbonate complexes, the SI dramatically decreases to normal saturation

values.

Table 3: Sampled CO:2 pressure values and recalculated (PhreeqC) by using the HCO3- amounts
determined in Font Groga stream stations.

Sample CO: (bar) CO:z (bar)
(sampled) (PhreeqC)
Spring 0.145 0.662
Point 1 0.081 0.562
Point 2 0.045 0.512
Point 3 0.059 0.407
Point 4 0.035 0.269
Point 5 0.048 0.281
Point 6 0.033 0.239
Point 7 0.123 0.194
Point 8 0.034 0.131
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Figure 5: Comparison between SI Fe(OH); and SI CaCOs calculated using the sampled CO; pressures.
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Figure 6: Comparison between Sl Fe(OH); and SI CaCOs calculated using the calculated CO; pressures.
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3. Evidences from laboratory studies related to CO storage:

3.1 Trace metal behaviour in systems with increased CO2 concentration.

Ardelan et al. (2012) reported a particularly interesting study in connection with the effects of
CO;, seepage from sub-seabed geological storage. In this study the authors have used a titanium
pressure tank, to simulate a high-pressure release of carbon dioxide in a sediment-sea water
system. The sediments used in the experiment were extracted from the Trondheimsfjord and
placed in contact with seawater extracted from the same site at 90 m depth. The seawater was
flown into the tank and out for sampling at a flow rate of 1 | min't. Pure CO, was pumped into
the system at 10 bar.

The conditions of the experiment were carefully controlled and the inflowing and outflowing
waters were analysed for pH, dissolved inorganic carbonate (DIC), pCO, and trace metal
concentrations as collected in diffusive gradient thin-film (DGT) units.

The inflow sea water composition was: pH=8.1; pC0,=3.38-10 atm and DIC=2.13 milimolar.
The outflowing seawater composition was pH=6.9; pC0,=6.6 atm and DIC=2.635 milimolar.
One of the striking observations is that the acidity of the system is rather well buffered, due to the
sediment-water interactions that control the pH, in this case most probably through the
CO2/CaCOs(s) buffer system. Cruz Payan et al. (2012) made similar observations in their
investigations of the effects of CO; interactions with seabed sediments from the Cantabria Sea,
where they observed a strong buffering effect of the sediments when put in contact with water at
pH between 5 and 7, although they could also observe a substantial release of trace metals
contained in the sediments.

In spite of the relative acidity buffering effect, Ardelan et al. (2012) observed a strong
mobilisation of Al, Cr, Co, Pb, Ce, As and U when compared with similar high pressure tests run
with N as blanks.

In order to discern to which extent this effect is the result of the acidification and/or the carbonate
complexation, a simple modelling exercise was performed in this study.

The solubility and speciation of a number of trace metals was calculated as a function of pCO; at
the outflow pH=6.8 reported by Ardelan et al (2012). The code used was the Spana package
developed by Puigdomenech (last update, April 2013) together with the ThermoChimie database
(Giffaut et al., 2014; Grivé et al., 2014c; http://www.thermochimie-tdb.com/).

The results of the calculations are shown in Figure 9.

187




log molality

a5 28 A5 48 0.8
log PG, (90
-
F
.
=
E A1
'E 13
pr§.&
pess.0
A8
= 1] 25 «A,8 435 o5
lag PLCOL) igh
3
I_‘—-_‘_-_
-
A
=
g %
&
[
peea.

485 29 25 20 45 40 H5 00 B8

log PCO.) igh

-]

4
=
= &
i,
E-w

43 LoH=£8

250 ag A5 05 05
l6g PICD:) (g)

IS

Joq malality
&

B
[
1] —H L]
55 -5 - | &5 0.3
lag PCOy) (g)
&
&
F’
.- |
Es
4 | phnin
pe=S.0
Al
-1.8 -5 BLE 0.8 o8
log) G0y (90
-
4
P
=
£,
g
L1i]
pH=B.8
ga | BES.0
3.8 2.5 4.5 3.5 .5
o) PEG,) (9)
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(2012).
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The outcome of these simple calculations would indicate that for most trace metals (Hg(11), Pb(ll),
Zn(I1), Ce(l11) and Ce(1V)) the increased pCO; has a positive effect in terms of stabilising their
carbonate or hydroxocarbonato solid phases. This is the result of the formation of carbonate
containing solid phases, which are more stable than the aqueous carbonate complexes. In the case
of Cr(I11) the increased pCO- has no effect, as no Cr(l11) carbonate complexes have been reported
in the literature. It is only in the case of Fe(lll), when increased pCO; clearly results on a
solubilisation of the Fe(l11) oxyhydroxide or Fe(l1l) oxide phases resulting not only into increased
iron concentrations but also triggering the dissolution of a number of trace metals sorbed onto the
Fe(l11) oxyhydroxide phases. This is clearly in line with the observations in the Font Groga stream
and other data, previously discussed.

In the case of uranium(VI), the presence of very stable hydroxocarbonate and carbonate
complexes results in the increase of uranium solubility as a function of pCO.. This effect, together
with the destabilisation of Fe(lll) oxyhydroxides results in a net release of U(VI) in COz-rich

waters as described in the results here reported, as well as in Grivé (2005) and references therein.

3.2 Secondary trace elemental mobility as a result of Fe(l11) dissolution
in oxic conditions

The association of trace elements to Fe(lll) oxyhydroxides through sorption processes has also
been very well established and the compilation by Dzombak and Morel (1990) summarises the
rationalisation of these interactions through surface complexation reactions. Therefore, any effect
of CO; on the solubility of the iron(lll) oxyhydroxides cascades into the release of trace metals
associated to these solid phases. In addition, for some trace metals, the formation of mixed
hydroxocarbonate or carbonate aqueous complexes enhances their dissolution and consequently
their mobility.

One of the trace elements that better exemplifies this is uranium. In oxic environments uranium
is present in the hexavalent form and is rather soluble in natural water conditions. However, U(VI)
has also a strong affinity to sorb onto iron(lll) oxyhydroxide phases and depending on the
circumstances may even co-precipitate with these solid phases (Bruno et al., 1995). The presence
of increased CO; concentrations has a double effect on this retention mechanism. In one hand, as
we have seen in the previous section, carbon dioxide may destabilise the iron(l11) oxyhydroxide
(ferrihydrite, Fe(OH)3(am)) releasing the attached uranium(V1) and in addition, increased total
carbonate has the result of building stable U(V1) carbonate complexes.

Duro (1996) studied the effect of increased HCO3 concentration in the kinetics of dissolution of
U(VI)/Fe(OH); coprecipitates back in 1996. To this aim, coprecipitates of Fe(OH)s/U(V1) were
synthesised at a nominal 3% U:Fe ratio (2.71+0.1)-102 determined by total dissolution and ICP

analyses. 5 different experiments with the same solid phase were setup, by contacting 0.4 g of
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solid with 200 mL of a 0.1MNaHCOs; solution, previously equilibrated with 1 atm CO»(g). The

experiments were kept under a constant bubbling of 100% CO»(g) at different pH values (in the

range 5 to 7), as shown in Table 4. Another experiment, equilibrated with atmospheric CO(g)

was set up to reach a more alkaline pH of 9.2. Solution samples were taken at different time

intervals for uranium analysis and pH monitoring until steady state uranium concentration was

reached. No important pH changes were observed (the uncertainty in Table 4 stands for the

maximum pH variation in each experiment). For the sake of comparison with a pure uranium

solid phase, an experiment mimicking the previous ones, but by using schoepite (UO2(OH)2(s))

instead of a Fe(OH)s/U(VI) coprecipitate, was set up.

Table 4. Experimental conditions used in the dissolution experiments of a coprecipitate and schoepite

samples.

Exp Solid phase Gas pH

Exp 1 Fe(OH)s/U(VI) coprecipitate 100% CO, 5.58 +0.04
Exp 2 Fe(OH)s/U(VI) coprecipitate 100% CO, 6.16 + 0.12
Exp 3 Fe(OH)s/U(VI) coprecipitate 100% CO, 6.66 + 0.06
Exp 4 Fe(OH)s/U(VI) coprecipitate 100% CO» 7.03+£0.07
Exp 5 Fe(OH)s/U(VI) coprecipitate Atmospheric CO; 9.18+0.04
Exp. 6 Schoepite 100% CO, 6.03+£0.04

The results obtained are shown in Fig. 10, showing an initial stage of fast uranium dissolution is

followed by a slow down until a steady-state is established (note the logarithmic scale in the plot).

The influence that bicarbonate has on the dissolution of uranium from the coprecipitate can be

clearly observed when representing the initial dissolution rates versus the concentration of [HCO3

] in the system (Fig. 11 a) from where a direct linear correlation with the dissolved HCO3

concentration is observed. The best fit to the data renders a calculated rate constant in the order

of 10 moles U-g*h™ (see eq. 1):

Ro = (1.1£0.2)-103-[HCO5]*-060:12 moles U g*h?

eq. 1
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Figure 10: Evolution of the concentration of uranium in solution with time in experiments 1 to 5 in Table 4.
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Figure 11: (a) Plot of the initial rates of uranium dissolution from the co-precipitates versus the concentration of

bicarbonate in the system; (b) plot of the initial rates of iron dissolution from the co-precipitates versus the

calculated concentration of >FeOH-HCO;".

Bruno et al. (1992) established the formation of a surface complex on the surface of ferrihydrite

in the presence of COx(g): >FeOH-HCOs". According to their study, the rate of dissolution of

hematite was linearly depe ndent on t he concentration of this surface complex. B y as suming

congruent di ssolution o f t he co-precipitate, and ca lculating t he con centration of t he surface

complex in experiments 1 to 5, it is possible to observe a direct correlation between the rate of
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dissolution of iron from the coprecipitate and the concentration of this surface species (see Fig.
11Db).

The com parison of the rates of congruent dissolution of the U/Fe coprecipitate and the pure
schoepite indicated that the coprecipitate had a protective action against dissolution. The rates of
uranium dissolution in the presence of bicarbonate were three orders of magnitude slower in the
case of the coprecipitate than for the pure schoepite phase. Kinetic data for schoepite was only
possible to ob tain until 120 hours, given that a solid pha se t ransformation to r utherfordine
(UO2COs(s)) occurred after 200 hours of contact between the solid and the solution, confirmed

by XRD (see Fig. 12).

2-Thets - Ecals '
T

1219.37

Figure 12: (a) XRD of the initial schoepite solid phase used in Exp-6; (b) XRD of the solid phase in Exp-6 after 200

hours of contact with the solution, showing the pattern of the uranyl carbonate Rutherfordine (UO,COs(s)).
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The concentrations of uranium reached at steady state from Experiments 1 to 5 in Table 4, could
be properly explained by invoking the dissociation of the following carbonate surface complex
(eq. 2), with its associated equilibrium constant (Fig. 13):

FeO-UO;0H-HCO35 + 3 H* < >FeOH + U022 + COx(g)+ 2 H.0 (log K = 13.42

+0.5) eq.2

which is in agreement with a similar complex defined by Waite et al. (1994) with alog K = 14.43.
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Figure 13: Steady state concentrations of uranium in solution from the dissolution of a coprecipitate (see Table 4)
versus the concentration of hydrogenocarbonate in solution. Symbols stand for experimental data and line for the

calculated solubility obtained by considering the formation of the surface species in eq. 2.

These results highlight again the relevance of carbonate not only on the kinetics of the release of
trace metals associated with major mineral phases, such as U(VI) with ferrihydrite, but also on
the equilibrium (or steady-state) concentrations in the system.

