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Studies in Chile: Porphyry Deposits Studies in Chile: Porphyry Deposits 
Covered by Miocene GravelsCovered by Miocene Gravels

50 to  >300 m50 to  >300 m325 Mt 1.0% Cu325 Mt 1.0% CuMansa MinaMansa Mina

20 to  40 m20 to  40 m400 Mt 0.54% Cu400 Mt 0.54% CuGaby SurGaby Sur

30 to 180 m30 to 180 m400 Mt 1.0% Cu400 Mt 1.0% CuSpenceSpence

Depth of CoverDepth of CoverGradeGradeDepositDeposit



Radomiro Tomic: Miocene Gravel over PorphyryRadomiro Tomic: Miocene Gravel over Porphyry



Studies Carried Out in ChileStudies Carried Out in Chile

••Groundwater Sampling and AnalysisGroundwater Sampling and Analysis

••Stable Isotope Analysis: Groundwater and SoilsStable Isotope Analysis: Groundwater and Soils

••Metals in Soil GasMetals in Soil Gas

••Soil Sampling and AnalysisSoil Sampling and Analysis::
Leaches: Deionised Water,  Enzyme,  Ammonium Acetate, Leaches: Deionised Water,  Enzyme,  Ammonium Acetate, 

MMI,  Hydroxylamine,  Aqua RegiaMMI,  Hydroxylamine,  Aqua Regia



Mansa Mina Mansa Mina -- 325 Mt 1.0% Cu325 Mt 1.0% Cu



Mansa Mina: Chlorine in Soil (Enzyme Leach)Mansa Mina: Chlorine in Soil (Enzyme Leach)



Mansa Mina: Bromine in Soil (Enzyme Leach)Mansa Mina: Bromine in Soil (Enzyme Leach)



Mansa Mina: Iodine in Soil (Enzyme Leach)Mansa Mina: Iodine in Soil (Enzyme Leach)



Mansa Mina: Selenium in Soil (Enzyme Leach)Mansa Mina: Selenium in Soil (Enzyme Leach)



Mansa Mina: Molybdenum in Soil (Enzyme Leach)Mansa Mina: Molybdenum in Soil (Enzyme Leach)



Mansa MinaMansa Mina

Anomalous Elements in Soils Above West Fault are:Anomalous Elements in Soils Above West Fault are:

1. Constituents of saline groundwater in Chile: NaCl, Br, I1. Constituents of saline groundwater in Chile: NaCl, Br, I

2.  Porphyry Indicator Elements: Se, Re, Mo, Cu, As2.  Porphyry Indicator Elements: Se, Re, Mo, Cu, As

Interpretation: Seismic Pumping of Saline Groundwater to Interpretation: Seismic Pumping of Saline Groundwater to 
Surface above West FaultSurface above West Fault



Surface Flooding by Seismic PumpingSurface Flooding by Seismic Pumping

C rac ks O p enD ra win g in  W ate r

E art hq uak e: Co mp res sio na lEla sti c R eb oun d.  Cra ck s C los eExp ell ing  Wa te r to  Su rfac e



Examples of EarthquakeExamples of Earthquake--Induced Induced 
Surface FloodingSurface Flooding

Desert Areas of Iran: Earthquakes of 1903, 1923 and 1930Desert Areas of Iran: Earthquakes of 1903, 1923 and 1930

MatsuhiroMatsuhiro Earthquake, JapanEarthquake, Japan

Kern County Earthquake, California, 1952 Kern County Earthquake, California, 1952 

Hebgen Lake Earthquake, Montana, 1959Hebgen Lake Earthquake, Montana, 1959

Yucca Flats, Nevada: Basement Fluids have risen through Yucca Flats, Nevada: Basement Fluids have risen through 
>500 m of  vadose zone along permeable fault zone>500 m of  vadose zone along permeable fault zone



Gaby Sur: 400 Mt 0.54% CuGaby Sur: 400 Mt 0.54% Cu
40 m of Miocene gravel cover 40 m of Miocene gravel cover 



