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Source vs. GeochemistrySource vs. Geochemistry
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Source vs. GeochemistrySource vs. Geochemistry
SourceSource

Localized human actionLocalized human action
High concentration, localized contaminant sourceHigh concentration, localized contaminant source
Define and remove contaminant sourceDefine and remove contaminant source

GeochemistryGeochemistry
Often unrelated to human activityOften unrelated to human activity
Widespread presence, often no high concentration Widespread presence, often no high concentration 
contaminant sourcecontaminant source
Understand and avoid geochemical conditions that Understand and avoid geochemical conditions that 
mobilize contaminantmobilize contaminant



Arsenic OccurrenceArsenic Occurrence

Arsenic naturally in rock and sediment at  Arsenic naturally in rock and sediment at  
1 to 100s mg/kg1 to 100s mg/kg
Crustal average is 1.8 mg/kgCrustal average is 1.8 mg/kg
At 1.8 mg/kg, solubilization of 0.09% At 1.8 mg/kg, solubilization of 0.09% 
yields 10 yields 10 ugug/L arsenic in water /L arsenic in water 
Certain geochemical conditions mobilize Certain geochemical conditions mobilize 
arsenic into ground waterarsenic into ground water
Previous study proposed link between Des Previous study proposed link between Des 
Moines lobe till and elevated arsenicMoines lobe till and elevated arsenic



Arsenic ReleaseArsenic Release

f = fraction of arsenic releasedf = fraction of arsenic released
D = specific gravity (e.g. 2.6 g/cmD = specific gravity (e.g. 2.6 g/cm33))
n = porosity (e.g. 0.3)n = porosity (e.g. 0.3)
M = sediment arsenic concentration (e.g. 1.8 mg/kg)M = sediment arsenic concentration (e.g. 1.8 mg/kg)
AsAsaqaq = aqueous arsenic concentration (e.g. 10 ug/l)= aqueous arsenic concentration (e.g. 10 ug/l)

f = (Asaq * n)/(M*D*(1-n)*1000)
f = 0.09%  (1.62 ug/Kg)



Arsenic SpeciesArsenic Species
Arsenate (As V Arsenate (As V HH22AsOAsO44

--, HAsO, HAsO44
--22))

Oxidized formOxidized form
Adsorbs to various metal oxidesAdsorbs to various metal oxides

Arsenite (As III Arsenite (As III HH33AsOAsO33))
Reduced formReduced form
Adsorbs to iron oxidesAdsorbs to iron oxides



Arsenic SpeciationArsenic Speciation
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Arsenic SpeciationArsenic Speciation
pe-pH Diagram
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Arsenic SpeciationArsenic Speciation

 



Reductive Arsenic Release Reductive Arsenic Release 
MechanismsMechanisms
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Potential Upper MidwestPotential Upper Midwest
Arsenic Mobilization MechanismsArsenic Mobilization Mechanisms

Waste disposalWaste disposal
MiningMining
Aquifer acidificationAquifer acidification
High pH desorptionHigh pH desorption
Reductive DesorptionReductive Desorption
Reductive DissolutionReductive Dissolution
Anion CompetitionAnion Competition
Mineral Oxidation (often pyrite)Mineral Oxidation (often pyrite)





Generalized Geologic SettingGeneralized Geologic Setting
Heterogeneous glacial sediments overlying bedrockHeterogeneous glacial sediments overlying bedrock
Late Wisconsinan (16,000 to 12,000 years ago) Late Wisconsinan (16,000 to 12,000 years ago) 
Northwest provenance Late Wisconsinan tillNorthwest provenance Late Wisconsinan till

Distinct pebble composition Distinct pebble composition –– much carbonate and shalemuch carbonate and shale
GrayGray
Large fraction of fineLarge fraction of fine--grained material grained material 

Northeast provenance Late Wisconsinan tillNortheast provenance Late Wisconsinan till
Distinctly different pebble composition Distinctly different pebble composition –– basalt, red basalt, red 
sandstone, agatessandstone, agates
RedRed
Larger fraction of sandLarger fraction of sand



Generalized Geologic SettingGeneralized Geologic Setting





Regional StatisticsRegional Statistics

4.3%4.3%1861864,3334,333Outside footprintOutside footprint

23.8%23.8%1,6901,6907,1017,101Inside footprintInside footprint

% Exceeding % Exceeding 
10 ug/l As10 ug/l As

Count Count 
Exceeding  Exceeding  
10 ug/l As10 ug/l As

CountCountGroupGroup



Inside Footprint StatisticsInside Footprint Statistics

17.1%17.1%16161,652 1,652 UnknownUnknown

7.0%7.0%1061061,174 1,174 BedrockBedrock

30.9%30.9%29294,275 4,275 Glacial DriftGlacial Drift

% Exceeding % Exceeding 
10 ug/l As10 ug/l As

Median Median 
Depth (m)Depth (m)CountCountWell TypeWell Type



Inside Footprint StatisticsInside Footprint Statistics

aa All but 4 of these wells are more than 30 m deepAll but 4 of these wells are more than 30 m deep..