In order to remove the effect of phase transformation and to expand the study to lower pCO2(g),
more representative of natural conditions, Grivé (2005) investigated further the previous system
by means of flow-through experiments. This author assessed the effect of the carbonate system
on the kinetics of dissolution of ferrihydrite, schoepite and U(VI)/Fe(OH)s co-precipitate in
bicarbonate solutions through flow-through experiments. The results suggested a three-step
mechanism in the case of ferrihydrite and schoepite, and a two-step mechanism in the case of the
co-precipitate. The applicability and validity of the model presented in the case of the co-

precipitate was tested against independent data from Duro (1996) (see Grivé, 2005).
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4. Discussion

4.1 General aspects:

4.1.1 The effect of CO, on trace metal complexation

Already in 1986 it was postulated that trace metal mobility in natural waters is affected by carbon
dioxide content through the formation of mixed hydroxo-carbonate complexes (Bruno, 1986), as
it had been established by the pioneering work of Hietanen and Hogfeldt (1976) on mixed
hydroxo-carbonate complexes of Hg(ll) and the one by Ferri and co-workers on Zn(l1) and Pb(ll)
(Ferri et al., 1987a, b) mixed hydroxo-carbonate complexes and our own work on the Be(ll)
hydroxo carbonate system (Bruno et al., 1987).

The co-authors of this paper proposed that mechanism for the transition between metal hydroxo
complexes to metal hydroxo carbonate complexes involved the attack of the dissolved CO- onto
the metal hydroxide bridges to build bicarbonate and carbonate bridges. This was based on the
kinetic work performed by Chaffe et al. (1973), Dasgupta and Harris (1977), Spitzer et al. (1982)
and Sadler and Dasgupta (1987) on the formation of ternary organo-hydroxo-carbonato
complexes in the presence of CO..

Later, the reaction of metal bridging OH groups with CO, to build carbonate bridges has been
further studied for Cu(ll) (Kitajima et al. 1990), for Zn(Il) (Murthy and Karlin, 1993) and for a
series of divalent organometallic(ll) complexes, including Mn, Fe, Co, Ni, Cuand Zn, in Kitajima
et al. (1993). This research is particularly relevant in the case of zinc since the Zn(ll) enzyme
carbonic anhydrase catalyses the reversible reaction CO; hydration to produce bicarbonate, a
process that is essential to remove CO; from tissues in mammalian respiration process.

More recently Huanga et al. (2011) have proposed a similar mechanism for the fixation of CO;
onto a Ni(ll) pyridine hydroxo complex by a combination of spectrophotometric measurements
and density functional theory (DFT) calculations which occurs at remarkable fast rates (10° Ms-
1) compared to rates obtained for the transformation of metal hydroxides onto metal carbonates
which are 1000 times slowver.

From all this information, we can conclude that the formation of metal carbonate complexes is
kinetically enhanced by increased CO; concentrations and that it is favoured by the occurrence of
metal hydroxide complexes normally occurring at the pH ranges of natural water systems.
According to the work performed on divalent organometallic complexes, the presence of organic
matter could largely accelerate the reaction.

Iron is a key metal ion in biological and geochemical systems as it regulates many key processes,
including the scavenging and release of critical trace metals in natural water systems. The cycle

of iron is often kinetically coupled with the cycles of P, S, heavy metals, O, and C, and depends
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on the biota and the energy and intensity of the light (Luther et al., 1992; Stumm and Sulzberger,
1992).

The cycles of iron (Stumm and Sulzberger, 1992) and of carbon (Berner and Lasaga, 1989) are
also the drivers of the mobility and retention of trace elements involved in natural weathering
processes of minerals as well as in the anthropogenic activities. This is especially critical in the
biosphere/geosphere interface, where the atmospheric oxygen and carbon dioxide undergo the
main part of the transformation processes. Among them, the coupled dissolution-precipitation of
iron (111) hydroxides and calcium carbonate are very dynamic processes in natural water systems
with characteristic reaction times which are in the range of days.

The role of the iron cycle on trace metal mobility in natural water systems has been traditionally
associated to the oxic/anoxic redox transitions and the effect of increased CO, concentrations has
been mainly explained by the formation of Fe(ll) carbonate complexes in anoxic/reducing
conditions. However, already in 1992 , the effect of increased CO, on Fe(lll) oxyhydroxide
dissolution by the formation of mixed Fe(lll) hydroxocarbonato complexes was indicated
established (Bruno et al., 1992b; Bruno and Duro, 2000). The stoichiometry and stability of the
mixed hydroxocarbonato complexes was firmly determined by Grivé in her PhD Thesis (2005)
and it has been recently published (Grivé et al., 2014a, b). In this work was shown that the
solubility of Fe(lll) is enhanced some 3 to 4 orders of magnitude as CO2(g) is increased from
present atmospheric to 1 bar at the pH range of most natural waters. This is mainly due to the
formation of one mixed hydroxocarbonato complex, Fe(OH)COs(aq), predominant in the
circumneutral pH range and a very stable Fe(l1l) carbonato complex, Fe(COs)s*, in the alkaline

pH range.

7. Conclusions

Increased atmospheric CO, concentrations have an effect on the aquatic chemistry of seawater by
increasing the total carbonate content and increasing the acidity.

The buffering capacity of the oceanic system is quite large but a clear increase of acidity and of
the dissolved CO; content can be observed, provided a careful date analyses is performed in a
long time series (Bates et al., 2014)

The effect of increased acidity in trace elemental solubility is obvious but the net effect of
increased carbon dioxide concentrations is more complex. The increased dissolution due to the
formation of aqueous carbonate complexes can be balanced by the formation of carbonate solid
phases. However, as the kinetics of the carbonate complex formation is faster than the build up
of carbonate solid phases, in a dynamic situation a net metal release could be observed when the

partial pressure of CO is increased.
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Our observations from several CO»-rich systems would indicate that there is a marked increase of
Fe(l11) solubility due to the formation of aqueous hydroxo carbonate and carbonate complexes
(Agnelli et al., 2013; Grive et al., 2014). This increase on Fe(l11) solubility cascades in the release
of trace elements associated to Fe(l1l) oxyhydroxide solid phases.

An analysis of the observations by Ardelan et al. (2012) on the effect of increased CO, on
increased trace metal dissolution would indicate that most of the trace elemental mobility is due
to secondary dissolution as a result of the destabilisation of Fe(lll) oxyhydroxides and/or the

competing kinetics between aqueous and solid metal carbonate complex formation.
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Abstract

The interaction between carbon dioxide gas flows and groundwater leads to the dissolution,
mobilization and re-precipitation of metals and metalloids. The potential for metal release
associated with CO; leakage from underground storage formations into shallow aquifers is an
important aspect in the risk assessment associated with CO; sequestration, and the understanding
of the persistence of metal plumes is a very concerning aspect. In the Campo de Calatrava region,
an old volcanic field in central Spain, CO, flows from mantle interact with shallow aquifers
resulting in remarkable metal release. 12 sampling stations have been selected for gas and water
analysis, 10 as bubbling pools and 2 as episodic “cold” geysers. These samples are
characteristically much enriched in trace metals compared to CO,-free aquifers, being Fe the most
abundant, (up to 6.08x10*mol-L™). Also, high concentrations of Mn (up 8.01x10° mol-L%), Zn
(up to 1.46x10° mol-L%), Ni (up to 1.19x10® mol-L1), Co (up to 7.1x107 mol-L%), Cu (up to
3.3x107 mol-L?) and As (up to 1.4x107 mol-L%). pH range is very close to 6 and Eh is quite
oxidising. Gas composition is almost pure CO2, with no detectable amounts of CH. and H,S.

Thermodynamic calculations reveal that the formation of aqueous Fe(lll) carbonate complexes,
mainly FeCO3OH, as a result of the CO»-shallow aquifer interaction causes the dissolution of
native Fe(OH)s releasing iron and all trace metals sorbed onto its charged surface. Then, neither
acidification, “reducing” gas impurities, nor low Eh environments (i.e., making Fe(Il) as
predominant iron form) can be considered as the main drivers for the development of the metal
plumes associated to gas inflows into shallow aquifers. The persistence of these metal plumes,
which is crucial in the risk assessment studies of CO, underground storage, is predicted to be
potentially long since Fe(OH)s is the solubility-limiting phase not only for Fe but also for the
other metals with an observed increase in concentration. The effect of the formation of aqueous

metal carbonate is not as relevant in metals like Mn, Zn, Cu, Co, Ni, and except for Mn, the
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measured concentration in samples from the Campo de Calatrava are far from the saturation in

solid carbonates.

Keywords: Carbon storage, leakage, metal transport, natural analogue, Campo de Calatrava

Introduction:

The capture and storage of CO; in deep subsurface reservoirs is one of the options currently being
considered to lower the industrial emissions of this greenhouse gas to the atmosphere. The site
selection of CO; storage reservoirs must be accurate enough to minimize the risks to human health
and the environment (Rempel et al., 2011; Zheng et al., 2011). However, the possibility of CO,
leakage cannot be completely ruled out, in which case the stored CO- could migrate following
preferential pathways upward into overlying shallow groundwater resources. The presence of
high carbon dioxide content into an aquifer leads to chemical interactions between the CO-, brine
and reservoir rock, leading the dissolution, mobilization and re-precipitation of metals and
metalloids (Czernichowski-Lauriol et al., 2006; Fischer et al., 2010; Kharaka et al., 2006; Kharaka
et al., 2009; Wigand et al., 2008). The potential for metal release associated with CO, leakage
from underground storage formations into shallow aquifers is an important aspect in the risk
assessment associated with CO; sequestration. The effects of increased CO, concentrations on the
release of metals like Zn, Cu, Co and Ni in shallow aquifers have been studied using numerical
simulation (Apps et al., 2010; Atchley et al., 2013; Navarre-Sitchler et al., 2013; Siirila et al.,
2012; Wang and Jaffe, 2004; Wilkin and DiGiulio, 2010; Zheng et al., 2012), laboratory
experiments (Frye et al., 2012; Little and Jackson, 2010; Lu et al., 2010; Romano et al., 2013;
Wei et al., 2011) and few field studies (Agnelli et al., 2013; Kharaka et al., 2009; Trautz et al.,
2013). In most studies, the exposure of aquifer materials to CO, increased the aqueous
concentrations of metals, although in some cases such increase was episodic (Lu et al., 2010). In
other cases, the concentration of some metals decreased altogether (Little and Jackson, 2010). In
principle, the metal transport capacity of CO»-bearing fluids in shallow aquifers should increase
as pH decreases; another potential mechanism is the formation of low Eh environments due to the
presence of “reducing” trace gases (e.g., H2S and CH.). More recently, Grivé et al. (2014) showed
that Fe(l11) solubility in CO»-bearing fluids can significantly increase due to the formation of
Fe(IIl) carbonate complexes that are stable at circumneutral pH’s, and, therefore, being more
persistent in time and space in geological media. The enhanced solubility of Fe(lll) has an
additional and unwanted side effect: the inhibition of the precipitation of Fe(OH)s (am), which is
a major sink for many trace and minor elements. The Fe(OH)s precipitation is favoured when CO,
starts degassing due to loss of pressure (i.e., fluid ascent to surface through faults or by well

production) and, eventually, part of all these metals may precipitate back into solid phases; but
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some of the metal load is still dissolved.