Gaby Sur: Surface of Miocene GravelsGaby Sur: Surface of Miocene Gravels



Gaby Sur: Chlorine in Soil (Enzyme Leach)Gaby Sur: Chlorine in Soil (Enzyme Leach)



Gaby Sur: Copper in Soil (Enzyme Leach)Gaby Sur: Copper in Soil (Enzyme Leach)



Spence: Gravel Surface Over Ore ZoneSpence: Gravel Surface Over Ore Zone



Spence: 400 Mt 1.0% CuSpence: 400 Mt 1.0% Cu
3030--180 m Miocene Gravel Cover180 m Miocene Gravel Cover



Spence: Chlorine in Soil (Enzyme Leach)Spence: Chlorine in Soil (Enzyme Leach)



Spence: Copper in Soil (Enzyme Leach)Spence: Copper in Soil (Enzyme Leach)



Digging Trenches, SpenceDigging Trenches, Spence
Digging Trenches, SpenceDigging Trenches, Spence



Spence: Fracture in GravelSpence: Fracture in GravelSpence: Fracture in GravelSpence: Fracture in Gravel



Trench Profiles Trench Profiles –– Cu (Cation) vs. Se (Anion)Cu (Cation) vs. Se (Anion)
Cold HydroxylamineCold Hydroxylamine

CopperCopper SeleniumSelenium



Trench Profiles Trench Profiles –– Na(Cl) and Boron (anion) Na(Cl) and Boron (anion) 
Cold HydroxylamineCold Hydroxylamine

Na (Cl)Na (Cl) BoronBoron



Interpretation of Distribution of Interpretation of Distribution of 
Elements in Soil ProfilesElements in Soil Profiles

••After seismic pumping of mineralized groundwater to the After seismic pumping of mineralized groundwater to the 
surface and evaporation, elements are redistributed by the rare surface and evaporation, elements are redistributed by the rare 
rainfall of the Atacama Desert.rainfall of the Atacama Desert.

••Copper as a cation is surfaceCopper as a cation is surface--active and is readily adsorbed by active and is readily adsorbed by 
negativelynegatively--charged colloids and surfaces near the surface, then charged colloids and surfaces near the surface, then 
incorporated into secondary minerals.incorporated into secondary minerals.

••NaCl plus elements dissolving as anions: Boron, Selenium, NaCl plus elements dissolving as anions: Boron, Selenium, 
Arsenic and Gold, are not easily adsorbed and migrate to depth.Arsenic and Gold, are not easily adsorbed and migrate to depth.



Sequential Leach, Spence Soil Profile: CopperSequential Leach, Spence Soil Profile: Copper



Spence Cu Aqua Regia, Ammonium Spence Cu Aqua Regia, Ammonium 
AcetateAcetate



Spence Cu Enzyme Leach, Spence Cu Enzyme Leach, 
MMIMMI



ConclusionsConclusions

1.1. Porphyry Deposits in Basement Covered by 10 My Miocene GravelsPorphyry Deposits in Basement Covered by 10 My Miocene Gravels

2.2. Basement Faults Propagate up through Gravels as Fracture ZonesBasement Faults Propagate up through Gravels as Fracture Zones

3.3. Seismic Pumping of Mineralized Groundwaters to SurfaceSeismic Pumping of Mineralized Groundwaters to Surface

4.4. Rainfall Redistributes Elements in Soil: Cations (Cu) Remain NeaRainfall Redistributes Elements in Soil: Cations (Cu) Remain Near r 

Surface while NaCl and Anions Removed to DepthSurface while NaCl and Anions Removed to Depth

5.5. Elements Incorporated into Soil Minerals: Carbonate, Fe and Mn Elements Incorporated into Soil Minerals: Carbonate, Fe and Mn 

Oxides, which can be Extracted by Selective Leaches.Oxides, which can be Extracted by Selective Leaches.


