This is the accepted manuscript version of the contribution
published as:

Tapia, J., Davenport, J., Townley, B., Dorador, C., Schneider, B., Tolorza, V., von Tumpling,
W. (2018):

Sources, enrichment, and redistribution of As, Cd, Cu, Li, Mo, and Sb in the Northern
Atacama Region, Chile: Implications for arid watersheds affected by mining

J. Geochem. Explor. 185, 33 - 51

The publisher's version is available at:

http://dx.doi.org/10.1016/j.gexplo.2017.10.021



Sources, enrichment, and redistribution of As, Cd, Cu, Li, Mo, and Sb in the Northern Atacama Region:

Implicationsfor arid water sheds affected by mining

Tapia, J., Davenport, 3, Townley, B3, Dorador, C', Schneider, B, Tolorza, V!, von Tiimpling, W

! Instituto de Ciencias de la Tierra, Facultad den€iias, Universidad Austral de Chile, Chile

2 Université de Lorraine CNRS-CRPG, Vandoeuvre-léseyaFrance

% Departamento de Geologia, Facultad de CienciasaBig Matematicas, Universidad de Chile, Chile

* Instituto Antofagasta, Departamento de Biotecnialpgniversidad de Antofagasta, Chile

® Montgomery & Associates, Vitacura 2771, Las Con&easitiago, Chile

® Helmholtz Centre for Environmental Research — UE&ntral Laboratory for Water Analytics & Chemonety
Bruckstrasse 339114 Magdeburg, Germany

ABSTRACT

Long-established and widespread mining activitiethe Northern Atacama Region of Chile have histdly impacted the
environment. Most notably, the Potrerillos and BN&dor mines, until 1976, were responsible for ding over 15aL0°
tons of tailings into the El Salado River, discliaggdirectly into the bay of Chafaral on the cos¢ater resources in the
Atacama Region are scarce; the few include theatdd® River and the Pedernales, Maricunga, andriayerde basins.
This region also contains two highly sensitive oiadil parks: the Pan de Azlcar on the coast anNé¢lado de Tres Cruces
in the Andes.

Protecting available water resources in this infiyedry region is critical and environmental dedgiion that has occurred
has not been reported in terms of the most impoaaperficial pollutants. In order to specificalyaluate the metals and
metalloids polluting superficial water and fluvis¢diments, a 3 year-long survey was carried ouhénbasins of the
Northern Atacama Region. Additionally, impacts loé 1 Salado River flood in March 2015 were evadat

When compared to the average concentrations obldex$ elements in river water worldwide, the mastiehed elements
of the Northern Atacama Region are, in decreasidgro Li, As, Mo, + Cd, Sb, and Cu. In the casdlo¥ial sediments,
compared to the composition of the upper contidemtsst, samples are enriched in the following edata (in decreasing
order): As, Cu, Mo, Li, + Cd and Sb. In surface evat dissolved As, Li, Mo and Cd are naturally emed, concentrations
of Cu and Sb are inferred to be related to miniatvies. In fluvial sediments, concentrationsAsd, Li and Cd are of
natural origin while Cu, Mo and Sb are related#® ¢xploitation and mineral treatment of porphyoper deposits.

During the intense March 2015 flood event, cont@mirelements were remobilized in the Andes Moustaimd El Salado

Alto Basin, and concentrations increased in th&s&lhdo Bajo Basin predominantly due to the creatiba hydrologic



connection between adjacent basins. Despite theepce of world-class porphyry Cu-Mo and iron oxagpper-gold
deposits in the region, some of which have beeredgince the end of the 19th century, concentratidrdissolved Cu are
lower than previously reported. This is likely el to circumneutral pH and the complexation ofaSuwa cation in contrast

to As and Mo which might be stable as HAS@nd MoQ?, respectively in solution over long distances.

1 INTRODUCTION

The Northern Atacama Region of Chile, specificédiyated between 26-27° S, is one of the most iritaddp places in the
Atacama Desert. Despite arid to hyper arid conagisince the Late Triassic (Clarke, 2006), theeeadfiew available water
resources. Sources of extractable groundwaterdectbe El Salado, Pedernales, Maricunga, and Lagerdge basins, in
which two highly sensitive National Parks existe tNevado Tres Cruces in the Andes (Earle et aQ3Rand the Pan de
Azucar on the coast (Thompson et al., 2003). Th8dthdo River drains into the Pacific Ocean arttiésonly superficial
water system in the Northern Atacama Region. Intipdar, groundwater is a valuable resource thatsupplied
predominantly by precipitation and surface watdiltiation; aside from potable water use, it isimstted that 70% of
extracted groundwater is utilized for mining opemas (Neary and Garcia-Chevesich, 2008).

The Northern Atacama Region also hosts importamienal deposits. Since 1894, the seams and veitteedEl Salvador
porphyry copper deposit, in the Potrerillos digtriwere mined by selective methods followed by kleaving methods
(Olson, 1989). More recently, other deposit typeglaed and exploited in this region consist oatbound (Espinoza,
1990), iron oxide copper-gold (IOCG) and iron oxajmatite (IOA) deposits along the Coastal Cordill@Benavides et al.,
2007) as well as epithermal Cu-Au deposits in thelds (Sillitoe, 1997). Additionally, Li has becoraa important
commodity, especially in the Pedernales and Magauwsslt flats (Gajardo, 2014). As a result of tbenemic potential and
large-scale mining efforts, the El Salado River basn affected by intense and often uncontrolletingiactivities during
the 20th and 21st century (Ramirez et al., 2005).

To date, no geochemical baseline analysis has dmefucted for contaminants in surface water anddlsediments in the
Northern Atacama Region of Chile, in non-storm dtods or as a function of storm events which arkeiquent but
powerful in regard to their impacts on inhabitaotshe region and the environment (i.e. floodingl aistribution of water
sources). A comprehensive understanding of contmisources, in addition to their distribution amedlistribution, is
critical in the Atacama Desert due to water scgraitd the importance of sustaining current ecogystdn the case of
groundwater that is recharged by surface water agahe El Salado River, its quality impacts corngtion and utilization
for mining as the concentrations of contaminantshsas As in water affect the production and prdogssf copper

concentrate (International Mining, 2016). In adatiti although infrequent, flood events can potelgtieleate a connection



between areas of the region not normally linkedrbladjically. This connection, which forms as a ftioe of higher water
levels in upgradient areas, can act as a conduthéoflow and transport of potential contaminaistareas downgradient
where such species may not be present under nanovastorm conditions.

Through conducting a 3-year long survey of surfaager and fluvial sediments in the Northern Atacd®egion, this study
aims to: (i) identify and evaluate the main contaamits and probable sources, (ii) establish a lpeathemical background
of the naturally and otherwise anthropogenicallyid®ed elements in surface water and fluvial sedisieand (iii)
document the influence of the March 2015 storm eaed mudflow in the Northern Atacama Region onrgwgistribution
of contaminant elements. In regard to the floodfighe El Salado River which caused the March 2@isiflow, metallic
contaminants of surface water and fluvial sedimémtthe region were characterized and comparedréefao months
after, and one year after the event. As such, thlesemted results, discussions, and conclusionsheae broader

implications in comparable arid, high altitude wateeds outside of the immediate study area.

2 STUDY AREA

2.1 Physiography and Climate

The physiography of the Northern Atacama Regiorcasmprised of several features, including the cdastage (or
Cordillera de la Costa) separated from the Precordillera by the Centrapri@ssion. Pre-Andean basins separate the
Precordillera from the Andes (Valero-Garcés et 2003). The specific study area encompasses basitise Andes
Mountains, which include Pedernales, Maricunga, laaglina Verde, as well as the El Salado Bajo, Olafiand El Salado
Alto basins (Fig. 1a). The highest volcano in therld;, the Nevado Ojos del Salado (6,893 m s.n.nern$ 2004), closes
the Laguna Verde basin to the south and marksahhern limit of the central volcanic zone (CVZ)igRcher et al., 2003,
1999; Fig. 1a).

The Koéppen climate classification (Rioseco and @es2016) indicates that this area within the AtagaDesert is
composed of, from west to east: a coastal des&kn(Bnormal desert (BWK), cold desert (BWk'), andrg, steppe-like
Andean climate (ETH (ws); Fig. 1b). Additionalljzet Andean study area is classified asDesert Andes (north of 31° S),
within the Dry Andes (north of 35° S). Here, due to limited precipitatiand high elevation, only permanent snow patches
and small glaciers are found (Lliboutry, 1988 aefirences therein).

In the Northern Atacama Region, precipitation iarse. Since 1984, the average precipitation rateenEl Salado River
(Las Vegas Station; 26°40'41" S, 69°39'56" E) thesn 31 mm-yedr with a maximum of 174 mm and 115 mm in 1987

and 2015 respectively. Furthermore, in 2003 and’ 20&re was no record of precipitation (MOP, 2017)



2.2  Hydrology

The Northern Atacama Region has four main hydraldgisins, two of which contain hot springs. Fronstie east these
correspond to the El Salado Basin (which is dividgd the smaller El Salado Bajo, Chafiaral, an&&hdo Alto basins)
and the naturally endorheic Pedernales, Maricusgd,L aguna Verde basins located within the Pura (E).