The high solubilisation of metals can be used as a monitoring tool of CO- leakage episodes. Time-
lapse measurement of metal contents in shallow aquifers can help in the early detection of seal
failure of CO; storage site because the concentration of all these metals in shallow and surface
waters is commonly very low, and tiny changes in such a concentration could be indicative of
early leakage (Agnelli et al., 2013; Romano de Orte et al., 2013; Wunsch et al., 2013).
Constraining the duration and intensity of metal release to the aquifer is fundamental in the risk
assessment of the geological storage because such metal increase, if fast and intense, can
jeopardise the quality of water resources. The rates of metal release due to COy(g)-water
interaction are believed to be quite fast in view of laboratory experiments and from few pilot
plant-scale injection operation. Recently, Romano de Orte et al. (2013) found, in a laboratory
experiment, how Fe content in water increased 85% and persisted in water due to a decrease of
pH from 7 to 5.5 in 10 days, showing that short time interaction between CO2(g) and water is
sufficient to dramatically increase the metal concentration in the water. Furthermore, in natural
systems, some examples of episodic intrusion of deep natural CO; into shallow aquifers provide
evidence of quick metal increase in solution (Piqué et al., 2010).

In this research article, the interaction of deep CO; fluxes with shallow aquifers is investigated
through the geochemistry of CO.-bearing waters and gas emissions in natural systems in the
Campo de Calatrava region in central Spain. A ubiquitous feature of the CO,-rich waters in this
area is the reddish color due to the formation of iron hydroxide colloids. The quality of these
springs and aquifers is not acceptable in terms of metal content and represents an illustrative
example of the impact of potential leakage from deep geological storage. The role and importance
of the aqueous Fe(lll) carbonate complexes in metal mobility is assessed and compared against

other mechanism of metal solubilisation, such as acidity or reducing gases.

Geology of the Campo de Calatrava Volcanic Province:

The use of natural systems as analogues of geological storage of waste (CO», spent nuclear fuel)
and energy (Hz, methane) is valuable since it provides evidence for processes occurring at mid
and long term, extending in time the observations collected at lab scale. In this work, the impact
of CO; flows on metal mobility in shallow aquifers has been studied in the Campo de Calatrava
volcanic field (CCVF), which hosts a large number of CO, emission sites, either as free gas
discharges or dissolved in water. The CCVF is a late Cenozoic intraplate volcanic region located
in the province of Ciudad Real (south-central Spain). Its geology consists mainly of horst and

grabens with folded and thrusted Ordovician-Silurian slates, quartzites and limestones of the
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Variscan age, overlaid by late Miocene to Quaternary continental sediments coeval with alkaline
mafic volcanic rocks. Location, extension and thicknesses of these grabens are strongly
influenced by a complex pattern of normal faults developed after different episodes of weak
compressional and extensional stress field conditions since the Oligocene within the Iberian
intracratonic crust (Vegas and Rincon-Calero, 1996; Lopez-Ruiz et al., 2002 and references
therein). Volcanism took place intermittently between 8.7 and 1.75 Ma BP and formed about 200
monogenetic strombolian and hydromagmatic emission points intimately linked to the fracture
network. Magmas have a clear mantellic origin and range from olivine melilites-nephelinites-
leucitites to alkaline olivine basalts and basanites (Ancochea, 1992; Cebria and Lopez-Ruiz, 1995;
Ancochea, 1999).

Although the volcanism is presently extinct, CO, degassing from mantle is still active. Deep faults
are the main conduits of gas ascent to ground surface. A mean diffuse CO, emission rate from
soil of 2.1 g-m2.d! and a total efflux of 2492 + 282 t-d! has been estimated for an area of 758
km? in CCVF (Calvo et al., 2010), whereas point-source anomalies up to 5000 g-m-d have also
recently been reported (Elio et al., 2015). Where gas interacts with groundwater, it dissolves and
migrates following the aquifer hydrodynamics, eventually flowing out at natural or man-made
bubbling springs, locally named “hervideros” (‘“boiling pools”, Poblete, 1992; Yélamos et al.,
1999). In confined aquifers, well drilling often causes the occurrence of “cold” geysers that may

remain active up to several months (Rolandi and Barrera, 2003) (Fig. 1a).

Figure 1: Gas and water eruption at sampling station “Chorro Glicerio” near Almagro village in
2014 (a) and the formation of iron hydroxide colloids and algae growth over the water table (b).
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Main aquifers in the region are related to the Miocene-Pliocene sedimentary cover. These waters
are commonly fresh and neutral where they are not impacted by deep gases, with conductivities
below 500 uS-cmand alkalinity around 5x10 M (Confederacion Hidrografica del Guadiana,

www.chguadiana.es). Where interacted with CO»(g), they quickly become reddish after the

formation of iron hydroxide colloids and causing significant changes in the biogeochemistry of
the surface waters (Fig. 1b). Evidence for long-term gas-water-rock interaction in Campo de
Calatrava is found in some Miocene-Pliocene rock formations which presently are exposed but

were aquifers in the past; these rocks are strongly cemented by iron hydroxides (Fig. 2).

Figure 2: Conglomerate level from Neogene sedimentary cover in the Jabaldn river area, in the
Campo de Calatrava volcanic field. The black-coloured mineralisation is Fe(OH)s that cements the
rock, related to COz-water interaction.

Methodologies:

Electrical Resistivity Tomography:

In order to constrain ground geology and hydrogeology related to the CO,-bearing water emission
points, electrical resistivity tomography (ERT) investigations were carried out at the Cafiada Real
site (see location in Fig. 3), the largest CO; discharge in CCVF. Three profiles between 200 and
600 m long (ERT#1 to ERT#3) were carried out in May 2014 (Fig. 4). The objective was mapping
the electrical resistivity distribution in the subsurface i) to delineate the geometry of the geological
formations that host the local shallow aquifer and the rock basement, ii) to determine depth and
width of the WSW-ENE oriented fault zone that apparently acts as main pathway for the gas
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release, and iii) to identify geo-electric anomalies related to the presence and dynamics of gas-
rich waters.

Apparent resistivity data acquisition was implemented with a Lund Imaging System (ABEM
Instrument AB, Sweden), according to Wenner-Schlumberger configuration. A sequence of two
correlative protocols involving all the possible quadripoles from up to 41 available electrodes
connected to the ground at the same time was followed (ABEM, 2009). A first (“long”) batch
considered the full transect length at a constant electrode spacing (i.e., 10 m for ERT#1 and
ERT#3, 20 m for ERT#2). A second (“short”) one comprised only the two central multicore cable
coils and an electrode separation half of the previous. Measurements were done once again in the
central segment of lines ERT#1 and ERT#2 where the spring and/or the fault zone are present, by
overlapping the same array with a reduced electrode spacing of 5 and 2.5 m in ERT#1 in the case
of the “long” and “short” configuration respectively, and 10-5 m in ERT#2. This allowed higher
resolution coverage of the most interesting areas of the profiles. Since a certain number of
resistivity points were measured twice with a few hours difference, it provided a time-lapsed set
of data that afterwards was used to check short term resistivity variations within the water system.
Data inversion was performed with Res2DInv package (Geotomo Software, Malaysia). After a
pre-processing manual deletion of bad (noisy) data points and a preliminary default inversion to
discard some records with excessive difference between measured and calculated values, 96-98%
of the data remained valid for the analysis (723 to 1,269 points). Iterative least squares inversion
and finite-element forward modelling (Loke and Barker, 1996; Loke, 2014) was applied to
apparent resistivity pseudo-sections to get the final resistivity sections, giving a bulk root mean
square error (RMS) of 7.3 to 9.2% that reflects an acceptable quality for the models. The

maximum investigation depths from the surface ranged between 40 and 91 m.

208




=

Clhthﬁ.i? R
°©

= 7
CALAT
Embalse de la
" Vegs dal JabuleA D

p—r—

Figure 3: Location of sampling stations in the Jabalon river basin in the Campo de Calatrava region (from Visor Iberpix IGN, http://www.ign.es/iberpix2/visor).
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Water and gas sampling:

12 sampling stations have been selected for gas and water analysis, 10 as bubbling pools and 2 as
episodic “cold” geysers. The sampling of the two geysers was found relevant because they provide
a unique opportunity to collect aquifer waters not affected by a long-term degassing, and,
therefore, to collect more pristine water from the impacted aquifer. Degassing leads to the
formation of Fe(Ill) hydroxide colloids that can trap metals by surface sorption, lowering the
metal concentration in solution.

From each sampling site, 3 aliquots of water were collected: i) 125 mL in a plastic bottle for the
anions analysis; i7) 50 mL in a plastic bottle for cations; the bottles were previously acidified with
0.5 mL of Suprapur HCI, and collected water was filtered using 0.45 pm filters; iii) 50 mL in a
plastic bottle for trace metals analysis; the bottles were previously acidified with 0.5 mL of 1M
HNO:s and collected water was filtered using 0.1 pum filters. The analysis of the dissolved gases
in aqueous phase was performed by using a method set up by Tassi et al. (2008) in which the
determination of dissolved gases concentration is carried out at equilibrium conditions. The
sampling is operated by using gas tubes with a capacity of 200-300 mL with a Teflon stopcock.
In the laboratory the gas vials are pre-evacuated by a rotary pump with a vacuum value of 10'-
10 Pa. By submerging the gas vial into the water and opening the Teflon stopcock, the water is
forced to enter the vial by decompression. Normally, >70% of the tube volume has to be filled
with water in order to allow the chemical determination. The pH-Eh measurements were
performed in the field using a Crison portable pH-Eh meter with a platinum electrode for the

redox determination.

Results:

Electrical resistivity tomography

Results of the three electrical resistivity tomography profiles at Cafiada Real site provide clues on
the subsurface features of shallow aquifers impacted by CO.(g) flows, and on their
hydrodynamics. Three resistivity units can be distinguished according to the resistivity
distribution along these profiles (Fig. 4). In the data treatment model, resistivity values have been
arbitrarily classified into four categories: very low (<4 Qm), low (4 - 16 Qm), medium (16 -
64 Qm) and high (>64 to ~650 Qm). The uppermost resistive unit defines a roughly continuous
level parallel to the surface in all the profiles, with a minimum thickness of 5-7 m and a maximum
of 15 m. This unit is attributed to Upper Pliocene calcarenites (IGME, 1988a, 1988Db).
Groundwater table is located within this unit at depths mostly ranging between 4.5 and 5.5 m
from the surface. Beneath, a second resistive unit is characterized by very low to low resistivity

values with some low-medium resistivity patches in its eastern upper zones. Presumably, it is
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formed by Upper Pliocene sediments (IGME, 1988a, 1988b). In accordance with the low
resistivity values, it may be assumed that the unit is saturated with groundwater. The bottom of
the geo-electrical sections forms a third resistive unit attributed to the Ordovician quartzite
basement. However, this third unit is cut by an area with low-medium resistivity values which is
considered to be a fracture zone of WSW-ENE orientation and over 50 m wide. This pattern may
be attributed to rocky topographic highs located at both sides of a nearly vertical fault zone where
materials affected by fracturing and weathering are present. This fault likely is the conduit for the
ascent of CO-, flows in the area. Upward migration of gas would cause a progressive decrease in
resistivity of the Neogene sediments as it gradually becomes dissolved into groundwater,
increasing its electrical conductivity and hence, giving rise to very low resistivity areas. The size
and distribution of these most conductive lenses probably reflect the stratigraphic position of
patches of higher porosity (i.e., sand-gravel lenses with lesser fine content) which represent
preferential pathways of the CO.-bearing water to spread across the aquifer. A detailed inspection
of resistivity distribution in the vicinity of the spring zone (X coordinates 20 to 40 m in line
ERT#1) reveals distinctive features that can be directly linked to the process of groundwater
upward migration and gas release (Fig. 5). Here, the uppermost calcarenitic unit hosts a negative
anomaly that suddenly disrupts the horizontal continuity of prevailing high resistivity values.
Under the first 3-4 m from the surface (18-30 Qm), resistivity rapidly decreases to 4-16 Qm,
depicting a sort of hemispherical convex shape up to about 8-9 m depth. The anomaly extends
even deeper inside the underlying detrital sediments, where it becomes a nearly vertical neck-
shaped positive anomaly of low-medium values (8-20 @m) horizontally surrounded at both sides
by two very low resistivity elliptical zones (<4 Qm). No more distortion of the resistivity isolines
is detected below 20-22 m deep, so the Paleozoic basement does not seem to be involved here in
the dynamics that causes this particular anomaly.

