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ABSTRACT:

Theexotic copper mineralization at the Exoticadeposit (now MinaSur) locatedina6.5km
long pal eo-channel southwardsfrom the porphyry copper deposit Chuquicamata, Northern Chile,
ischaracterized by asequence of “ copper-wad” associated to strongly kaolinized gravels, followed
by atacamite(Cu,CI(OH),) associated to undtered gravels, and of mainly chrysocolla(CuSiO,nH,0)
inthe contact with the propylitic atered bedrock. It isgenerdly believed that theexotic mineraization
isaresult of thelateral flow of acid solutionsformed during the oxidation of the primary porphyry
copper ore body from Chuquicamata and their interaction with the host-rock mineralogy
(MUNCHMEYER, 1996). Thegod of thisstudy isto smulatethe minera paragenesisby geochemical
modeinginorder to get further insight into theoreforming process. Asitisimpossibleto obtainthe
porewater composition during theformation of thedepost, inthisstudy, porewater fromthe actual
oxidation zoneof aporphyry copper minetailingsimpoundment (Piuquenes/'LaAndina) wasused as
starting solution (pH 2.31, pe 12.2, 23.1 g/L. SO,, 2080 mg/L Al, 1430 mg/L Mg, 1380 mg/L Fe,
910 mg/l Cu, 463 mg/L Ca, 92.9 mg/L Mn, 70.5mg/L Cl, 50.9mg/L Si, 11.5mg/L K, 6.7 mg/L
Na). The solution wastitrated with cal citeto s mulate the neutralization reactionswith the calcite
baring propylitic atered metamorphic host-rock assemblage. Theresults show the same sequence
of kaolinite, atacamiteand chrysocollawithincreasing pH (pH 3.12, 5.37, 6.8, respectively) asitis
observed in the ore. This suggests that the observed mineral paragenesisis controlled by the
neutralization potential of the host-rock mineralogy and the concentrationsof Cl and Si. Therefore,
Exoticaismost likely theresult of water-rock interactions between the host-rock and natural sulfide
oxidation, what |ed to theformation of acid metd-rich solutions, smilarly what nowadaysisfrequently
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observed in minewaste environmentswith theformation of acid minedrainage (AMD). Thus, the
understanding of theformation of AMD a so improvesthe understanding of supergene enrichment
processes and exotic deposit formation and gives hintsfor exploration targets.
METHODOLOGY
Hydrogeochemical datafrom the oxidation zone of the porphyry copper tailingsimpoundment
Piuquenesfromthe LaAndinamine (DoLp et al., 2005a; DoLb and FontsoTg, 2001) wasused as
representative solution for acid rock drainage resulting from the oxidation of aporphyry copper
mineralization, whichisassumed to migratelaterally and react with the host-rock assemblage under
oxic conditions. Inafirst step the Eh-pH diagrams of the Cu-Cl-Si system was cal culated with the
chemical equilibrium progran MEDUSA. I n the second step the modeling of thereactionsof the
acid rock drainage solution in contact with the host-rock was performed using PHREEQC2
(ParkHURsT and ArreLo, 1999) by titration with 0.5 molescalcitein 50 steps, in order to simulate
theinteraction of the acid sol ution and the cal cite bearing propylitic zone of the metamorphic rocks.
RESULTSAND DISCUSSION

ThepH-Eh diagramfor the Cu-Cl-Si systemwith 14.3mM Cu, 1.99mM Cl, and 1.81 mM
S a T =25°Cand 1 bar for the sol ution from the oxidation zone of Piuquenesisshownin Figure 1a.
Under oxidizing low-pH conditions, the Cu?* cationisstablein the solution. WhenapH of 4.8is
reached dueto the neutralization reactions, atacamite becomesoversaturated and will precipitate.
Chrysocollawill not precipitatein thissolution. Therefore, an adaption of theCl and S concentration
wasagpplied. The Cl concentration wasincreased in Fig. 1b and 1cto 2000 mg/L .. Such concentration
aremeasured actualy inthe Talabretailingsimpoundment (DoLp et d., 2005b) and arethemean Cl
concentrationsencountered inthe Chuquicamataarea(Rovero et d ., 2003). The higher concentrations
of Cl result in an over-saturation of atacamiteat lower pH (4.3). Thestability field of chrysocolla
appearswhenthe Si concentration isincreased to aminimum of 70 mM, wherethe solutionwill be
oversaturated at pH 6.7. At higher Si concentrations (e.g. 181 mM in Fig. 1¢) chrysocollastartsto
precipitateat lower pH (5.8). Thetitration of theacid porewater showsthat the saturationindex (SI)
for kaolinitewill beoversaturated at pH 3.1, suggesting its precipitation (Fig. 2). Thiscorrespondsin

theexotic oretotheareaof thestrongly kaolinized gravel sand bedrock, relatively closetotheacid
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Figure 1. Eh-pH diagrams for the system Cu-CI-Si. A) representing the system from the oxidation
zoneat Piuguenes. B) and C) show the stability fieldswith adapted Cl concentration and increasing Si
concentration.
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Fig. 2: Modeled titration of the pore water solution from the oxidation zone at Piuquenes by the
addition of 0.5 moles of calcitein 50 steps. Round dots represent the Sl for atacamite with 2000 mg/
| Cl in solution. For discussion seetext.

source of the Chuquicamataore deposit. Atacamitewill reach over-saturation starting at pH 5.4 in
thissolution. If the Cl concentration isadapted to 2000 mg/L, asitistypical for thewatersinthe
Chuquicamataarea, atacamite will be oversaturated at pH 4.8. When then the pH still increases
towardspH va uesover 6.8, chrysocollawill precipitate, mainly indirect contact withthepropylitic
zone of the methamorphic host-rock, where still enough calciteisavailableto buffer the near neutral

pH values. If the host-rock assemblage does not contain calcite (e.g. no propylitic alteration) near
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neutral pH conditions cannot be reached and therefore atacamiteisfavored, asitismost likely the
casefor theunaltered gravels.
CONCLUSIONS

Theexotic minera paragenesisfound at the Exoticadeposit, Chuquicamatacould bemodeled
by thewater-rock interaction process of acid rock drainage with the specific host-rock mineral ogy.
The paeo solution, which formed Exoticaweremost likely acid rock drainagewith e evated Cl and
Si concentrations. The Cu2+ wasmobilized in low-pH conditionsin the paleo channel fromthe
source, the Chuquicamata porphyry copper deposit. When these acid solutionscamein contact with
neutralizing bed-rock apH increase wastriggered, resulting in the over-saturation and subsequent
precipitation of kaolinite. When the pH increased further towardspH 4.8-5.6 (depending onthe Cl
concentrations), due neutralization reaction with the host-rock, atacamite precipitated. Mainly inthe
contact with the propylitic altered metamorphic rocks, which contain ca citeto buffer to near neutral
pH, chrysocollaprecipitated. Therefore, the neutralization potentid of the host-rock controlswhether
atacamiteor chrysocollawill form.
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