The El Salado River originates west of the Anded s natural headwaters are located downgradittieoPedernales
Basin which corresponds to a different basin; laothseparated by a distance of approximately 2(®ign 1a).

The El Salado River drains naturally into the Hadbcean at Chafiaral. However, in the mid-1970sa$ channeled 10
km to the north of Chafaral, at Caleta Palito (Ramét al., 2005; Fig. 1a).

The Pedernales Basin and salt flat, located a033a.s.l., are the largest of the Atacama Redibere are two hot springs
located in this basin: (i) Juncalito, at 4,180 s1lg.with temperatures ranging between 30 and 4BfaLiser, 1997a) and (ii)
Rio Negro, at 4,150 m a.s.l., with an average teaipee of 35°C (Hauser, 1997a; Fig. 1a). The MageuBasin and salt
flat are located at 3,760 m a.s.l. and, after Redes, this basin is the second largest in thelgontAtacama Region (Fig.
1la). The Laguna Verde Basin, located within theaPomar the Argentina border at 4,350 m a.s.l. (E&, is a salty lagoon
fed by rivers located generally to the south andtwéthe basin (Risacher et al., 1999, 2003). Odguna Verde hot spring,

located in the Laguna Verde Basin, is characterigedn average temperature of 40.5°C (Risachdr, €t99).

2.3 March 2015 Storm Event

Despite the aridity of the Northern Atacama Regiatense rain events typically occur once every years. However, the
frequency of storms with the potential to causediog in some areas of the Atacama Desert is witféninterdecadal
(Vargas et al., 2000) to 50 year (Hauser, 1997ijeaBetween March 34and 26', 2015, the Atacama Region experienced
an intense precipitation event resulting from umliiceanic and atmospheric conditions that prodaeihward bound
low-pressure cut-off system. Reported rainfall{Ha affected areas, ranged between 10 mm on ttst togreater than 85
mm in the Andes Mountains. Snowfall was also obsgrever a broad area above 3,600 m a.s.l. (Jordal, 2015; Fig.
1c).

At the Las Vegas hydro-meteorological station ledatvithin the El Salado Alto Basin, reported préeijion within the
three-day period was on the order of 80 mm (MOR,720Concentrated, warm, and intense storms rabsintéhe flooding
of the El Salado River (Wilcox et al., 2016). Wikcet al. (2016) suggested that the March 2015 ewastthe heaviest and
most extensive documented rainfall event within Mwethern Atacama Region, producing the largesudented floods

compared to adjacent regions. The floods were qudatily unusual due to their magnitude and highimedt supply,



producing highly concentrated sediment flows antém@sive mud deposition in urban areas, especiaibiego de Almagro
and Chafaral (Fig. 1a). As a result, the afterntatimprised 31 deaths, 16 disappearances, and 3@i§p@ced people

(Wilcox et al., 2016 and references therein).

2.4 Regional Geology and Ore Deposits

Basement geology, in the distinct physiographiadsyrnis composed of Mesozoic igneous and sedimemtarys in the
Cordillera de la Costa as well as Mesozoic to Eocene intrusive and vatcancks in the Precordillera; Oligocene to
Pliocene basin fill sediments occupy the Centrgbriéssion (Clarke, 2006; Fig. 2). At least sinceM#) regional geology
has been controlled by the CVZ, which is relategubduction of the Nazca plate below the South Acaerplate at a
current rate of 7-9 cm-ye&¢Stern, 2004). In this zone, the continental cisist70 km thick and basement ages range from
Late Pre-Cambrian to Paleozoic (Stern, 2004; BigC2nozoic volcanism in the Atacama Region isteeldo a number of
recent geologic events: (i) Early Miocene to Pteishe andesite-dacite main arc stratovolcanogsedily Miocene to
Pliocene silicic ignimbrite deposits, and (iii) tfeemation of lava domes present in both main ad lback-arc regions as
well as small Pliocene to Pleistocene basalticazsrit the back arc (Schnurr et al., 2007; Fig. 2).

Ore deposits in the Northern Atacama Region haea lotassified as longitudinal N-S trending metadioig belts (Fig. 1a)
which, from west to east, correspond to: (i) 100@l 4OA deposits, (ii) Cu-Mo porphyries, and (iiijuAepithermal and
porphyry deposits. Numerous Mesozoic IOCG and |@&A deposits are hosted in t@erdillera de la Costa of northern
Chile and are specifically contained within the ©pgdurassic-Lower Cretaceous metallogenic sub-pecevof the Central
Andes (Sillitoe, 2003; Fig. 1a). These depositduile magnetite-dominated, sulfide-poor depositthefChilean Iron Belt
(Cerro Negro-La Florida; Espinoza, 1990) and prdigadron oxide Cu-Au deposits (e.g., Candelariatdwdel Cobre and
Mantoverde districts; Benavides et al., 2007; Hig). Continuing to the east, Paleocene-Early O&gec(Sillitoe and
Perell6, 2005) and Eocene-Oligocene metallogerits lage present; in the region, the former holdsRielincho porphyry
copper deposit and the latter holds the Potrer{fts32 Ma) and the El Salvador (42-41 Ma) porph@uy-Mo deposits.
The El Salvador (Fig. 1a) forms part of the majar-lM@o porphyries in Chile (Cornejo et al., 1997) rthar east, the
Miocene metallogenic belt, known as the Maricungh, lis located in the Andes between 26-28° S. Milimation includes
porphyry-type Au and Au-Cu, epithermal Au and Ag-Aigh sulfidation, and acid—sulfate-type depos&dlifoe et al.,
1991). In addition, salt flats located in the Aliipo-Puna plateau, such as the Maricunga and Padsymave an estimated
Li reserve of 280,000 and 240,000 tons respectif@hjardo, 2014). The Maricunga salt flat is congabef a halite and

gypsum crust where an ulexite (NaG&g 8H,0) deposit is hosted (Risacher et al., 1999).



2.5 Anthropogenic Activities and Historical Contamirmatiof the El Salado River

The primary anthropogenic activities in the studgaainclude the exploration, exploitation, and $megl of ores. The
exploitation of seams and veins in the Potrerilagtrict, from 1894 to 1940, began the first ofamies of anthropogenic
developments in the region (Biblioteca Nacional @ile, 2017; Olson, 1989). Activity continued in 58 with the
exploitation of the El Salvador porphyry copper aifj producing an average of 81 metric tons ofpeogper year between
1960 and 2015 (SONAMI, 2017).

In the 1930s, a tunnel was drilled to divert salpter from the Pedernales into the El Salado RiR&acher et al., 1999),
transforming a naturally non-endorheic PedernakesirBinto an artificially exorheic basin (Risacke¢ral., 1999; Fig. 3a).
Between 1938 and 1975, mining activities linkedPutrerillos and El Salvador resulted in the dispa$aearly 150-10
tons of tailings without treatment into the El SklaRiver flowing directly into Chafaral Bay, cregfiapproximately 3.6
km? of artificial beach. This artificial feature exttsynearly 5 km N-S and is 0.40 to 0.88 km wide (E-With an
approximate thickness of 9 m at the center (Castlld83 and references therein). In 1976, the Elddavas routed, via an
artificial waterway, to Caleta Palito, a rocky bledocated approximately 10 km north of Chafarafj(Bb) and 10 km
south of the Pan de Azlicar National Park. Betwedt6and 1990, 126- 3@ 150-18tons of solid waste were discharged
forming a second, artificial beach at Caleta Palitmalyses of mine tailing waste water exhibitethk®Cu concentrations
between 6 and 7 mg'L(Castilla, 1983 and references therein). In Mate80, the Supreme Court of Chile ruled that
discharging waste from the El Salvador Mine inte # Salado River was to be prohibited. Consequetiie mining
company was required to build a tailings dam at pasAwustral (Fig. 1a). Currently, this dam is onbrmitted to discharge
"clean water" into the El Salado River that corgdiss than 2 mg-1total Cu (Castilla, 1996).

Presently, the Potrerillos facilities function ascepper smelter (Fig. 3c) and the largest miningrafions are being
developed simultaneously at sites in tberdillera de la Costa and in the Andes. For example, in tBerdillera de la
Costa, Mantos Copper (formerly Anglo American Norte) t@®duced, on average, 124 metric tons of copperygar
between 1990 and 2015 (SONAMI, 2017). Recent eafilom activities in the Andes have permitted thecdiery of

Caspiche and Cerro Maricunga (COCHILCO, 2016) dbagethe estimation of Li reserves in salt fla&ajardo, 2014).

3  ANALYTICAL METHODS

3.1 Sampling

Superficial water and fluvial sediments were samhpléthin the El Salado basins (RS01 to RS16 and1P®®. 2a,b,c),

the Pedernales Basin (Fig. 2a,d), and the MaricumghLaguna Verde basins (Fig. 2a,e). For moreilsetéigure 2 is



further separated into the respective basins sahfple).