Ascent of water across the fractured calcarenites would cause a marked reduction of their
resistivity and originate the plume-like shape related to localized elevation of the water table.
Finally, near-surface water degassing would increase again resistivity values immediately below
the bubbling pond.
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Figure 4 (a): Location and model sections of the three electrical resistivity tomography profiles measured at Caflada Real in May, 2014. The two existing bubbling
springs are placed inside a green grassy rectangular area, surrounded by brown vineyard’s terrain. The inferred cartographic trace of the CO: source fault zone is
also indicated in the map. Resistivity scale in the sections is divided into four classes only for descriptive clarity. Black dashed lines delineate contacts between
resistivity units 1, 2 and 3, whereas dotted lines indicate different resistivity areas within Unit 3. (b) Zoomed view of the resistivity section ERT#1 along the spring
zone. Color scheme is adjusted to four discrete resistivity intervals in order to emphasize different features related to the CO2dynamics: (b1) uses the same scale as
in Fig. 4a for a more detailed general perception; (b2) highlights very low and low resistivity values in Unit 2; (b3) calls attention to the convex shape defined by the
ascending COz-bearing water plume across Unit 1; and (b4) illustrates horizontal spreading of gas and water in the near-surface.
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Figure 4 (b) Zoomed view of the resistivity section ERT#1 along the spring zone. Color scheme is adjusted to four discrete resistivity intervals in order to emphasize
different features related to the CO2dynamics: (b1) uses the same scale as in Fig. 4a for a more detailed general perception; (b2) highlights very low and low resistivity
values in Unit 2; (b3) calls attention to the convex shape defined by the ascending COz-bearing water plume across Unit 1; and (b4) illustrates horizontal spreading
of gas and water in the near-surface.
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Water and gas composition:

The temperature and the chemical composition of major, minor and trace elements of the waters
have been determined for all the springs (Table 1). Spring waters are characterized by a
circumneutral pH in the range of 5.9 to 6.4, an electrical conductivity ranging from 1345 pyS-cm-
! up to 3910 puS-cm* and Eh values in the range of 167.2 mV to 360.2 mV. Only in one station,
Bafio Chiquillo, a more reduced Eh value has been measured (-52 mV). Temperature at sampling
point is 16.9 and 27 °C. Major ion composition is Mg-Ca-HCOs3, with minor Na-CI-SO4 (Fig. 6,
and Table 1). Dissolved CO, (mainly as bicarbonate) is the main anion in solution (up to 2110
mg-L?, 34.6 mol-L?, in the Cafiada Real site) (Fig. 6). These data are quite similar as CO,-free
aquifers in the region (Table 2), although a general increase in the solute content is observed when
CO, is present, suggesting some degree of water-gas-rock interaction.

Concerning the chemical composition of the dissolved gases (Table 3), CO- is by far the most
abundant gas species, ranging from 85.77% to 99.92%, followed by N, and Ar. H,S content was
always less than the detection limit. These compositions are consistent with those reported in a
previous study by Vaselli et al. (2013). The authors suggested that a mantle-sourced signature of
these volcanic products is apparently preserved in many CO2-rich (up to 99% vol) gas discharges
in the Calatrava Volcanic Province, whose carbon and helium isotopic signature is characterized
by values between -6.8 and -3.2 %0 (V-PDB) and up to 2.7 R/Ra, respectively. The authors also
found that nitrogen and argon are related to an atmospheric component, with values between that
of the air (83) and that of ASW (Air Saturated Water).

215




s s 7 L L 0.00
0.00 025 050 0.75 100
Ci

Sampling Stations:

SOGOEREREREONEONDEN

Chorro Glicerio
Chorro Villa Elena
Herviderio Nuevo
Barranco Grande
Canada real

Bafo Chico

Barno Chiquillo
Fontecha 1
Fontecha 2
Fontecha 3
Fontecha 4

Codo Jabalon
Pozuelo 07/06/2011
Pozuelo 23/09/2009
Pozuelo 25/09/2014
Pozuelo 18/06/2012

Figure 6: Triangular diagrams showing the chemical composition of the major elements in COz-bearing water samples, and in non-impacted aquifers in the Campo

de Calatrava region. See Tables 3 and 4 for complete chemistry of these waters.
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Table 1: Chemistry parameters of the CO-bearing springs sampled in Campo de Calatrava area. All the concentrations are expressed as mg-L™.

Sample T °C pH Eh Cond. EL HCO3 F Cr Br- SO4* Ca% Mg? Na* K*
(mV) (uS-cm™)
Chorro Glicerio 16.9 6.2 181 3660 2482 0.42 173 0.49 186 237 308 229 66
Chorro Villa Elena 18.8 6.1 180 2390 1586 0.52 78 0.29 62 165 201 97 48
Fontecha 1 18.4 5.9 207 2430 997 0.58 178 0.38 251 65.9 109 301 43.8
Fontecha 2 22.4 5.9 295 2310 1022 0.72 187 0.40 267 65 111 324 43.2
Fontecha 3 215 6.2 313 2440 1052 0.86 206 0.31 262 68.2 115 313 42.8
Fontecha 4 27.1 5.9 17 1720 831 0.47 110 0.30 147 55.7 85 199 36
Cafiada Real 21.8 6.1 282 3910 2111 0.47 281 0.77 305 151 232 466 80.2
Barfio Chico 21.6 6.1 360 1600 1009 0.57 45.2 0.180 55.8 715 128 78.4 27.4
Bafio Chiquillo 25.2 6.4 -53 1714 1105 0.78 49.3 0.1 61.1 124 113 84.9 31.1
Codo Jabalon 18.2 5.9 211 1345 975 0.60 134 0.33 184 68.3 114 212 31.9
Barranco Grande 21 6.1 167 2000 1054 0.57 103 0.20 134 76.3 128 166 39.7
Hervidero Nuevo 21 6.0 213 1626 676 0.73 77.8 n.d. 92.4 54,7 68.2 111 26.4

Table 2: Chemistry of the representative spring not affected by CO. in Campo de Calatrava. All the concentrations are expressed as mg-L?. Data from
Confederacion Hidrogréafica del Guadiana (www.chguadiana.es).

Sample Date pH | HCOs CI | SO | Ca* | Mg* | Na* | K*

mar-09 | 7.2 211 291 | 87 | 429 | 212 | 269 | 36
sep-09 | 7.1 210 33 82 | 413 | 222 | 248 | 39
aug-10 | 7.3 123 88.1 | 168 | 61.2 | 33.8 | 46.7 | 6.1
nov-10 | 7.4 209 233 | 83 | 437 | 226 | 246 | 35
Pozuelo de Calatrava | jun-12 | 7.3 210 304 | 114 | 425 | 21.7 | 256 | 3.9
dic-12 | 7.2 213 262 | 99 | 41.8 | 208 | 265 | 3.6
jun-13 | 7.2 210 278 | 93 | 399 | 221 | 242 | 338
dic-13 | 7.2 213 285 | 109 | 428 | 224 | 246 | 3.9
oct-14 | 7.4 144 448 | 249 | 433 | 140 | 316 | -

nov-14 | 73 | 1685 | 66.4 | 31.1 | 556 | 16.4 | 37.4 | -
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Table 3: Chemical composition of the dissolved gases sampled. All the values are reported in %.

Sample CO: N Ar 02

Barranco Grande 85.77 13.41 0.32 0.48
Chorro Glicerio 91.16 8.23 0.20 0.40
Chorro Villa Elena 88.35 11.25 0.16 0.30
Canada Real 99.53 0.42 0.01 0.01
Hervidero Nuevo 88.50 11.12 0.23 0.14
Fontecha 1 92.00 7.66 0.17 0.16

Determination of alkalinity: CO, measured vs calculated

One of the key parameters in the assessment of the mobility of metals in the CO,-impacted
aquifers is the correct determination of the CO; pressure once dissolved. Such data are obtained
by direct sampling of the gas phase since most sampling stations show gentle bubbling meaning
that active degassing is occurring or gas flows are bubbled through the groundwater. In both cases,
direct collection of the gas phase may lead to overestimation or underestimation of the CO,
pressure in equilibrium with water. In this work, gas pressure data from direct sampling has been
compared with CO; pressure calculated from alkalinity of water samples. The calculation has
been done using the PHREEQC-3 code (Parkhurst and Appelo, 1999), and with the
ThermoChimie v.9 database (Giffaut et al., 2014), including the SIT approach for ionic strength
correction. The compared pressures for each sampling station are shown in Table 4. Calculated
pressure is in general similar as measured in the field, although in some stations the difference is
remarkable. This suggests that sampling is performed under gas-water disequilibrium, assuming

that no degassing occurs after water collection.

Table 4: Sampled CO; pressure value vs. calculated (PhreeqC) pressure in the sampling
stations.

Sampled CO: Calculated CO>
Sample pressure (bar) pressure (bar)
Bafio Chico 0.400 0.281
Baiio Chiquillo 0.200 0.223
Barranco grande 0.200 0.295
Cafiada Real 0.733 0.602
Chorro Glicerio 0.022 0.478
Chorro Villa Elena 0.020 0.457
Fontecha 1 0.029 0.316
Fontecha 3 0.700 0.288
Fontecha 4 0.600 0.281
Hervidero Nuevo 0.024 0.208
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Gas pressure is important to quantify the impact of CO, on the aquifers in terms of water-gas-
rock interaction. The nature of shallow aquifers receiving CO; discharges in the Campo de
Calatrava region is not well constrained but thermodynamic equilibrium calculation from water
chemistry can provide clues on the mineral assemblage. For sample “Pozuelo de Calatrava”,
considered as a representative example of non-impacted shallow aquifer in the region, the
saturation index calculation indicates that these waters are undersaturated with carbonate minerals
(calcite and dolomite) but close to saturation (Table 5). This suggests that some carbonate
components are part of the mineralogy of the aquifer, and, therefore, some potential of CO,
buffering could exist. In contrast, equilibrium with silica is not attained, likely due to the very

slow dissolution kinetics of silicon-bearing phases at low T and circumneutral pH.

Table 5: Saturation indexes with respect calcite, dolomite, gypsum and silica of the aquifer
not affected by CO; intrusion in Campo de Calatrava (central Spain). All the concentrations
are expressed as mg-L!. Data from Confederacion Hidrografica del Guadiana
(www.chguadiana.es).

Sample Date  |pH| I Calcite | SI Dolomite | SI Gypsum | SI SiO:(am)
mar-09 | 7.2 -0.22 -0.37 -2.80 -0.57
sep-09 | 7.1 -0.34 -0.57 -2.85 -0.54
aug-10 |7.3 -0.28 -0.44 -1.48 -0.90
nov-10 |7.4 -0.02 0.06 -2.82 -0.57
Pozuelo de Calatrava | jun-12 |7.3 -0.15 -0.19 -2.68 -0.53
dic-12 [7.2 -0.22 -0.38 -2.76 -0.54
jun-13 [ 7.2 -0.25 -0.38 -2.80 -0.56
dic-13 | 7.2 -0.22 -0.34 2,71 -0.52
oct-14 | 7.4 -0.18 -0.46 -2.32 -0.59
nov-14 |7.3 -0.12 -0.39 -2.16 -0.59

The intrusion of CO- (either already dissolved or as a gas phase) into the shallow aquifers in
Campo de Calatrava leads to a decrease in pH and dissolution of carbonate phases. However, such
dissolution is not significant as a pH buffer since all samples become even more undersaturated

in carbonate minerals (Fig. 7).