The El Salado River was sampled approximately e%ekyn along its course in an E-W trending, dowrstiedirection.
The Pedernales Basin was sampled in the man-mattt ¢(8P01; Fig. 3a), the eastern lake of the Redes salt flat
(SP02), the southwest border of the Pedernaledlaa{SP03), the La Ola Dam (LOO01), the JuncaleRi(dLO1 and JL02),
and the Rio Negro hot spring. Maricunga was samipleéde northern limit (MAO1) and Laguna Verde veasnpled along
the eastern and western borders (LVO1 and LVO®)edsas in the hot spring (LV03).

At each site, pH was measured using a field pH-mAtewater samples were taken in the upper 5 énhe river with the
help of a previously homogenized syringe. 100 mlrewdltered through an acetate syringe filter (042&) into a
previously acid-cleaned polypropylene vial. Pregigests made with water samples of this area shomadhere was no
significant difference in the concentration of gtadied elements using 0.22 or 0.45 um filtersaddition, previous work
conducted by Leybourne and Cameron (2008) in then&p Deposit, north of the sampling sites, inddbtat there is no
difference in the concentrations of filtered versudiltered trace elements in the area. Therefbeemetal and metalloid
species identified in this study are the dissolf@&2 um filter) and particulate (< 63 um) fracko®amples were acidified
in the field (pH ~2 with suprapure HNJOand were stored at 4°C until analysis.

At sites with available sediments, approximatel® S0were retrieved from the top 5 cm of ¥ mepresentative areas using
acid-cleaned plastic instruments. In addition, @1& two precipitates were collected at Pedern&&90{-A and SP02-C;
Figs. 3d,e) and one was collected at Rio Negro (RR@. 3f). Despite the fact that sediments frootréxillos site (PO01)
were sampled during all field campaigns (2014-205@mples from 2014 and 2015 were misplaced aneftre not
analyzed. After collection, these samples wereestam sealed sampling bags at 4°C until analysis. Sampled sediments
were dried in the laboratory at 50° C. Afterwar2i814 sediments were homogenized with an agate martd 2015-2016
sediments were sieved (63 um) for geochemical dficatton.

The easternmost basins, i.e. Pedernales, Lagumie Vand Maricunga, were not sampled during 2015tdudfficulties

accessing these sites after the flooding of th®athdo River.

3.2 Water and Sediment Analyses

Geochemical analyses of water samples collecte@0it4 were performed using a quadrupole ICP-MS at GET
Laboratory (Toulouse, France) and elemental congagoihs were certified by the SLRS-5 water standsvdter samples
collected during the 2015 and 2016 field campaigase analyzed at the Helmholtz Centre for EnvirontaleResearch in
Magdeburg, Germany.

For trace elements, river sediments were digesiddam aqua regia solution according to the nor@ 15587-1 (2002).



Measurements of the diluted and digested soluticare determined using an ICP-MS (Varian 8800) feiiy the methods
described in EN ISO 17294-2 (2016).

Independently measured sediment standards wereporeded in the daily procedure during each analysi quality
assurance. Independent from the certified referematerial LGC6187 Batch 01, sample 0192 (river rsedit — extractable
metals) was used to verify that recovery ratestfar analyzed elements were within the given cedifrange. The
performed ongoing annual method validation establisa minimum level of quantification in additiamthe maintenance
of calibration curve linearity and homoscetastidfyariance within the working range. Successhitipipation in a yearly
inter-laboratory test, organized by r-concept, esgguality data production with the analytical huets used in this study.
Element concentrations of all sediments and pretgs were quantified at the Helmholtz Centre fowiEbnmental

Research in Magdeburg, Germany.

3.3  Element Selection, Local Geochemical Background,EBmvironmental Indices

Before data treatment, all values below the degadtmit (DL) were recalculated as the DL divideg 2 Samples SP02A-
2016 (Fig. 3c), SP02C-2016 (Fig. 3d), and RNO1-2(Hi§. 3e) were not included in the statistical lgsia of fluvial
sediments as they correspond to chemical preagit&ubsequently, the comparison of analyzed elsniehe sampled
fluvial water with average global concentrationsaairldwide rivers (Gaillardet et al., 2003) demoat#d that As, Li, Mo,
and to a lesser extent Cd, Cu and Sb are elevAtedmparison between the analyzed elements in ¢déments and
elemental concentrations in the upper continemadtq UCC; Rudnick and Gao, 2003) demonstratesAbaCu, Li, Mo,
and Sb are elevated with respect to the UCC. Toerefs, Cd, Cu, Li, Mo, and Sb were selected ieffort to accomplish
the objectives presented in the introduction.

Previous research from State Chilean Agencies bameluded that the concentration of certain elemannorthern Chile
in the dissolved form, namely As, tends to remainstant (DGA, 2014). Therefore, the goal of thisdlgtwas to calculate
the normal concentration of the studied elementkiinial water and sediments of the Northern AtaaaRegion, including
the geogenic and anthropogenic signatures, whicthighstudy is referred to as thecal geochemical background. To
calculate the local geochemical background withis tegion for the dissolved and particulate fotwn previously used
methodologies were employed: percentiles (Tapialet2012) and the iteratives2technique (Galuszka et al., 2015;
Matschullat et al., 2000). For the percentile mdthealues within the 0.25-0.75 percentile were @ered the local
geochemical background. For the iterativet@chnique, the average and standard deviatipmére obtained. Afterwards
all values beyond the s2evel were discarded and a new averagecawdre obtained; subsequently, es#2nge using the

reduced data was calculated. This procedure isategeuntil all values lie within this range, i.entilithey approach a



normal distribution (Gatuszka et al., 2015).

To infer water quality, recommendations of the Wddealth Organization (WHO, 2011), the United StE@vironmental
Protection Agency (US EPA, 2009), and Chilean Ginds (NCH 409, 2006) were employed. In the caski,adespite the
absence of a guideline, Aral and Vecchio-Sadus §p@tiicate that concentrations greater than 20Lfgnight entail a
risk of death. To infer sediments quality, currédhilean regulations have not established guideliftas element
concentrations. Due to the lack of these valuedimgnt concentrations were compared to the intes@aiiment quality
guideline (ISQG) and probable effect level (PEL)tbé Canadian legislation (Canadian Council of stigis of the
Environment, 2001), where there are guideline®\&rCu and Cd. Sediment quality for Li, Mo and Strevnot studied.

To infer the degree of contamination and probableees of As, Cd, Cu, Li, Mo, and Sb in sedimegeg-accumulation
indices (Equation 14l; Muller, 1979) and enrichment factors (EquatiorEEs; Zoller et al., 1974) were calculated using
the following local background values: the averagacentration of Atacama regolith from 30 cm defitbpez, 2014),
rocks from the La Negra (andesites to basaltic sitefe Lopez, 2014; Oliveros et al., 2007) and 8d#l Cobre (Lopez,
2014) Formations, the Llano San Pedro volcanic eecg (Lopez, 2014), ignimbrites (Lépez, 2014), #mal chemical
precipitates obtained from the field campaign (FRgsto 3f). All these materials (regolith, rocksdgorecipitates) belong to
the Northern Atacama Region, rocks and regolithspexifically located in the Chafaral Basin (Fig), within a 100 km

radius of the study area.

| = |Og (—“
geo 2\ 1.5xB
(1) .

In Equation 1, ¢ corresponds to the measured concentration of metalthe sediment, and,Bs the local background
value for the metah. The factor 1.5 is used for possible variationghaf local background due to variable lithologies
(Muller, 1971; Nowrouzi and Pourkhabbaz, 2014). €ach sediment sample, thg, Index indicates the following:

i. lgeo< 0, the sample is not contaminated.

ii. 0 <lgo<1,the sample is non- to slightly contaminated.

iii. 1 <lgo< 2, the sample is moderately contaminated.

iv. 2 <lgeo< 3, the sample is moderately to highly contaminated

V. 3 <lyo< 4, the sample is highly contaminated.

Vi. 4 <lyo<5, the sample is highly to extremely contaminated.

Vii. lgeo> 5, the sample is extremely contaminated.



/ Feample

EF = M sample
(2) M background/ l:ebackground

In Equation 2, MampidF&sampieCOrresponds to the ratio of the concentratiorhefrhetal (of interest) to iron in the sample and
MpackgroundF&ackgroundiS the ratio of the local background concentratibthe metal to the local background concentratibn
iron (Zoller et al., 1974).

To infer possible sources, calculated EFs values héndicate that the trace metal is provided fiyostal contributions, is
not enriched (Chen et al., 2007; Zhang and Liu,22@hd could originate from the same rock, regditiprecipitate with
which it was calculated (Zoller et al., 1974). Higddues signify that the sample does not origifie that Earth material.
Regarding EFs, Fe was used as the normalizing elebesause local background concentrations ardlygadvided in

the literature for rocks of the Atacama Region (&5p2014; Oliveros et al., 2007).

4 RESULTS

Results are presented for the various samplingsaea function of surface elevation and are grbaseollows: the Andes
Mountain basins (i.e. the Pedernales, Maricungalamgiina Verde basins), the El Salado Alto Basiml @ire El Salado
Bajo Basin. Surface elevations are the highedténAndes Mountains and they decrease toward the.cblae average site
elevation within the studied basins of the Andesultains is 3,832 m a.s.l. In contrast, the avesagface elevations in the

El Salado Alto and El Salado Bajo basins are 18488191 m a.s.l. respectively.

4.1 Andes Mountains Basins

4.1.1 Area-specific Geology

The Andes Mountains contain the Pedernales (Fig.Mdricunga and Laguna Verde (Fig. 2e) basinss Emvironment is
mostly constituted by Eocene to Miocene continemtelrine, and volcanic sedimentary sequences dsawélaleocene to
Quaternary volcanic complexes, volcanic centerd,ignimbrites. Paleozoic to Cretaceous outcropsvarg scarce in this
area when compared to the El Salado Alto and Baginls, respectively, and Cenozoic outcrops areopnathnt (Fig. 2).

The Pedernales Basin contains a mixture of sedsrmanjinating from volcanic and intrusive rocks g&her et al., 1999).

The Maricunga Basin includes a mixture of volcdoitnations, plutonic rocks, and sediments.
4.1.2 Enriched Elements in Water and Sediments

In these basins, the most enriched elements inrficipkwater when compared to the average coneétr of worldwide

rivers (from Gaillardet et al., 2003; Table 1) espond to Li (44,135 times global average) > A448,times global



average) > Mo (861 times global average) and tesaer extent Sb, Cd and Cu (24, 21 and 2 timesaigklerage,
respectively).

In fluvial sediments, the most enriched elementemwbompared to the upper continental crust (frordritik and Gao,
2003; Table 2) correspond to As (35 times globarage) > Mo (33 times global average) > Cd (14 diglebal average)

and to a lesser extent Li and Cu (7 and 6 timegllitigal average respectively); Sb is not enriched.

4.1.3 Elements and Regulations

In the Andes Mountains, 100% of the samples presarficial water values above the recommendatidrtked WHO, US
EPA, and Chilean Guidelines for As; 73% of the ealare above the WHO recommendation for Mo and 40%e
samples exhibit concentrations over the literataommmendation for Li (Fig. 4). On the contrarylyoh3% of the samples
have higher values than the WHO and EPA recommgndaaind no samples are above the NCH 409 for @t €% of
the samples are above the WHO and US EPA recomniensldor Sb and all values of Cu are well belowiaraal and
international recommendations for water (Fig. 4).

In the case of sediments, all As values are abo®d3QG, while 88% of the samples are above the RELCd samples,
47% are above the ISQG and 6% above the PEL, ar@ufo47% of the values are above the ISQG and 2%&above the

PEL (Fig. 5).
4.1.4 Local Geochemical Background for Water and Sedisméddntaminant Elements, and Probable Sources

In the Andes, using the 0.75 percentile (Tapid.e812) and iterative®techniques (Gatuszka et al., 2015; Matschullat et
al., 2000), in surface water the highest local eatical background was observed for As, and depgrali the statistical
method used, Li and Mo (Table 3a). In sediments, rttaximum values of local geochemical backgrouridguthe 0.75
percentile and iteratives2methods are found in the Andes Mountains basind$pCd, and Li (Table 3b).

In relation to probable contaminant elements inAhees Mountains basins,4 index indicate that Cu corresponds to a
contaminant of this environment, especially du20d.6 (Fig. 6); As, Cd, Li, and Sb are not considerentaminants in this
area. Regarding Mo, in 2014 it was not consideredraaminant; however, in 2016 it became one. Iregd, the level of
contamination tended to increase from 2014 to @i 6).

In relation to the sources of the studied elemestsept for Cu, EFs indicate that these elementghintiave originated
from local precipitates obtained from remote amfahe Andes; the Atacama regolith might also s®arce of Cd and Sb.

Other Atacama rocks from the Chafaral Basin dantbitate that they could be the source of thesmefts (Fig. 7).



4.2 El Salado Alto Basin
4.2.1 Area-specific Geology

Geology at the location of El Salado Alto Basirc@stituted by Jurassic marine and continentalnsedtiary sequences,
Jurassic, Cretaceous and Paleocene-Eocene volmamtiers, domes and ignimbrites, and Miocene mantkcontinental

sedimentary sequences. Mesozoic and Cenozoic ameksredominant (Fig. 2c).
4.2.2 Enriched Elements in Water and Sediments

In this basin, the most enriched elements in saffigater when compared to worldwide rivers (fromilardet et al., 2003;
Table 1) are Li (78,662 times global average) XA387 times global average) > Mo (680 times glahedrage) > Sb (72
times global average) and to a lesser extent CdCan@.7 and 14 times global average, respectively).

Sediments compared to the average respective cmatiens of the UCC (from Rudnick and Gao, 2003)léz2) indicate
that in the El Salado Alto Basin they are enrichedollows (in decreasing order): Cu (50 times gladverage) > As (23
times global average) > Mo (19 times global aveyagel to a lesser extent Sb, Li, and Cd (7, 4.8,36 times the global
averages, respectively). The Potrerillos sampléectad in 2016 shows the highest concentrationsspiCd, Cu, Mo, and

Sb in collected sediments of El Salado Alto Basiig.(8).
4.2.3 Elements and Regulations

In El Salado Alto Basin, dissolved As concentrasi@me above the WHO, US EPA, and NCH 409 in allgasa For Mo,
89% of the samples are above the WHO recommendatidrB0% of the samples are above the Aral andhie@®@adus
(2008) recommendation for Li (Fig. 4). In the ca$e&Cd, only 7% of the samples are above the WHOmemendation and
no samples are above the US EPA and Chilean régudatFor Sb, 7% and 11% are above the WHO and B& E
regulations, respectively, and Cu is below all ratives (Fig. 4).

In sediments, 100% of the samples are above thef6tEs. In the case of Cd, just 5% are above 8@G& and none above

the PEL. For Cu, 95% of the samples are aboveSfgsl and 45% are above the PEL (Fig. 5).
4.2.4 Local Geochemical Background for Water and Sedismyéddntaminant Elements, and Probable Sources

The highest local geochemical background for dissblCd is found in El Salado Alto, and dependingtiom employed
statistical method, Li and Mo as well (Table 3&)skediments, the highest local geochemical backatds not present in
this basin for any of the studied elements (Table 3

Regarding the probable contaminants of El Saladm Masin, the 4, index indicates that Cu and Mo might be



contaminants (Fig. 6).

In relation to probable sources, local precipitatas explain the presence of As and Li; the PuetaGibbre Formation
could explain the concentration of As, and the Ataa regolith might explain the values of Cd andBb. 7). None of the
local background precipitates, rocks, and regalighd to calculate EFs can explain the elevajgdndex for Cu and Mo.

This enhances the idea that these elements cong$p@ontaminants of the El Salado Alto Basin (Fig

4.3 El Salado Bajo Basin
4.3.1 Area-specific Geology

El Salado Bajo Basin is constituted mostly of Jsi@sedimentary and volcanic sequences, Cretacdaomassic and
Paleozoic intrusive rocks, and metamorphic Paleoaofcrops. Younger outcrops are scarce, and angrised of Miocene

sedimentary sequences and Quaternary alluvial elighedeposits (Fig. 2b).
4.3.2 Enriched Elements in Water and Sediments

In fluvial water, the most enriched elements in panson to rivers worldwide (from Gaillardet et, &003; Table 1) are Li
(5,398 times global average) > Mo (206 times glabedrage) > As (167 times global average) > aral lesser extent Sb,
Cd, and Cu (14, 13, and 9 times global averagpertively).

Sediments compared to the average respective cmatiens of the UCC (from Rudnick and Gao, 2003)l&éa2) indicate

that in the El Salado Bajo, elements are enricteefbllows (in decreasing order): Cu (40 times glabaerage) > Mo (33
times global average) > As (14 times global averagel to a lesser extent Li, Sb and Cd (8, 7 atith8s global average,
respectively).

As shown, enrichments of fluvial water and sediraeare lower in this basin compared to the Andes ivins and El

Salado Alto basins.
4.3.3 Elements and Regulations

For As and Mo, 63% of water samples present conggonis above the WHO, US EPA, and Chilean regutati All
samples with values below recommendations werentakeing 2014, before the Atacama storm event anddlide. In
addition, all samples values are below the natiandlinternational recommendations for Cd, Cuahi Sb (Fig. 4).

In the case of sediments, for As and Cu, all sasnpi@w values above the ISQG and PEL. For Cdralbalow the 1ISQG

and PEL (Fig. 5).



4.3.4 Local Geochemical Background for Water and Sedismyéddntaminant Elements, and Probable Sources

The highest local geochemical background for dissbICu was obtained in this basin in addition toaBlen using the 0.75
percentile (Table 3a). In sediments, the higheasillgeochemical background was obtained in El $akajo Basin for Cu,
Mo, and Sb (Table 3b).

In relation to probable contaminantge.lindex indicates that Cu, Mo, and Sb might be atersid contaminants in this
basin in contrast to As, Cd, and Li (Fig. 6).

In relation to probable sources, except for Cugcipitates from the Andes could explain the high caoirations of the
studied elements. However, the large distance lestlee basin and precipitates indicates that thiteral is not likely the
source for elements in the El Salado Bajo BasiteOtocks such as those found in the Punta deleCBbrmation, the

Atacama regolith, and Ignimbrites could insteadh®esources of As, Cd, Li and Sb (Fig. 7).