Trace (transition, post-transition) metals and metalloids

All the studied samples are characteristically much enriched in trace metals compared to CO»-
free aquifers (Table 6). Iron is by far the most abundant, ranging from 2.5x10 mg-L™" (4.47x10°
"mol-L") to 34 mg-L"' (6.08x10* mol-L") (Fig. 8). They also show high concentrations of Mn
(up to 4.4 mg-L!, 8.01x10° mol-L"), Zn (up to 96 pug-L?, 1.46x10° mol-L?), Ni (up to 70 pg-L
1, 1.19x10% mol-L"), Co (up to 42 pg-L!, 7.1x107 mol-L™"), Cu (up to 21 pg-L!, 3.3x107 mol-L-
) and As (up to 11 pg-L?!, 1.4x107 mol-L") (Fig. 9). In general, uranium is not significantly
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enriched except in the sample from the cold geyser called “Chorro Glicerio”, with 12 pg-L-
1(5.1x10° mol-L).
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Table 6: Concentration of trace metals and metalloids in impacted and non-impacted shallow

aquifers.

Sample Fe (tot) Mn?* cr** Ni** Co** Cu*
(mg/l) (mg/1) (g (g (g | (ug/h
<0.05 <0.1 <0.02 <005 |[<0.05 <0.05
<0.05 <0.1 <0.02 <005 |[<0.05 <0.05
<0.1 <0.1 <0.02 <005 |[<0.05 <0.05
<0.1 <0.1 <0.02 <005 |[<0.05 <0.05

Pozuelo de Calatrava <0.1 <0.1 <0.02 <005 [<0.05 <0.05
<0.1 <0.1 <0.02 <005 |[<0.05 <0.05
<0.1 <0.1 <0.02 <005 [<0.05 <0.05
<0.1 <0.1 <0.02 <005 |[<0.05 <0.05
<0.1 <0.1 <0.02 <005 [<0.05 <0.05
<0.1 <0.1 <0.02 <005 |<0.05 <0.05

Chorro Glicerio 7.0 44 4.0 70 42 13

Chorro Villa Elena 16 12 6.7 41 14 13

Fontecha 1 34 0.8 2.1 56 16 20

Fontecha 2 29 0.7 2.2 34 10 21

Fontecha 3 0.08 0.26 2.2 27 3.7 21

Fontecha 4 2.6 1.0 1.1 46 20 9.8

Carfiada Real 09 04 52 17 5.7 1

Baiio Chico 14 09 1.2 36 22 13

Baiio Chiquillo 0.02 0.6 14 57 17 11

Codo Jabalon 22 0.6 2.0 43 13 20

Herviderio Nuevo 21 1.0 1.8 48 19 17

Barranco Grande 34 1.4 1.9 37 20 19
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Figure 9: Main trace metal and metalloid concentration of the sampled CO:z-bearing sampling
stations.
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The increase of iron and trace metals in solution is neither directly correlated with pH or CO;

pressure (actually both parameters should be strongly related since CO; is the main contributor to

water acidity) (Fig. 16). In a similar way, trace metals content do not show any positive correlation

(Fig.10 to Fig. 12). In contrast, a good linear correlation between Ni, Zn and Co concentrations is

observed (Fig. 13), suggesting a similar geochemical behaviour and source for all them.
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Figure 11: Diagram of Mn concentration vs. CO: pressure in the COz-bearing sampling stations.
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Figure 13: Correlation diagram of Ni, Zn and Co concentration sampled in the CO2z-bearing

sampling stations.

Geochemical modelling: release and mobility of Fe(III), Mn and trace metals

The mobility of iron in low-CO,, surface water and shallow groundwater is very limited due to

the slightly solubility of Fe(Ill) at circumneutral pH and oxidizing conditions. In general, iron

concentration under these conditions is lower than 1x10°° mol-L™! due to the equilibrium with iron

(III) oxihydroxides. Higher concentrations are commonly observed in acidic environments from

oxidative Fe-sulphide dissolution (e.g., acid mine drainage) or in anoxic waters due to the higher

solubility of Fe(II). The observation that CO»-bearing waters are commonly rich in iron has been

reported from many natural systems and the formation of Fe(IIl) carbonate complexes accounts

for its enhanced solubility (Grivé et al., 2014; Table 7).

The role of Fe(Ill) carbonate complexes is illustrated in Table 8 and Fig. 14, which shows the
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sharing between main aqueous Fe species in the samples. In all them, almost all Fe is found as
carbonate FeCO3(OH), allowing a much higher iron concentration in equilibrium with Fe(OH)s
existing in the aquifer. Fig. 15 shows the saturation index (SI) with respect to Fe(OH)3 considering
the presence and absence of these two Fe(lll) carbonate aqueous species. It is clearly observed
that the solubility of solid Fe(OH)s is enhanced up to three order of magnitude if the formation of
Fe(l1) carbon complexes is taken in account. In general, most shallow groundwaters affected by
COs; intrusion in Campo de Calatrava are saturated with respect Fe(OH)s. However, it is worth
considering that the crystallinity of these Fe(lll) minerals is highly changeable, and in turn, its
solubility product can also vary from one site to another. Therefore, the calculation of Sl is just

indicative of the necessary role of aqueous carbonate complexes.

Table 7. Solubility of Fe(lll) carbonate aqueous complexes and ferrihydrite (Fe(OH)z (am)). Data
from Grivé et al. (2014) and Schindler et al. (1963).

FeCO;OH « Fe¥* + H*+ CO# + H,0 |, log K=-10.76
Fe(COs)s* < Fe¥* +3COs* , log K= -24.24

Fe(OH); (am) + 3H" < Fe®* + 3H,0, log K= 2.54

Table 8. Percentage of iron species in solution in the studied samples.

Stations FeCO3(OH) Fe*2 Fe(CO3) ea) | Fe(OH)s g
(%) (%) (%0) (%)
Bafio chico 935 5.9 0.6 0.002
Bafio chiquillo 98.4 1.2 0.3 0.003
Barranco Grande 92.2 7.1 0.6 0.002
Carfiada Real 94.0 5.3 0.7 0.001
Chorro Glicerio 98.9 0.7 0.3 0.001
Chorro Villa Elena 92.8 6.5 0.7 0.001
Fontecha 1 79.2 19.9 0.8 0.002
Fontecha 2 77.5 21.7 0.9 0.002
Fontecha 3 93.9 55 0.6 0.002
Fontecha 4 75.9 23.2 0.8 0.002
Hervidero Nuevo 83.0 16.2 0.7 0.003
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Figure 14: pH-Eh diagram of the aqueous speciation of iron considering the pCO: found in shallow
groundwaters in Campo de Calatrava.
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Figure 15: Fe(OH)s3(am) saturation indexes (SI) trend calculated using the sampled and calculated
pCO:2 compared with the theoretical values obtained excluding the formation of Fe(IIl) carbonate
complexes.
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The source of iron in the Campo de Calatrava shallow CO»-bearing groundwaters is likely the
iron(IIT) oxihydroxides in the aquifer host rocks, which are widespread in sedimentary rocks. A
numerical model of a gas-water-rock reaction supports such hypothesis. The impact of pH, CO,
pressure and iron solubility increase was simulated using PHREEQC. 1 mol of CO»(g) has been
progressively added, in steps of 1x10-* moles, to an aquifer with the initial chemical composition
of the water “mar-09” from the regional aquifer (Table 4 above). The aquifer is considered in
equilibrium with Fe(OH); (am) and to account for the potential variability in the solubility product
of Fe(OH)3 (am), a range of Log K has been considered (Log K =4, 3.5, 3 and 2.2 respectively).
The numerical simulation has been com pared w ith the data collected from the CO»-bearing
waters, assuming the sampled CO; pressure.

The results indicate that the intrusion of CO> gas can account for the observed pH and CO;
pressure even assuming a significant loss of accuracy in sampling due to the bubbling during the

water and gas collection (Fig. 16).

2
1.5 <
1 h‘\'"
= Te
m e
= 05 *w,
i~ ™
8 |:| *"i.
o - &
"l_“ i A
05
b el
"u
1 .
h"‘.\_i
1.5 L
-2
3 3.5 4 4.5 5 5.5 B 6.5 7 7.5

pH

Figure 16: Predicted increase of pCO: and decrease in pH in an aquifer as a response of CO: gas
intrusion. Blue triangles are the data from Campo de Calatrava CO2z-bearing sampling stations.

Concerning the iron release and solubility, the simulation results show that most measured [Fe]
can be explained by the dissolution of Fe(IIl) solids due to the inflow of CO-(g) (Fig. 17).
Again, the role of aqueous Fe (III) carbonate complexes is essential to reach the observed iron

concentrations since the decrease in pH is not sufficient (see green dashed line in Fig. 18).
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Figure 17: Predicted concentration of iron from Fe(OH)s(am) (ferrihydrite in the label) dissolution
due to the intrusion of CO2(g). Lines are the reaction path considering different Fe(OH)s(am)
solubility products (Ksp= 4, 3 and 2.17, respectively). Dashed line corresponds to the simulation
with no consideration of aqueous Fe(l11) carbonate complexes. Iron concentration and

corresponding pCO: of sampled shallow groundwaters in Campo de Calatrava are included in the
plot for comparison.
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Figure 18: Predicted concentration of iron from Fe(OH)s(am) dissolution due to the intrusion of
CO2(g) vs. pH. Lines are the reaction path considering different Fe(OH)s(am) solubility products
(Ksp=4, 3 and 2.17, respectively). Dashed line corresponds to the simulation with no consideration
of aqueous Fe(lll) carbonate complexes. Iron concentration and corresponding pH of sampled
shallow groundwaters in Campo de Calatrava are included in the plot for comparison.
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Manganese is also released in shallow aquifers in Campo de Calatrava. According the existing
thermodynamic data, the speciation of Mn in fresh, oxidising waters is essentially as Mn?*. In
CO»-impacted aquifers, the formation of MnCOs(aq) is enhanced (Fig. 19). In the studied waters,
carbonate aqueous Mn species are in the same order of magnitude as free Mn?*, being
predominant is some samples up to 75% of the dissolved Mn (Table 9). The solubility of Mn is
limited by the precipitation of MnCO3(s) (rthodocrosite) as suggested by the SI of these samples;

Mn oxides and hydroxides are significantly much soluble.
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Figure 19: pH-Eh diagram of the aqueous speciation of Mn considering the pCO2 found in shallow
groundwaters in Campo de Calatrava.

228




Table 9. Percentage of Mn free cations and aqueous carbonate species in the studied samples.

Saturation indexes of the solubility-limiting phase (rhodocrosite) are also listed.