5 DISCUSSION

Based on the conducted analyses, results obtaameldexpected concentrations of each sample alesant observations,
comparisonsandinterpretations (such as possible sources) regattim studied elements are summarized below itigala
to the geology, anthropogenic activities and geogbal anomalies (Section 5.1). A profile displayithg spatial variation

of the average concentration of each of the studiethents at the sampling sites, between 2014 @€, 2s provided in

Figure 8 and the exact transect locations are shiwigure 2. Natural impacts on the redistributajrthe studied elements
is discussed in Section 5.2 and the temporal vanadf concentration values at the sampling sitesighlighted as a
function of the large-scale 2015 storm and flooértv Subsequently, Cu concentrations in particatar discussed in

Section 5.3.

5.1 Geology, Anthropogenic Activities, and Geochemisabmalies
5.1.1 Arsenic

The highest local geochemical background conceotrdbr As in fluvial water and sediments is lochte the Andes

Mountains (Table 3) where the dominant geology egponds to Cenozoic volcanic deposits and sedimer&guences
(Fig. 2d,e). Despite the fact that the As conceionais generally above the consulted regulationd 'ecommendations for
water and sediments (Figs. 4 and 5), in the studliesihs, As is not considered a contaminant (fGigk.

Increased natural concentrations of dissolved AthénAndes Mountains are a consequence of theress As-rich hot

springs at Rio Negro, Juncalito, and Laguna Ve#&tgiifre and Clavero, 2000; Risacher et al., 19%hid and Verdejo,



2015). Similar enrichments have also been obseatv/¢lie El Tatio geysers, 500 km north of the staba. There, elevated
concentrations provide an additional source ofaig&sl As to the El Loa River (Romero et al., 2003).

High As local geochemical background concentratiares comparable to other mining sites worldwideu@y Bolivia;
Tapia et al., 2012; Tapia and Audry, 2013; Miedk&@rPoland; Gatuszka et al., 2015; Chalkidiki, Geee&elepertzis et al.,
2010; Table 3b). However, in the case of the North&tacama Region, this local geochemical backgdoim likely
associated with natural sources of As presentrielacale evaporite belts of the Neogene CentrdeSnwhich contain
anomalous concentration of Li, As, Sr, and K (Alore al., 1991). Also, As is found in the Maricurigatallogenic belt.
This belt is rich in high-sulfidation gold depos(Sillitoe et al., 1991) that are associated withvated As concentrations
(White and Hedenquist, 1995). In addition, and etegmined in this study, precipitates from remataa of the Andes and
geologic formations similar to Punta del Cobre, wmadsic to Cretaceous outcrop rich in andesites Wlears the
mineralization of the Inca de Oro District (Fig.; Boto, 2010), are important sources of As forAhees and El Salado
Alto basins, respectively (Fig. 7a). It is also ammt from Figure 8 that the concentration of Asréases near the

Potrerillos Smelter, attributable to the miningieties present there.

5.1.2 Cadmium

The highest local geochemical background of Cd eptration in fluvial water and sediments is foundhie El Salado Alto
and the Andes Mountains basins, respectively (Tahldespite the fact that this element is enricivb@n compared to
fluvial water and sediment average global concéntra, in general it is not above water (Fig. 4} aediment (Fig. 5)
recommended values and is not considered a cordatrimany of the studied basins (Fig. 6b).

In relation to the origin of this element, in thades area, precipitates could be a source of Gd7B). In the El Salado
Alto and Bajo basins, the Atacama Regolith mighaheémportant source of Cd (Fig. 7b). It is alseaclfrom Figure 8 that
the concentration of dissolved Cd is high in theteaborder of the Pedernales salt flat, and irinseats and water

increases abruptly near the Potrerillos Smelt&ibatable to the mining activities present there.

5.1.3 Copper

The highest local geochemical background conceairdor Cu in fluvial water and sediments is foundEl Salado Bajo
Basin (Table 3). Copper concentrations are belotiomal and international regulations for water (F&, yet Cu is
importantly concentrated in sediments and is altbeeCanadian recommended values (Fig. 5). Thisesiemas classified
as a contaminant in all the studied basins (Fijj. 6¢

El Salado River is located in a well-known Cu-riotetallogenic province (Sillitoe, 2012; Sillitoe armerelld, 2005)



composed of Jurassic-Lower Cretaceous, PaleocewetllBocene, and Upper Eocene-Lower Oligocene mgitic belts
(Fig. 1a). The Upper Eocene-Lower Oligocene andJihrassic-Lower Cretaceous belts are recognizetiwigle for the
presence of large-scale porphyry Cu deposits {@&lland Perelld, 2005) and IOCG deposits (SilligB)3), respectively.
Due to the Cu richness in this area, historicdlg El Salado River has been significantly affedtgdmining activities,
especially through the disposal of mining wastedaly into the river over an approximate time pdraf 40 years (Castilla,
1983). This anthropogenic influence is evidencedhayfact that the highest elemental concentratidrdu in fluvial water
were found at the Potrerillos site during the thyear long sampling (Figs. 4 and 8). Additionaligdiments close to the
Potrerillos Smelter and in the discharge area &t€#alito have the highest values of Cu (Figs8pporting the idea that
mining activities are an important source of anplagenic Cu in the Northern Atacama Region.

Therefore it is likely that the natural presenceCofrich metallogenic belts, in addition to uncoliegd mining activities,

have a direct relation to Cu contamination in thelied sediments.

5.1.4 Lithium

The highest local geochemical background conceotrdor Li in fluvial water is found in the Andes ddntains and El
Salado Alto basins; for sediments, it is foundhia Andes (Table 3). This element is above the recemded concentration
for water as suggested by Aral and Vecchio-Sad088§2Fig. 4), and despite the fact that there areegulations in Chile
or Canada for its concentration in sediments, ig study it was found that Li is not considerecoataminant in any of the
studied basins (Fig. 6d).

Dissolved Li concentrations are observed to béeit highest values in the Pedernales and El Sal#tddasins (Fig. 8).
Brines from salt flats, in the Altiplano-Puna remgjiare known for their Li resources (Chong, 1988cksen and Salas,
1990; Gajardo, 2014). In addition, Neogene Pungaites have anomalous concentrations of Li becafiskeir closed
drainages and position adjacent to the volcanic¢ thrgs, this basin can capture all the producthefral activity there
(Alonso et al., 1991). As suggested in this styzhgcipitates from remote areas of the Andes are atsiched in this
element (Fig. 7d).

Therefore, the enrichment of Li in the Northern égma Region might be explained by natural sourée¢leoAltiplano-
Puna in addition to the transport of Li in fluviahter due to anthropogenic channelization of théeR®les salt flat in the

1930s (Fig. 3a).

5.1.5 Molybdenum

Results from this study indicate that Mo presehéshighest local geochemical background conceatrdtir water in the



Andes and El Salado Alto basins (Table 3a), andéatiments, the highest local geochemical backgtdgsipresent in the
El Salado Bajo Basin (Table 3b). In water, for mibv@&n 60% of the collected samples, the conceatratf Mo is above the
WHO recommendation (Fig. 4). Additionally, Mo isrsidered a contaminant in sediments of El Saladim &hd El Salado
Bajo basins (Fig. 6e).

Natural high concentration of dissolved Mo has béeumnd in groundwater from the Spence porphyry @padit
(Leybourne and Cameron, 2008), and as determingtisnstudy, the highest local geochemical backgdofor Mo in
fluvial water is in the Andes and El Salado Altesivs (Fig. 8). Thus, natural Mo-rich brines andghgry copper deposits
related groundwater could be the source for Moatew

In the case of sediments, the highest local geoitaimackground of Mo is in El Salado Bajo BasiheTprecipitates from
remote areas of the Andes do not explain the hagitentration of this element as do other rockshef €hafiaral Basin
(Fig. 7e). Due to the fact that Mo is strongly eteted to Cu (Table 4), it is assumed that it od¢gs from the processing
of porphyry Cu-Mo deposits, suggesting an anthrepagsource for Mo in sediments. Therefore, Mo shewngeogenic

origin in fluvial water and an anthropogenic originsediments.

5.1.6 Antimony

The highest local geochemical background conceotrdor Sb is present in El Salado Bajo Basin fovitl water and

sediments (Table 3). This element presents less1h% of water samples above the US EPA and WHOmeawendations
and any of these sample locations are in El SaBajo Basin (Fig. 4). In the case of sediments,glae no guidelines for
Sb, however in this study it was shown that Stoissaered a contaminant in the El Saldo Bajo Bésia. 6f).

In a similar manner to Cu, this element shows igbdst values for fluvial water and sediments i Botrerillos site (Figs.
4, 5, and 8). This is strongly correlated to Cu &nd (Table 4), suggesting that mining activitiesulcbbe the most

important source for Sb in fluvial water and seditseof the El Salado River.

5.2 Natural Element Redistribution

Based on Table 4, all studied elements presemgipositive correlations in the El Salado Alto &ldSalado Bajo basins,
except for Li in the El Salado Alto Basin and Cdlie El Salado Bajo Basin. These correlations sstghat besides mining

there are likely other controls on the redistribntof elements.

5.2.1 Redistribution in the Andes Mountains

From the collected data, there was a systematiease in the average concentration of dissolvedSBucontaminants of

the El Salado Alto and El Salado Bajo basins), dMw Concentrations of As and Cd remained constamtfluvial



sediments, the average concentration of all andlygements increased in 2016. Comparing specifes RN01 and
SPO02), there is a clear increase of Mo and Sbharditisolved fraction however this is not obsen@ddu. With respect to
fluvial sediments, specific sites (LVO1, LV02, JL,OROO1) showed a marked increase in Cu and Mo auret#ons
(contaminants of the El Salado Alto Basins), fokmlvby Li and As, and to a lesser extent Cd andli52016, saline
precipitate samples from Pedernales (SP02-C; 3i8€d.s.l.) and Rio Negro (RNO1; 4,118 m a.s.l.) gtbw yellow
coloration that was not present in 2014. These Bssiave the highest concentrations of As and lallisurveyed basins
(Fig. 3e and 3f).

With the initiation of the March 2015 mudflow, reteesearch indicates that snow covered a wideatyeae 3,600 m a.s.|.
(Jordan et al., 2015; Fig. 1c), which is in agreemeith information from local border agents in thield (personal
communication, 2015). Studies performed in Scotlaagste demonstrated that there is an increase ineotration of
dissolved Al, Cd, Cu, Fe, Mn, and Pb after snowtnf@brahams et al., 1989). Previous research inAtetic has
additionally shown that polar environments are ey sensitive to these types of changes, of whgéome would have
direct effects on the role of snow in contaminasgvenging (Macdonald et al., 2005). The Desert Arate characterized
by permanent snow patches and small glaciers (ulipp1988). Therefore it is suggested that snowegoabove 3,600 m
a.s.l., and subsequent melting could have playeidnaortant role in the transport of elements frdra tvest (the Cu-Mo
rich metallogenic belt). This transport would hagted as a catalyst increasing the concentratib@si,oMo, and Sb in the
dissolved fraction and Cu, Mo and (to a lesserrextei, As, Cd and Sb in fluvial sediments. Trangpmuld have also

produced enrichment of As and Li in saline crustkiw the Andes Mountains of the Northern Atacanegian.

5.2.2 Redistribution in the El Salado Alto Basin

From 2014 to 2015, the El Salado Alto Basin expexael a dilution in Cd, Cu, and Sb concentratiohis, ¢ffect was not
observed for As and Mo (Fig. 4). For Cu and Sb, iflghest values were always found in Potrerillog.(B). Intense
rainfall in the El Salado Alto Basin (80 mm; MOR)1Z) diluted these elements, diminishing their emiation in the
dissolved fraction. As previously proposed, disedhAs and Mo originate in the Andes Mountains drelAltiplano-Puna
plateau. Any increase in their concentration isitesl to the transport of these elements from thairce area. For Cd,
dilution is more complex. Although, in general, thighest concentrations of particulate and dissbl@d are found in the
Andes Mountains, this was not the case in 2014 vthermighest Cd concentration found in the El Salslio Basin was at
Potrerillos (Fig. 4). This suggests that dilutidnttis source caused the decreased concentratio2@l15. In the El Salado
Alto Basin, most elements (As, Cu, Li, Mo, and 8bjluvial sediments show decreases in concentrd@tia2015 (Fig. 5),

which is likely related to transport downstreamidgrthe flooding (Jordan et al., 2015; Wilcox et a2D16).



5.2.3 Redistribution in the El Salado Bajo Basin

Despite the redistribution of elements in the AnEsuntains and El Salado Alto Basin, the most nietaihanges of this
type occur in the El Salado Bajo Basin. Dissolvisnents from El Salado Bajo show higher concemnatiof As, Cd, Cu,
Mo, and Sb just after the 2015 storm and mudfloith wthe lowest values in 2014 (Fig. 4). A possibiglanation for this
phenomenon is that, during 2014, the El Salado Bhsin was hydrologically not connected to the &a8o Bajo Basin,
but rather the surface water flow ended 10 km wé®iego de Almagro (Fig. 1a). In 2015, the El Salailto, Chafiaral
and El Salado Bajo basins became connected hydcalbgdue to the El Salado River flood. This coati@n was observed
two months after the flooding during the field caigym, that is, surficial flow with a notable amowfitsuspended matter at
locations between Diego de Almagro and the fitst of the El Salado Bajo Basin (Fig. 2b).

In spite of the pronounced 2015 storm event, hydyiol conditions reverted in 2016 as the El Salalio Basin terminated
20 km east of Diego de Almagro (Fig. 1a and Fig.\ater not present at RS08 and RS09), and furthiernas in 2014,
surficial water of the El Salado Alto Basin was monnected to the Chafiaral and El Salado Bajo BaSinese normal
endorheic conditions where water of the El Salatfo And El Salado Bajo basins were confined tortfesipective areas, as
of 2016, is capable of explaining the decreasanalyaed element concentrations when compared &eth62015 (Fig. 4).
For sediments collected in 2016, available samghesv that Li, Mo, Cu, and Sb represent respectivklp, 4, and 3 times

the 2015 concentrations. Arsenic and Cd do notbéxsiignificant changes in concentration at thetes {Fig. 5).

5.3  The case of Copper and Applications to Other Drya&rof the World
5.3.1 Copper in the El Salado Alto and El Salado Bajdrizas

Large-scale porphyry copper deposits and mininiyiies are scattered throughout the El Salado Ahd El Salado Bajo
basins. Average dissolved concentrations of Cu Wére42, and 27 pg™ in 2014, 2015, and 2016 respectively, which is
approximately 6 times greater than the worldwiderage for riverine Cu (Table 1; Gaillardet et @003) as well as
approximately 2 orders of magnitude lower than ¢bacentration recommended for safe drinking watable 1; NCH
409, 2006; US EPA, 2009; WHO, 2011). Maximum comndions for dissolved Cu were found at the Pdtoeristream
and were 59, 48, and 50 {ug in 2014, 2015, and 2016 respectively (Figs. 4&nd

Previous studies at Caleta Palito (Figs. 1a andsBb)ved an increased concentration of dissolvednCihe disposal
channel, of 2,390 ulg™* (Castilla, 1996). During the field campaigns osthtudy, values obtained at the same site are 2
orders of magnitude lower than previously reporfad explanation for these large differences cowddhe construction of

the Pampa Austral tailing dam in the late 1990s¢ckhelped to control and restrict concentratiohdissolved Cu entering



the main stream. No important changes in concéotrsibf dissolved Cu were observed in studies pith> 6 (Atkinson et

al., 2007). Therefore, these lower than expectéaegaare reasonable because the El Salado Alt&k8dlado Bajo basins
were characterized by circumneutral to alkaline yatues thereby preventing the dissolution of Cuha basins and
sampling years of this study. The presence of catio rocks is limited to the Jurassic marine sagae which are found
in the headwaters (RS01; Fig. 2c) as well as tontbst of Diego de Almagro (sites RS09 to RS10; .Fasc), therefore,
this type of rock is probably not controlling pHdditionally, Leybourne and Cameron (2008) determhitieat in the Spence
porphyry copper deposit, under circumneutral pH higth salinity conditions similar to those foundthre present study
(Aguirre and Clavero, 2000; Risacher et al., 1998¢, concentrations of porphyry copper deposit-@ated metal and
metalloid species in groundwater are stable intgoiufor relatively long transport distances (> th)kin contrast to Cu
which complexes as a cation (< 1km). In the studi#es, it was found that dissolved and particufateand Sb have
elevated concentrations in the vicinity of Potiesl However, the same result was not reported doeam or in the
Andes, suggesting that Cu and Sb complex as caitiotiie proximity of their source location. On tbentrary, As and Mo
migrate downstream long distances from their sauComsidering average pH (8.6) and Eh (-0.09 V)d@tons during the
2016 sampling campaign as well as Eh-pH diagramadueous As (Smedley and Kinniburgh, 2002) and (®abar,

2004), it is inferred that these elements are prarisd as HAs@ and MoQ?, respectively.
5.3.2  Applications in Other Dry Areas of the World

Consequences of the exploitation of Cu have bagtiest in select locations of the Atacama DesertleQiCastilla, 1983,
1996; Ramirez et al., 2005). Nevertheless, cuyehttre are other similar dry environments exphgitporphyry copper
deposits. One of these locations is the Oyu Topgwphyry Cu-Au-Mo deposit located in the southeamt pf the Gobi
Desert, Mongolia. Modern exploration of this aréated in the 1980s, and the first copper concentras produced and
exported in 2013 (Porter, 2016), resulting in apriovement of their economy (The World Bank, 20THe Gobi region is
a cold desert and a snow cover is formed betweariiber and February (Batima et al., 2005). As shivam this study,
snowmelt can facilitate the remobilization of cantaant elements in this type of environment espglycid mining
activities are unregulated.