Sl
. Mn? | MnCO; | MnHCO3;* | rhodocrosite
Stations (MnCO3)
% % % %
Bafio chico 56.6 37.7 4.1 -0.59
Bafio chiquillo 34.3 61.1 3.6 -0.51
Barranco Grande 57.9 33.3 4.0 -0.44
Cafada Real 48.2 41.3 55 -0.97
Chorro Glicerio 23.6 70.8 4.4 0.38
Chorro Villa Elena 55.3 38.5 5.1 -0.44
Fontecha 1 70.1 18.8 34 -0.93
Fontecha 2 70.4 17.8 3.4 -1.00
Fontecha 3 53.4 36.1 3.9 -1.14
Fontecha 4 74.0 17.1 3.2 -0.87
Hervidero Nuevo 72.4 20.8 3.0 -0.79

The trace metal contents from the analysis of the CO»-bearing fluids reveal a clear enrichment
mainly in Zn, Co, Ni, Cu and, in a minor extend, U. Unlike Fe (I11), whose enhanced concentration
is a combination of release from the iron minerals and the formation of soluble Fe(lll) aqueous
carbonate complexes, the high concentration of these trace metals seems to be only related to a
dissolution of the their source, i.e., Fe(OH)s. Considering the aqueous species for Co and Ni
included in Thermochimie v.9 database, and Minteg-v4 (U.S. Environmen tal Protection Agency,
1998) for Zn and Cu (since Cu and Zn carbonate and hydrolised species are not defined in
Thermochimie v.9). This is the reason behind the selection of Minteg-v4., the impact on transport
of the formation of agqueous metal carbonate complexes is less relevant, and divalent free cations
are much predominant for Co, Ni and Zn (Table 10). In contrast, Cu carbonate species are

predominant in some samples.
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Table 10. Percentage of Co, Ni, Cu and Zn free cations and aqueous carbonate species in the studied samples.

Co?* CoHCOs* Ni2* NiHCO3* Cu® CuCOs3 CuHCOs* Zn** ZnHCO3*
Stations
% % % % % % % % %

Bafio chico 75.1 22.3 88.4 8.5 38.1 47.0 9.4 85.6 10.6
Bafio chiquillo 67.9 29.3 84.7 11.8 20.6 68.2 7.4 80.3 14.5
Barranco Grande 74.0 20.6 85.8 1.7 38.6 42.1 9.2 83.4 10.0
Cafada Real 63.4 29.6 79.1 11.9 27.4 43.7 11.0 75.5 15.3
Chorro Glicerio 54.2 41.8 75.7 18.9 12.9 72.6 8.7 68.9 23.3
Chorro Villa Elena 71.1 26.8 86.9 10.6 35.9 46.6 11.5 83.4 13.4
Fontecha 1 75.3 14.9 83.2 5.3 46.6 23.7 7.9 82.1 7.0
Fontecha 2 75.1 14.7 82.8 5.3 46.8 22.4 7.9 81.7 6.9
Fontecha 3 70.0 20.7 80.9 7.7 32.7 41.1 8.1 78.7 9.8
Fontecha 4 79.1 13.9 86.8 4.9 53.3 22.9 7.8 85.6 7.2
Hervidero Nuevo 81.0 13.8 89.1 4.9 52.3 28.4 7.5 87.7 6.3
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Discussion:

The impact of CO, solubilisation on metal transport has been a topic thoroughly studied in the
last decade due to the intention of store this greenhouse gas underground. A complete literature
review on this topic has recently been performed by Lions et al. (2014). In general, most lab and
field studies agree that iron and manganese are easily mobilised when an aquifer is impacted by
CO,, already dissolved in water or as supercritical gas in the storage formation (Kharaka et al.,
2010; Trautz et al., 2013; Lu et al., 2010; Little and Jackson, 2010; Humez et al., 2013). However,
there is still some debate on the driving processes of this metal mobilisation. Acidification is
commonly invoked as a releasing and transport mechanism (Kharaka et al., 2009). Another
proposed metal-releasing mechanism is the ascent of low-Eh, deeper fluxes and subsequent
displacement of native, oxidising fluids, leading to, e.g., the reduction of Fe(IlI) to a more mobile
Fe(Il) form (Hem, 1985; Yardley et al., 2003; Kharaka and Hanor., 2007; Birkholzer et al., 2008;
Keating et al., 2010). Finally, the occurrence of minor gases in the gas mixture such as CHs4 or
H,S may favour the development of microbially-driven reactions causing metal reduction
(McMahon and Chapelle, 1991, 2008; Lions et al., 2014 and references therein).

The chemistry of the shallow groundwaters affected by COx(g) fluxes in Campo de Calatrava
reveals that none of the above mechanisms is the main driver for metal release and solubilisation,
since (1) all of them have circumneutral pH (close to 6), (2) they have oxidising Eh, and (3) the
gas flow is almost pure CO; and free of “reducing” minor gases. The measured pH is likely
controlled by the dissolution of gas into the shallow aquifer rather than mineral dissolution, as
supported by numerical thermodynamic calculations, but gas fluxes are not intense enough to
cause very acidic (pH<4) plumes in the affected aquifers. Geophysical profiles reveal that gas
mixes at shallow depths with groundwater and part of this gas directly flows to the atmosphere.
However, the suspected short interaction time between gas, water and host rocks is enough to
dissolve iron hydroxides and form plumes of iron and other trace metals. The source of these trace
metals are likely the iron hydroxides themselves since these minerals present charged surfaces
where trace metals are immobilised by sorption. The lack of correlation between the concentration
of iron and these metals could be found in the variable composition of the surface sites in the
sampling stations.

Although part of the metal load precipitates back as colloids if some degree of degassing occurs,
the metal concentration is still much higher than expected for circumneutral, oxidising waters.
Therefore, the role of aqueous Fe(Ill) carbonate complexes becomes crucial for the persistence
of this metal content in solution. In the samples studied in the Campo de Calatrava area, the
theoretical impact of iron mobility calculated from laboratory experiments is well proved, and,
contrary to the current opinion in the scientific community, the impact of CO> fluxes into shallow

aquifers leading to relatively low CO, pressure is very significant and worth taking into
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consideration in the risk assessment.

Manganese is usually reported to be mobilised along with Fe in CO; injection test in aquifers.
Interestingly, the role of carbonate complexes in Mn mobilisation is quite different from iron: at
high pCO,, a significant part of dissolved Mn predicted to be found as MnCO3(aq) but, in turn,
the solution is approaching the equilibrium with solid Mn carbonate. Therefore, the competition
between the formation of soluble Mn carbonates and the precipitation of solid MnCO3; controls
the solubility of Mn in these aquifers.

The general consensus on the release of Fe and Mn is not shared for other trace metals since the
reported data shows a disparity of sets of metals released either in laboratory or from field tests
(see review in Harvey et al., 2012). According to the analysis performed in this work, the
formation of trace transition metal plumes in CO,-impacted shallow waters is basically related to
the occurrence of such metals in surface sorption sites in solid Fe(OH)s, and their transport is
eventually controlled by the precipitation of solid carbonates, in a similar way as Mn. In the
studied samples in Campo de Calatrava, the thermodynamic calculations predict that these waters
are far from the equilibrium with these carbonates (more than 2 orders of magnitude below the
saturation) suggesting that the concentration of these metals is actually related to the source rather
than to the transport. Their solubilisation is, then, maintained as long as the aquifer system keeps
Fe(OH)s undersaturated.

Compared to results from literature, it is remarkable the similarity with the experimental data
from Little and Jackson (2010), obtained from the same pH range. In both datasets, the trace
metals with a significant increase are the same, i.e., Fe, Mn, Zn, Co, Ni, Cu and U. Only barium

has not found to be mobilised in the present work.

Conclusions:

The CO:; (g) flows into shallow aquifers cause severe changes in shallow, fresh aquifer chemistry
since lead to the release and solubilisation of metals, mainly Fe and Mn but also of a set of many
other metals in minor or trace amounts. In most cases, such amounts are not acceptable in terms
of water consumption. The persistence of these metal plumes, which is crucial in the risk
assessment studies of CO underground storage, is under debate since subsequent water-rock
interaction may lead to a decrease of acidity and, in turn, the metal load is then back to the rock.
However, the observations from this work reveals that such persistence is clearly enhanced due
to the formation of aqueous Fe(lll) carbonate complexes, which has not been considered in the
past in the risk assessment of the impacts of CO; (g) flows into shallow aquifers. These complexes

modify the water-rock equilibrium in the aquifer forcing the dissolution of Fe(OH)s, and, in turn,
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the release of the sorbed trace metals. These trace metals are dissolved with amounts lower than
those necessary to precipitate pure metal carbonate and they are predicted to persist until they
sorbed again in iron hydroxides. Consequently, the formation of iron carbonate complexes can be
considered as the main driver of metal transport in the CO»-impacted shallow aquifers.
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Abstract: Diffussve gradients in thin films (DGT) have been tested in CO,-rich, metal-bearing fluids from
springs in the Campo de Calatrava region in Central Spain, to assess their applicability as a monitoring
tool in.onshore CO, storage projects. These films are capable of adsorbing metals and recording changes

in their concentration in water, sediments, and soils. Considering that CO. dissolution promotes metal
se films could be valuable as a monitoring tool of early leakane
acted springs with constant metal concentration. The

14

studied waters show high concentrations of Fe, as high as 1 x 10°% pg-L=', Ni, Co, Zn, Cu, and Mn

sofubilization and transport, the use of

A number of DGT have been deployed in st

Comparing re-calculated metal concentration in DGT with metal water concentration, two different metal
behaviors are cbserved: (i) metals with sorption consistent with the metal concentration (i.e, plotting
ciose to the 1:1 line in a [Me]psy [Mel, e Plot), and (i) metals with nonlinear sorption, with socme data
showing metal enrichment in DGT compared with the concentratiaon in water. Metals in the first group

~

include Fe, Mn, Co; Ni, and U, and metais in the second group are Zn, Pb, Cr, Cu, and Al, From this

research, it is concluded that the metals in the first group can be used to monitor potential leakage by
using DGT, providing effective leakage detection even considering low variations of concentrations,
episodic metal release. and reducing costs compared with canventional, periedic water sampling
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Introduction anthropogenic greenhouse gas (GHG) concentrations
in the atmosphere.' The site selection of CO; storage
he capture and the storage of CO; in deep reservoirs must be accurate enough to minimize the
Tsubsurfacc reservoirs is onc of the options risks to human health and the environment.
currently being considered to mitigate the rising However, even considering a thick, impervious seal
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formation, the possibility of leakage via preferential on seafloor in offshore storage.’*"* Their results show
pathways (fracture or wells) cannot be completely that many metals were remarkably increased in their
ruled out, and its early detection 1s essential to avoid concentration after CO, dissolution in seawater,
major impacts. In this respect, the changes in the especially U and Ce, whose dramatic increase permits
geachemistry of shallow groundwater may provide the use of these metals as chemo-indicators for CO,
evidence of CO; intrusion in such aquifers. These seepage. They concluded that the enhanced Fe, Co,
changes can be promoted by the chemical interac- and Mn can also be used as supportive chemo-indica-
tions between the CO, and shallow groundwater, tors for a possible CO, secpage in oxic waters.

leading to the dissolution, mobilization, and re-pre- In this paper, DGT have been tested in CO,-rich,
cipitation of metals and metalloids.' * In principle, metal-bearing fluids from shallow aquifers and

the metal transport capacity of CO,-bearing fluids in springs in the Campo de Calatrava region in Central
shallow aquifers should dramatically decrease as pH Spain, to assess its applicability as a monitoring tool
increases due the buffering with aquifer rocks and in on-shore storage projects.

also duc to the relative high Eh favoring very low

iron solubility. However, the Fe{IlI) solubility in Diffusive gradients in thin films