Likewise, Iran is related to the central Iraniarcamo-plutonic Cu belt in which the Sarcheshmehphgry deposit is
located, the most important Cu-Mo mine in Iran @ar and Aftabi, 2007). This mine is located 60 KWV from Kerman,
the nearest city, and the Sarcheshmeh Cu smeliat glarted operations in 1981. Conducted stud@s® do this facility
have shown that mining activities have resulteddit contamination (Khorasanipour and Aftabi, 2014f) Sarcheshmeh,

the average annual precipitation varies from 30850 mm, the temperature ranges from +35° C to €2@d the area is



covered with snow 3 to 4 months per year (Ardegral., 2008). Generally, rainfall in Iran occurerh January to April
(WeatherOnline, 2017); however, in a similar manterthe Atacama Desert, recently in August 201%ast area of
northern Iran approximately 500 km north of Kermeas affected by heavy rains and flash floods, tieguin at least 12
fatalities, 2 missing people, and over 2,000 affdéndividuals (Davies, 2017). As illustrated iisthtudy, remobilization of

mining-related contaminants could also occur is #rid to semiarid environment due to flash floodsnow melt.

6 CONCLUSIONS

Analyses of surface water and fluvial sedimentthefNorthern Atacama Region of Chile, as presehe&rdin, have aided
in the assessment of the main regional contaminandk probable sources, the establishment of a geachl local
geochemical background, and the assessment okthstribution of contaminant elements as a resuthe large-scale
March 2015 Atacama flood event and mudflow. Thislgsis and evaluation aids in the goal of bettedenstanding
contaminant sources and impacts due to naturahatidopogenic factors in regions with scarce weadsources.

In regard to the central subjects of this studg, fillowing conclusions are summarized below andlccde applicable to
other similar geologic and hydrologic systems algsf the immediate research area:

Sources and contaminant elements. Samples obtained in the Northern Atacama Regiditate that Li, As, Mo, Cd, Sb,
and Cu all exhibit higher concentrations in surfa@er and fluvial sediments when compared to wadé averages in
rivers and the UCC, respectively. In particulam@entrations of Li, As, and Mo are orders of magphét greater in surface
water when compared to worldwide averages in riverasspite elemental enrichment in the analyzedotliss load
samples, it is concluded that dissolved As, Cdahd Mo originate from natural sources, whereasofied Cu and Sb are
considered mining-related contaminants. In thei@adte fraction, it is inferred that As, Li, andd@nrichment is natural,
originating from salt flats and epithermal depositthe Andes Mountains. Nevertheless, enrichmer@u, Mo, and Sb is
related to fluvial contamination from mining acties. The obtained local geochemical backgrounchagnly reflecting
geology for As, Cd and Li in fluvial water and seints, however this is not concluded for Cu, Mo &bdwhich reflect
the combination of anthropogenic activities andloggyp When comparing concentrations in surface watel sediments
from the Northern Atacama Region to other sitesaotgd by mining activities such as Oruro, Boliwi,the studied
elements, only Sb exhibits higher values in thesalid fraction outside of the studied region whitencentrations in
sediments are comparable. Aside from natural eméctt and human-induced contamination, remobilimaté elements
has occurred as the result of floods and snowmethé El Salado River basins (El Salado Alto ancs&lado Bajo) and
Andes Mountain basins, respectively.

March 2015 Flooding. In the Andes Mountains, the March 2015 massivedlevent spurred an increase of Cu, Mo and Sb



in the dissolved fraction as well as an increas€wfMo, and, to a lesser extent, Li, As, Cd andrttiuvial sediments.

Flooding also led to an enrichment of As and Lsatine crusts of the Andes Mountains. From 201205, the El Salado

Alto Basin samples exhibited a dilution of dissa@veoncentrations in Cd, Cu, and Sb due to incregsedipitation. A

major portion of the analyzed elements in the paldite fraction decreased in concentration justratthe event and

subsequently increased 1 year after the flood. EheSalado Bajo Basin showed the most significananges in

concentration in the dissolved fraction. Just aftee 2015 event, concentrations increased due doctbation of a

hydrologic connection between the El Salado Altd BhSalado Bajo basins.

Copper. Despite the fact that this region has been aftkdiy intense mining activities, concentrationsCaf in the

dissolved fraction are lower than previously repdrtThis is likely related to circumneutral to dlka pH and the

complexation of Cu as a cation.
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FIGURE CAPTIONS

Figure 1. The Northern Atacama Region. (a) Metatig belts (from Sillitoe, 2012; Sillitoe and Pédel005) and basins
(from Contreras et al., 2015). The uppercase lahdlsate: A. Caleta Palito; B. Chafiaral; C. Elegal; D. Manto Verde; E.
Pampa Austral Tailings Dam; F. Diego de AlmagroEESalvador; H. Potrerillos; I. Inca de Oro; JdBmales; K. La Ola
Dam; L. Rio Negro hot spring; M. La Coipa Mine; Maricunga; O. Laguna Verde lake and hot springfi&te Mine; Q:
Sierra Nevada de Lagunas Bravas; R: Falso azufrBle8ado de Incahuasi; T: Nevado Ojos del SaladoElsolo; V:
Copiap6 Volcano. (b) Climatic zones of the AtacaRegion: BWn - coastal desert, BWk - normal desBwk' - cold
desert, ETH(ws) - cold steppe-like and dry climatéhe Andes, ETH - cold steppe-like, and BSk'sldcsemi-arid with
winter rain. (c) Precipitation and snow cover dgrMarch 27 2015 (from Jordan et al., 2015).

Figure 2. Geologic maps, sampling sites, and ticieséa) General location map with the basinsHb%alado Bajo Basin;
(c) El Salado Alto Basin; (d) Pedernales BasinMayicunga and Laguna Verde basins.

Figure 3. Important locations and chemical depasithe Northern Atacama Region. (a) Channel ofRbedernales salt flat
in 2014; (b) Caleta Palito in 2014; (c) PotrerilBmelter in 2014. (d) Chemical precipitate in tleel€nales salt flat, found
in 2014 and 2016 and sampled in 2016; (e) Chenpicatipitate in the Pedernales salt flat, found & (f) Chemical
precipitate in the Rio Negro hot spring, found ¢18.

Figure 4. Element concentrations as a functiomefsample year in surface water from the Andes N&ns and El Salado
Alto and El Salado Bajo basins. Continuous linggesent the average element concentration of susiater in each area
and dashed lines represent concentrations suggastddnkable by the US EPA (As, Sb; US EPA, 2008l O (As, Cd,
Mo; WHO, 2011), Chilean regulation (As; NCH 409080, and Aral and Vecchio-Sadus (2008; Li).

Figure 5. Element concentrations as a functionhef sample year in fluvial sediments of the AndesuiMains and El
Salado Alto and El Salado Bajo basins. Continudnessl| represent the average concentrations of satinwathin each
basin. ISQG: Canadian interim sediment quality glii¢® from Canada; PEL: Canadian probable effemtell(Canadian
Council of Ministers of the Environment, 2001).

Figure 6. Geo-accumulation index.( for selected elements. The materials used taukdte this index are: andesites to
basaltic andesites of La Negra Formation (Lopez42@liveros et al., 2007), andesitic lavas of Budel Cobre Formation
(L6pez, 2014), dacites of the Llano San Pedro vidcaomplex (Lopez, 2014), ignimbrites of dacitangposition (Lépez,
2014), Atacama regolith from 30 cm depth (L6peZ80and chemical precipitates collected during gtudy from remote
areas of the Andes.

Figure 7. Enrichment Factors (EFs) for selectednel@s. The materials used to calculate this ind@xes andesites to

basaltic andesites of La Negra Formation (Lopez42@liveros et al., 2007), andesitic lavas of Budel Cobre Formation



(Lépez, 2014), dacites of the Llano San Pedro vidcaomplex (Lopez, 2014), ignimbrites of dacitangposition (Lépez,
2014), Atacama regolith from 30 cm depth (L6peZ,40and chemical precipitates collected during gtudy from remote
areas of the Andes.

Figure 8. Spatial distribution of average concditrs. Transect locations are provided in plan viewrigure 2. For the
Maricunga and Laguna Verde basins, due to theiila@inongitude and distinct latitude in relationttee Pedernales Basin,
their symbols differ.

TABLE CAPTIONS

Table 1. Basic statistics for water concentratiatugs in all samples collected in the Andes Moustaind El Salado Alto
and El Salado Bajo basins for As, Cd, Cu, Li, Mal &b. Also shown: the average concentration fosghelements
worldwide (Gaillardet et al.,, 2003) and the concatidn for drinkable water recommended by the Wordalth
Organization (WHO, 2011), the US Environmental Betibn Agency (US EPA, 2009), Chilean regulatioN€H 409,
2006), and Aral and Vecchio-Sadus (2008).

Table 2. Basic statistics for fluvial sediment carsitions, namely of As, Cd, Cu, Li, Mo and Sb ihsaimples collected in
the Andes Mountains, the El Salado Alto Basin, #mel EI Salado Bajo Basin. The average compositiothe UCC
(Rudnick and Gao, 2003), the Canadian interim sedtmjuality guideline of Canada (ISQG), and the &iéam probable
effects (Canadian Council of Ministers of the Enwiment, 2001).

Table 3. Local geochemical background of miningssitvorldwide. (a) Dissolved water in Oruro; (b) kasediments in
Oruro, fluvial sediments in Chalkidiki and the Nwetn Atacama Region basins, and soil in the MiedaaMountains. P
0.75: percentile 0.75;c2 maximum value of iterativec2technique (Gatuszka et al., 2015). Oruro (Tapial.e2012; Tapia
and Audry, 2013; Li and Mo concentrations in poratav and sediments are unpublished data); Miedaidhuntains
(Gatuszka et al., 2015); Chalkidiki (Kelepertzisaét 2010).

Table 4. Correlation coefficients between elemefurface water (a) and fluvial sediments (b).
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Table 1

All samples of Northern Atacama Andes mountains El Salado Alto El Salado Bajo
Region
As | Cd]| Cu | Li Mo| Sb| As | Cd| Cu| Li Mo Sb| Af§ CH cCd Li MpSb | As | Cd | Cu | Li Mo| Sb
ug-L* mg-L | ug-L ug-L* mg-L [ pg-L Hg-L* mg-L [ ug-L Hg-L* mg-L | ug-L
N
65 |[65]|65 | 22 | 65| 65 16| 16| 16 5 | 16 16 28 P8 48 1p p88 p21 [ 21 [ 21 | 7 | 21| 21
Average
2039| 1.2]9.62| 87 248| 2.7/ 5502| 1.4 |09 |81 397| 2.00 151 1.3 |12.6| 145 | 283| 4.67/ 103 0.9 12.2|10 86 | 0.8
4 9 8 3 3 1 4 6 2 8
Standard deviatioro]
4461 | 1.3| 145 92 335| 9.2/ 8001| 2.4 |11 | 110 | 594| 6.05 112 0.8 | 18.6| 78 180 | 13.2| 158 | 0.5 | 11.3| 1.7 56 | 1.3
6 5 7 7 5 6 3 0 4 5 9 2
Median
618 | 1.0]2.35| 12 161| 0.3 900 | 0.5 0.2 |29 230| 0.43 104 1.4 |2.01| 163 | 229| 051 19| 106.58| 9 92 | 0.2
4 5 9 5 0 2 6 5
Maximum
2475| 8.4 | 60.9| 228 | 240| 65 | 2475/ 8.4 | 3.9 | 225 | 240|24.6|403|3.1 1609|228 | 571| 64.7 495 | 1.7 | 42.1| 13 214| 5.6
1 9 7 4 1 9 8 4 5 5 1 7 5 6 8 5
Minimum
2 0.1|/025| 15 0.2/ 0.0 |79 0102 |15 0.2 |025| 75 | 0.1/ 0.25| 5.1 10 | 020 2 0.1 0.25| 8.6 18 | 0.0
0 5 7 0 5 5 0 5 7
Correlation coefficient element-elevation
0.41 | 0.0] - 0.16 | 0.3|0.1 |- - - -095| 0.1|0.18| 0.1|0.0 | - -0.20 | - 0.29 | - - - 0.94 | - 0.0
9 0.30 4 2 0.24 |04 | 0.2 3 3 8 0.02 0.1 0.1 | 0.0 | 0.59 0.0 |3
4 5 2 3 7 6
World average
0.62 | 0.0|1.48| 0.002| 0.4| 0.0
8 2 7
WHO recommendations
10 3 2,00] - 70 | 20
0
US EPA guideline
10 5 1,30| - - 6
0

Chilean regulation

10

| 10 | 2,00 -




| o | |

Aral and Vecchio-Sadus (2008)
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Table 2

All samples of Northern Atacama Andes mountains Salhdo Alto El Salado Bajo

As [ cd| cu | L[ Mo| sb| As| cd cd L] Md s A3 c8 cd Ui Mosb| As | cd| cu|l L] Mo| sb
Hg-g' Hg-g' Hg-g' Hg-g'

N
42 | 42| 42 | 42| 42| 42 14 14 14 1 14 44 20 po  Jo |20 |200| 8 | 80] 8| 8] 8] 8
Average
121 06| 932 124 29| 20 170 13 178 155 B7 D2 o093 [01387] 94| 21] 30 664 0B 1114 1p3 37 28
Standard deviatiors]
117 | 12| 2,396 144 67| 55 151 20 2p7 Jo7 b7 p2 [1we3| 3256 46| 46/ 7.3 245 op 1,7B4 195 52 ko
Median
74 | 03] 233] 78] 44 o5 16k op 95 69 19 ¢1 |73 [0382 | 90| 44| 05 604 03 398 783 g5 08
Maximum
571 | 7.7] 14600 799 345 33 5711 7]7 e43 799 845 |1 |43 | 14600 202 210 33 1170 0[3 5340 630 155 |15
Minimum

8 |o1| 7 [ 19] o02] 04 8 o1 7 19 o o1 18 01 17 2909 ] 01| 381] 02/ 235 588 5P ole
Correlation coefficient element-elevation
0.37| 0.27] -0.14| 0.01]0.002| 0.15| 0.03| 058| 0.41| 0.47| 0.49| 0.04| 0.41] 03] 018] 008 021 0.p0 -08033| -047| 0.41| 048] 052
ucc
48009 28 | 21 11 o4 [ | | [ [ [ [ | L [ [ ]
ISQG
s9lo6| 367 -] -| -[ [ [ [ [ [ | | | L ] L
PEL
1wwlss| 27| -[ -| -[ [ [ [ [ [ | [ | 1




Table 3

Oruro All samples of Andes .
. Northern . El Salado Alto | El Salado Baja
@ Bolivia Atacama Regior] mountains
P
075| & | P0.75 3 P 0.75 3 P 0.75 3 P 0.75 3
As | 740 | 902| 1,857 1,032 5659 50713 2,316 2,832 2138 P8
cd | "9t [003] 004 160] 228 138 158 148 255 137 520
Cu 0.74]| 0.8 11.35 0.61 0.96 0.2p 18 0.57 21 29
mg- L
Li gl 0.04 | 0.06] 167 272 175 301 194 30D 11 13
Mo | ug-L | 21 31 307 259 459 795 489 643 97 178
Sb ! 10 12 1.24 0.36 0.59 0.71 1.27 0.86 1.45 0{32
All samples of
Oruro, Miedzianka Mt, Chalkidiki, Northern Andes El Salado
Bolivia Poland Greece Atacama mountains El Salado Alto Bajo
(b) Region
P P P
075| & | P0O.75 3 P 0.75 3 P 0.75 3 P 0.75 3 0.75 ) 0.75 >

As 56 62 278 36 214 113§ 161 89 201 240 92 118 57
Cd 0.45| 0.48 2.14 2.01 2.6( 1.66 0.37 0.80 138 01,70.28 | 0.36| 0.30] 0.33
Cu | ug-g 53 61 1337 52 82 91 319 400 296 350 266 304 391167
Li ! 75 82 - - - - 145 125 194 286 126 166 79 2(
Mo 14| 1.6 - - - - 6.57 6.94 3.05 3.38 489 589 998, 63.7
Sb 12 13 - - 32 12 0.63 0.84 0.2p 0.33 0.7 0{74880. 0.97




Table 4

(@) Water
All samples of Northern Atacameli Andes El Salad@Alt El Salado Bajo
As Cd Cu Li Mo| As Cd Cu Li Mo As Cd Cu Li Mg A dC| Cu Li Mo
Cd | 0.67 0.76 0.35 0.69
Cu | -0.19| 0.04 0.01 0.14 -0.35 0.04 0.f0 0J54
Li | 0.34 | 0.48] -0.07 0.69 056 0.74 -0.89 -0)21 -0l67 -0.68| -0.90| -0.84
Mo | 0.74 | 0.26] -0.1§ 0.89 0.73 019 -0.p4 094 0}{87.290 -0.35| 0.94 0.8 094 0.61 -0.90
Sb| -0.08/ 0.0 055 -0.18 0.01 -0.19 -006 -0.15100.0.15| -0.21 0.0 0.6y -0.92 -0.22 0.f6 064 0.58.85| 0.71
Sediments
(b) All samples of Northern Atacameli Andes El Salad@Alt El Salado Bajo
As | cd| cu| Li| Mo| As| cd| cu|l L] Mo| As|] cd cd L] Md Ay o] cu| L | Mo
As | 0.18 -0.03 0.87 0.18
Cd | 0.44| 0.09 -0.06 0.62 0.88 0.97 0.85 -0/07
Cu| 0.14| 0.30 0.0§ 0.2Y 0.37 0.28 -051 -0,37 -0.43 0.75] -0.20] 0.97
Li | 0.29 | 0.81] 0.52| 0.46 0.00 095 0.52 0.49 0/91 60.90.99| -0.43 0.82 0.00 0.97 091
Mo | 0.44| 0.06] 0.99 0.08 051 0.27 -0.p8 019 0j21.21-0 0.88] 0.97] 0.99 -0.4P 0.99 0.90 -0/01 099 0.9496




Highlights

7 Water and sediments of the northern Atacama Regée sampled from 2014 to 2016.
8 As, Cd, Cu, Li, Mo and Sb were analyzed.

9 As, Li, and Cd are naturally enriched and are wotaminants.

10 Cu, Sb + Mo concentrations are related to minirtivgies.

11 Remobilization occurred due to snowmelt and a lastgem and mudflow event.