CO;-bearing fluids can be significantly increased due (DGT)
to the formation of Fe(III} carbonate complexes that

are stable at circum-neutral pHs, and, therefore, DGT, invented in Lancaster University in 1993, are
being more persistent in time and space in the devices capable of accumulating dissolved substances
geological media.” The experimental results match and provide the in situ concentration at time of
observations in natural systems, where high Fe(III) deployment, measuring trace melals, phosphate,
concentration can be found under oxic, circum-neu- sulfide and radionuchdes in waters, soils and sedi:
tral solutions where iron concentration is up to 3 ments, When deployed in water, DGT measures labile
orders of magnitude higher than that expected in species.’!
CO,-free solutions.'” The enhanced solubility of DGT consist of a plastic base (2.5 em diameter)
Fe(Ill) has an additional and unwanted side effect: loaded with a resin gel, a diffusive gel, and filter, and
the inhibition of the precipitation of Fe(OH);(am), then the plastic top securely push fits over il to leave a
which is the main sink for many trace and minor 2.0 em diameter window, The mouldings have been
elements in shallow aquifers, Then, CO,-bearing designed (o accommodate a 0.4 mm Chelex resin gel
solutions are particularly rich not only in iron but layer, 0.8 mm diffusive hydrogel layer and 0,135 mm
also in many other metals and metalloids, increasing filter (0,45 pm) (Fig. 1).
the pollution impact of affected aquifers. The The simple plastic DGT is deployed for a known
FelOH); inhibition 15 gone due to CO, degassing time and then the mass of metal on the resin layer is
related to fluid ascent to surface, and eventually part measured after elution with acid by, for example, AAS
of all these metals may be precipitated back into solid or ICP-MS. DGT devices have usually been deployed
phases but still some of the metal load is under by simply suspending them from a rope or string,
solution, Monitoring of metal contents in shallow Above a low threshold value, the measurement ts
aquifers can, therefore, be valuable in the carly independent of solution flow."! DGT has been de
detection of failure of containment of a CO, storage ployed in situ in rivers, lakes, estuaries, and the deep
site because the concentration of all these metals in sea. Its in-built pre-concentration gives it excellent
shallow and surface waters is commonly very low, sensitivity (10 ** molL ') and avoids contamination
and tiny changes in such a concentration could be problems, DGT can be Kept under waler [rom hours
indicative of early leakage. lo several weeks, depending on the metal concentra-
DGT have long been used as recorders of 10n pollu- tion of water and the potential metal saturation of the
tion in waters, soils and sediments.'' They are com- Chelex resin, While Chelex 15 a robust and tolerant
monly used to detect changes of metal concentration resin, it works very well in the pH range of 5 to 9 for
through time. Recently, Ardelan and Steinnes {2010) most metals.”"* 7 Below or above these values the
and Ardelan ef al. (2012) used DGT to record the resin is prone o modify its physical characteristics
increase in metal concentration in CO;-seepage For Cu, the resin operates effectively over a broader
chamber as a test of potential impact of CO, leakage range of 2-11,
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DGT provides time-averaged concentrations that are
ideal for regulatory monitoring. In water, the
determination of the average concentration Cpygy of
cach metal given by DGT device, and the mass m of
cach metal adsorbed in the Chelex resin, are caleu-
lated from Eqgn {1):

* Ay o Vi XV)
D, =708 with m=Cox—2a = sl (1)
DxtxA

where Ag is the thickness of the diffusive gel plus filter
(0.8 mm plus 0.14 mm respectively), D is the specific
diffusion coeflicient in the diffusive gel for each metal
at the sampling temperature (m*s7'), t is the duration
of deployment, A is the area of exposure {3.14 ¢m?),
Ce is the concentration in the 1.0 M HNO; elution

n Zhang and Dlawson, 1995) and aeployment In a

solution, Vyyos is the volume for acid elution (average
of 1 mL), Vi, is the volume of gel (0.15 mL), £, is the
clution factor (0.8)

The diffusion coefficient D used for cach metal was
selected as a function of the sampling point tempera-
ture and are those recommended by DGT Rescarch
Ltd {2003) (Table 1)."

Scenarios of CO, intrusion in
shallow aquifers

The changes in the chemistry of shallow aquifers due
to carly CO, leakage from deep storage are not fully
understood, since no significant impact has been
observed so far in commercial operations, How and

Table 1. Diffusion coefficients (D, x 10 cm?-s™") for each studied elements in the T range between 10

and 27 *C.

[emp D1 cny-/s)

*c N Cr Mni Fe Co NI Cu Zn Gd Pb u
10 304 3.23 3,74 3am 3,80 3,70 3,99 3,89 3,90 514 -
12 325 345 4,00 418 4,08 3,084 428 415 4,16 540 -
13 335 3456 412 4 419 207 459 429 4350 567 -
14 346 387 426 445 4,32 420 453 442 4,43 585 -
15 57 379 4,39 4,59 4,48 4,33 4,68 4,56 457 £.03 -
16 3458 am 4452 4,73 4,80 447 4,82 470 an 621 -
17 3,79 4,03 4,66 4,87 474 460 497 485 4,86 640 -
20 4,14 4,39 5,09 5,32 517 5,02 542 520 530 699 -
25 4.8 506 585 6,11 5,64 577 6,23 4,08 6,09 803

27 5N 532 617 6,45 6,27 6,09 6557 641 6,43 BAT 641
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where such leakage can be detected very carly on is
then challenging. Natural systems provide evidence of
metal increase in solution as a response of CO,
intrusion but these are in most cases very mature in
terms of hydrogeology and water-to-rock interaction
processes. Instead, early intrusion may lead to a
transient state in which neither CO; ascent nor
geochemical reactions are constant in lime.

The detection of metal changes in shallow aquifers
can be done by periodic water collection and analysis
in wells within an area that should cover the potential
spreading of CO, plume in the deep reservoir. In
general, the extension of this area should be at least
some hundreds of km?, including dozens of sampling
points to be regularly monttored through the opera-
tional and post-closure stages. In this context, de-
pending on the nature of early intrusion, there is a
chance of not detecting leakage even considering a
tight, regular water sampling, To illustrate this, three
scenarios could be drawn: (i) No CO, intrusion, (ii)
episodic intrusion, and (111) constant intrusion.
Assuming that CO, dissolution and metal release is
fast, the periodic collection and analysis of a particu-
lar well close to the intrusion point should yield
different results if inputs of CO, react with the water
aquifer (Fig. 2).

Episodic intrusion of CO,(g} or CO,-rich deep
groundwater into shallow aquifers has been recently
reported by Piqué ¢t al. (2010) from the Caldes de
Malavella geothermal field (NE Spain).'* In one of the
studied stations (shallow aquifer DW-3), a remarkable
increase in bicarbonate concentration was recorded
(Fig. 3}, coupled with a sharp increase in metal

Episodic metal release

Meotal concentration in water

Flgure 2. Exempls of expectad metal release from water

to-rock interacton as detectad In a wai closse to a8 CO,
ntrusion point conaldenng an episadic Intrusion and &
constant intrusson. Numbers refer to a perledic aampling

that migses the detection of the matal release episodes

100 15
1200

3
1000

LA

o

o

T, o, o, g oy g

Figure 3, Episodic mtrusion of CO,-rich deep groundwatar
into a shallow aguifer at Caldes de Malaveila geotharmal
field (station DW-5 from Pigué at al. 2010}, Note that pH

does not significantly change

concentration, mainly iron (Fig. 4) but also U, V, Cu,
Zn, Th, and Al In contrast, pH did not significantly
change through the sampling period (9 months). The
CO,-rich groundwater was geothermal in origin,
showing a very similar chemistry with geothermal
springs nearby.

The use of DGT is intended to reduce costs of
sampling and to avoid missing metal release episodes.
In Fig. 5, the evolution of the metal mass sorbed in

3 1%
intrusion
—-u oo,
25 ~o-Fe ” 12
2 =
- :
- s =
§ 2
18 -;-
2 o &
1
05 ?
n

o

Figure 4. Increase in Fe and L) In shallow aquifer az a
response of an episode Intrusion of CO-nich deap
groundwatar at Caldes de Malavella geothaermal field
(station DW.5 from Piqué at al 2010)

© 2013 Sagaty of Chamacal rabstry mnd John Wiky & Sora, Lo | Geaniouse G So Taotmer, 1-13 {20134, DO 10.1002/00g

242




L of diffosive gradieras in (hin Flrs DGT] 28 on amrly detection loo of

Constant metal redcase

Episodic metal release

Mass of metal sorbed in DGT

Time

Figure 5. Evolution of the mass of metal sorbed in DGT
deployed in a wel close to a OO, intrusion paint in the
trwee scenarios discussed in the text and lllustrated in
Fig. 2

DGT in time concerning the scenarios listed above (s
drawn, and it 15 clearly shown the capability of DGT
to record metal increases any time, even if metal
release 15 episodic,

In a more convenient way, the mass of sorbed metal
can be converted to concentration of metal per hire of
water following Eqn (1), and plotted against the
corresponding metal concentration in water {Fig. 6).
All data plotting above the 1:1 line would be indica-
tive of metal excess related, possibly, to an episodic
CO, intrusion and leakage in the deep reservoir,

— Water
- DGT (No sphodc releae]
— DT (Epnodic metal relome)

Metal concentration in DGT

Metal concentration in water

Figura 6. [Me] sorbed in DGT per liter of water vs. [Mae] m
water plot. Potential leakage will yiaid data plotting above
the 1:1 line

Owanensily aksges frorr CO, slueans

M Agnelll of of

Beneath this line, data could suggest formation of
metal-organic complexes, saturation or clogging of
the DGT filters, or formation of metal precipitates
before water passing through the resin.

Validation of DGT in natural analog
of CO, seepage

In this paper, the use of DGT to detect early leakage
in commercial storage has been tested in natural
CO,-bearing, metal-rich groundwater in the Campo
de Calatrava region in Central Spain, The objective 13
Lo quantify the sorption behavior of a number of
metals in DGT resins compared to the corresponding
concentration in water, This must help to the selection
of those metals showing an almost ideal behavior, f.e.,
1:1 relationship in a time-averaged [Me]por/Lyrer V8
[Me], e/ Luater Plot (Fig, 6}, that can be later used in
moniforing campaigns in commercial storage. In the
Campo de Calatrava region, CO; intruston from
mantle in shallow aquifers leads (o significant changes
in the chemistry of the water in terms of metal
contenl, The metal concentration of these fluids can
be considered stationary (e.g no significant changes
through time are expected in the fluid chemistry) in
individual sampling points, al least in the sampling
period. Interestingly, concentration gradients have
been observed in these aquifers and a relatively large
difference in the metal concentration is measured
between sampling points, The reason behind such
gradients is likely related to the channeled nature of
the CO; migration and to particular geochemical
reactions al the sampling sites,

The Campo de Calatrava region, located a few
hundreds of km south of Madrid (Fig. 7}, comprises a
series of scattered volcanic vents, mafic lava flows and
pyroclastic deposits of alkaline composition in a
domatn some 4000 km?® in area, within the Iberfan
Hercynian Massil, close Lo the external seclors of the
Alpine Betic Cordilleras, This volcanic region has
close affinities with the Miocene Quaternary volcanic
regions of western and central Europe,'? characterized
by a intracontinental plate magmatic association of
leacitites, melilitites, nephelinites, and olivine basalis
extruded during the late Miocene to Quaternary.
Concerning the age of the volcanic events, the Campo
de Calatrava can be subdivided into two separated
events.®" The first one (ultrapotassic) is less intense
and occupies the central part of the region, with ages
between 8.7 and 6.4 Ma. The second event (alkaline
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Figuro 7. Location of sampéng stations in the Jabalan river basin in the Campo de Calatrava region, Red lines aro major

fracture zones,

and ultra-alkaline) ranges between 3.7 and 1.75 Ma.
The main eruptive features of the many veolcanic
edifices that characterize the Campo de Calatrava
region are dominated by strombolian and hydromag-
matic events.

Natural CO; emission consists of a number of
CO;-rich (luid springs, dry CO; vents and some leaky
wells, often characterized by conspicuous gas bub-
bling (Fig. 8). Free gas vents can yield fluxes higher
than 5000 geym *d ' at the soil-atmosphere inter-
face. The gas composition is largely dominated by CO,
{(>90% vol., up to 99.9% vol.), with minor and trace
amounts of nitrogen, argon, H,S, methane, and other
hydrocarbons.

The deployment of DGT and monitoring of trace
metals have been studied in nine sampling stations in
the Jabalon river basin, in the Ciudad Real province

(Fig. 7). All stations, except one corresponding to the
fabalon river bed, are CO,-bearing springs.

Before deployment DGT devices were preserved in
the fridge in a plastic bag filled with deionized water
to avoid drying. Under these conditions, they have
an optimal life of six months. During the field
campaign, they were taken out from the bag, dis-
posed, and kept with a nylon string deep in the
sampled spring. They were deployed from 24 h
(CO,-bearing springs) to 30 days (river bed and
station 91. After collection, the DGT surface was
washed with deionized water, disposed in the origi-
nal bag, and preserved in the [ridge until the labora-
tory treatment and analysis. In the lab, Chelex resin
was submerged 24 h in 1 M Suprapur HNO, solution
to desorb metals. The mass of metal on the resin
layer were measured by ICP-MS.
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Figure 8 CO,-bearmg springs in Campeo de

In parallel to DGT withdrawal, sampling of spring
and river water was performed in the same sites. Since
(O, degassing at springs leads to formation of Fe(ITI)
oxyhydroxide colloids, special care was taken in
collecting colloid-free samples using 0.1pm filters,

Water samples were collected using 50 m1. LDPE
bottles where 0.5 mL of 1 M Suprapur HNO, acid was
added for cations determination by ICP-MS.

Results

Metal ratios are quite similar of the nine stations of
Jabalon basin for both water and DGT in spite of their
different ranges of concentration (Table 2). Metal
concentration in the Jabalon River (point 8) and in
the Chorrillo site (point 9) are one order of magnitude
lower than the CO,-bearing springs since they are
much more diluted waters in spite of the continuous
metal release due to CO, degassing.

Sampled spring waters are slightly acidic with pH in
the range of 5.4 to 5.9. Water from Jabalon river has a

Calatrava, with clear endenos of

Fellll) axyhydro:

pH of 8.16. Electrical conductivity is above 1000 pS-cm '
in all the springs except in sampling point 9, reaching
values above 2000 pS in points 1, 2and 3

The collected samples contain high Fe concentra-
tions, up to 1 x 10" pgL ' (5.8 x 10 molL ')
(Table 2). The concentration in sample 5 only reaches
60 pgl ' (1.0 % 10 * mol L '). This value is not consis-
tent with the whole chemistry of the sample, and it is
concluded that some error occurred during analysis.
River water {(sample 8) has a lower concentration
(180 pgl. ', 3.2 % 10 ° molL '). The redox state of
these waters is quite oxidizing and Fe is found under
its ferric form. Then, considering the low solubility of
Fe(IIT) in CO,-lree waters, the elevated Fe concentra-
tion in these samples illustrates well the role of
aqueous Fe(lTT) carbonate complexes

The studied samples also show high concentrations of
Ni (up to 60 pgl ', 1.1 x 10" molL '), Co (up to
20 pgL L1 x 10 T molL '), Zn (up to 157 pgl ', 2.4 %
10 * molL "), Cu (up to 22 pgL. ', 34 x 10" mol L. '),
and Mn {up to | mgL *, 1.8 x 10 ¥ molL '). In river
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Table 2. Metal concentration in the samples from the Campo de Calatrava CO~bearing springs and in

DGT devices after collection. All concentrations are pg-L-".

At Temy pH Carguctvity  DOTY A Cr M Fe Co ] Cu b Py U
"G} Detection S| Water oLl el ol wal wal " el el ol el gl h
s 2 95 o 0 0.005 03 02 05 oM aom
1 17 59 2170 DGET 478 46 243 B33 545 258 10,1 657 08 029
Water 1230 6.4 8030 >10000 1820 S48 218 1570 3% 061
2 13 575 2300 DGT 616 50 2585 M4D0 766 2456 53 3%z 068 0,01
Water o6 45 7450 10000 1220 405 34 10,2 0,03 0.04
b 126 5.88 2250 DGT 632 58 2197 137 482 243 4.7 S43 078 021
Water 12 38 3430 1m0 G688 292 24 23 003 029
4 16 559 1216 DGT 557 48 4502 4235 1374 349 a2 MBE 083 016
Water 204 3,0 9730 >10000 2240 538 1.5 81,1 0,07 0.67
5 155 5,85 1733 DGT [Fal 65 5164 4770 1860 402 0.7 ms 067 022
Water 70 41 8410 6360 1830 433 18 736 008 0.30
[} 14 6.1 1428 DGT (43 8,2 5247 122 1888 530 41 1632 0O 025
Water 27 29 6530 602 2380 838 11 456 008 035
7 14 5488 1421 DGT 623 52 4453 B3T3 2185 550 198 1067 072 0,19
Wuter 53 47 7630 B760 2430 56,7 28 6356 017 0.26
L] [ 816 1244 DGT 23 a2 50,2 173 0,68 07 0.4 20 0,03 016
Water B 40 789 180 0,56 6.9 37 38 0,05 398
9 17 542 960 DGT 30 01 23 5 018 11 02 26 0,05 029
Water 38 40 332 40 0,48 10,7 1.1 128 009 033
Blane 15 - - (slc) ) 556 44 59 a5 0,05 23 16 IS5 077 00002

both sample analysis and field work, and less reliable
for detecting shight changes in metal contents
A strong point of DGT films is their capacity to bear

sample, the concentration of all these elements is at
least 1 order of magnitude lower. On the other hand,
metals such as Pb, Cr, U (Table 2), and metalloids (As)

do not show elevated concentrations.

Comparing re-calculated metal concentration in
DGT (from eq.1; Table 2} with metal water concentra-
tion, two different groups of metals are observed
(Figs 9 and 10) (1) metals with sorption close to the
wdeality (plotting close to the 1:1 line) or with lower
sorption, and (ii) metals with non-linear sorption,
with some data with [Me]pir: IMel e >1. Metals in
the first group include Fe, Mn, Co, Niand U (Fig 9).
Metals in the second group are Zn, Pb, Cr, Cu and Al
with most data showing "excess’ of sorption compared
to the concentration in water (Fig. 10)

Discussion

The use of DGT for convencional surface monitoring
in the influence area of CO, geological storage is
apparently cost-effective for operators and regulators,
Considering one-year long monitoring campaign,
DGT could be deploved during a couple of times with
a water sampling at each deployment and collection
time. In constrast, a traditional monitoring campaign
of periedic water sampling is much more expensive in

tough environmental conditions (¢.g. intensive rainfall
and water level increase in river and lake, biological
activity). However, the sorption of metals in DGT
could not be complete due to a number of processes
and this is something to take into consideration
during monitoring and in the data interpretation, It is
worth mentioning that DGT Chelex resin is selective
for labile species that form inorganic complexes or
small organic complexes.* Large organic complexes
diffuse differently through the resin and their pres-
ence may underestimate the calculated amount of
metals in solution

It is also remarkable the effect of colloid formation,
which can reduce the sorption of mainly Fe and Mn in
DGT, since particles larger than 0.45 pm will be
excluded. In addition, all metals sorbed onto colloids
can not pass through the filters. However, the impact
of colloid formation is minimized if & [Melpgr/Licwe ¥
[Me]yued Lvaer plot is used, since water collection also
include colloid retention in filters,

The formation of biofilm growth on DGT device can
limit metal retention. Dunn ef al. (2003) observed that
DGT labile metal concentrations could be 3 to 5 times
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numants ara he

sampie stalic

below the concentrations of 0.45 pm filtered samples
for some clements such as Ni, Pb, Cu and Zn.** "They
suggested that biofilm growth on DGT could act to
increasc the thickness of the diffusive path-length
above that cstimated, which would mcan that DGT

labile metal concentrations calculated are proportion-
ally underestimated. In the time of DGT exposure

(24 h to one month) in the studied springs, biofilm did
not significantly grow to have a significant retardation
cffect on metal diffusion into the monitoring device.
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Operators wounld have to adapt the time of exposure of

DGT to potential biofouling effect in backwater.

From the monitoring perspective, the limitation of

DGT resing seems to be, thus, the behavior of the

metal sorption depending on the metal speciation in

the studied waters. The results from the tests in

Campo de Calatrava suggest that some metals (Fe, Co,

Ni, and U) are basically transported as labile inor-

ganic forms and they are almost fully adsorbed in the

DGT, as revealed by the [Meljgr/Tuger V8 [Mel e/

Loater Tat10s close to 1. For these metals, data plotting

far below 1zl line suggest problems with clogging of

© 2013 Soauty of Chamcal e diry wnd John Wiky & Sora, Lo | Gaaviouse G So Taotmer, 1-13 120134, DO 10.1002/9r¢

248




Lo of diffosive gradieras n ihin Flrs DGT] 28 on sirly detection ool of ov=mensily akages frorn CO, slorangs

the DGT filters or metal uptake by mineral precipita-
tion prior to the sorption in the DGT resin. This could
be the case of sample 1 since DGT is always much
depleted in any metal.

In contrast, other metals (Zn, Pb, Cr, Al) show large
discrepancies between the measured and expected
metal sorption in DGT, with [Me]pap/ Ly vs
[Me]yurer/ Lyurer atios typically higher than 1. The
reason behind such discrepancies is not clear and
commonly proposed hypotheses are not conclusive.
First of all, the formation of colloidal particles could
overestimate the metal concentration in DGT. In this
work, two different filters have been used for DGT
and for filtering the water samples, 0.45 and 0.1 pm,
respectively. Therefore, some colloid-borne metals can
be retained and analyzed in DGT and excluded from
the water collection. However, since most colloids in
the studied samples seem to be Mn-, Fe-oxyhydrox-
ides, the overestimation of metals in DGT should also
be seen for iron and manganese, and also for other
trace metals sorbed in their surfaces {including U, Ni,
and Co), which is not the case. For Al the presence of
clay colloids could account for the excess in the DGT,
since these minerals are abundant in the precipitates
around the CO,-rich springs.

Another hypothesis to explain preferential metal
sorption on DGT could be a variable metal concentra-
tion in water through sampling time (up to one
month) due to, for example, difution in the aquifer.
However, this variability also should be seen in all
metals. The formation of carbonate mineral precipi-
tates inside the DGT device which could be also
dissolved during the laboratory treatment could
account for the data for Zn and Pb since calcite may
uptake these metals in its lattice. Nevertheless, calcite
can also fix metals with similar geochemical proper-
ties, i.e. Co and Ni, which are not enriched in excess
in the DGT analysis.

Conclusions

The enhanced metal transport due to CO; dissolution
makes the changes in metal contents in surface waters
and shallow aquifers a potential good indicator of
leakage from deep geological storage. The early stages
of such metal increase may not be constant in time
and, consequently, of difficult detection, The use of
DGT films appears to be a cost-effective monitoring
tool to be used as a regular technique in commercial
on-shore projects. Tests in CO.-bearing, metal-rich
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springs in the Campo de Calatrava region in Central
Spain reveal that DGT record well the concentration
of some metals such as Fe, Ni, Co, and U since a
remarkable correlation between metal concentration
in water and metal contents in DGT is observed.
Therefore, these metals can be considered as favour-
able tracers for detection of early leakage by using
DGT films. On the other hand, melals such as Zn, Pb,
and Al do not show a clear correlation between
adsorbed contents in DGT and water concentration.
The reason behind such lack of correlation is not clear
and it is suggested that the use of these metals could
lead to misinterpretation of early CO, leakage from
deep sources.
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