7.4%7.4%28 28 -- 77118118
27.0%27.0%64 64 -- 2828236236
8.5%8.5%157 157 -- 6565120120

Glacial DriftGlacial Drift

22.1%22.1%91 91 –– 44aa131131
3.8%3.8%185 185 -- 9292263263
1.5%1.5%800 800 -- 186186132132

BedrockBedrock

% Wells >    % Wells >    
10 ug/l As10 ug/l As

Depth Range Depth Range 
(m)(m)CountCountWell TypeWell Type



Spatial CorrelationSpatial Correlation
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Northwest provenance sediment has Northwest provenance sediment has 
2 to 26 mg/kg arsenic2 to 26 mg/kg arsenic
Northeast provenance sediment has Northeast provenance sediment has 
1 to 17 mg/kg arsenic1 to 17 mg/kg arsenic
As in sediment As in sediment not not correlated to As correlated to As 
in waterin water

Arsenic in Minnesota SedimentArsenic in Minnesota SedimentArsenic in Minnesota Sediment



HighHigh--As Sediment ≠ HighAs Sediment ≠ High--As WaterAs Water
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Labile Arsenic is CrucialLabile Arsenic is Crucial

At 1.8 mg/kg As, At 1.8 mg/kg As, solubilizingsolubilizing 0.09% yields 0.09% yields 
10 10 ugug/L As/L As
Total sediment As concentration Total sediment As concentration notnot key key 
factorfactor
Adsorbed/coprecipitated As labile Adsorbed/coprecipitated As labile 
Measured 0.4 Measured 0.4 -- 0.8 mg/kg labile As0.8 mg/kg labile As
SolubilizingSolubilizing 0.21% to 0.41% of measured 0.21% to 0.41% of measured 
labile sediment As yields 10 ug/l Aslabile sediment As yields 10 ug/l As



Total Arsenic = Aqueous ArsenicTotal Arsenic = Aqueous Arsenic

y = 0.9915x
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Predominantly Reduced ArsenicPredominantly Reduced Arsenic
H2AsO4

- HAsO4
2-

H3AsO3

° = 50% As III

O = 100% As III



Upper Midwest Arsenic Occurrence Upper Midwest Arsenic Occurrence 
SummarySummary

Northwest provenance sediment Northwest provenance sediment 
elevated As elevated As 
LongLong--distance spatial correlationdistance spatial correlation
Elevated sediment As ≠ elevated Elevated sediment As ≠ elevated 
water As water As 
Labile As presentLabile As present
As III dominant, aquifers moderately As III dominant, aquifers moderately 
reducedreduced



23.2%23.2%4,5114,51127.7%27.7%5,337 5,337 12.0%12.0%1,764 1,764 

% >          % >          
10 ug/l As10 ug/l AsCountCount% >         % >         

10 ug/l As10 ug/l AsCount Count % >         % >         
10 ug/l As10 ug/l AsCount Count 

Excluding MARSExcluding MARSOther WellsOther WellsPWS Wells PWS Wells 

Well CharacteristicsWell Characteristics



As and Well CharacteristicsAs and Well Characteristics

Confining 
Unit

Aquifer

Interface

Typical domestic 
well

Typical public water 
system well



As and Well CharacteristicsAs and Well Characteristics

4141

5353

4040

6060

% As % As 
> 10> 10

7547542,1172,1171818Screen sand or clayScreen sand or clay

56561,8361,8361313Screen gravelScreen gravel

71711,6601,6601212
Screen > 8 feet longScreen > 8 feet long
Clay > 4 feet awayClay > 4 feet away

2242242,4842,4842020
Screen Screen ≤≤ 8 feet long8 feet long
Clay Clay ≤≤ 4 feet away4 feet away

CountCountAvg Fe Avg Fe 
(ug/l)(ug/l)

Avg As Avg As 
(ug/l) (ug/l) DescriptionDescription



Well Characteristics Well Characteristics 
Summary and ConclusionsSummary and Conclusions

PWS and domestic wells have distinctly PWS and domestic wells have distinctly 
different well construction characteristicsdifferent well construction characteristics
PWS well construction coincidentally yields PWS well construction coincidentally yields 
lower arseniclower arsenic

Coarser aquifersCoarser aquifers
Larger aquifersLarger aquifers
Longer screensLonger screens

Reductive arsenic mobilization mechanisms Reductive arsenic mobilization mechanisms 
active at the tillactive at the till--aquifer interfaceaquifer interface



Results and ConclusionsResults and Conclusions
Northwest provenance Late Wisconsinan Northwest provenance Late Wisconsinan 
drift causes widespread elevated arsenic in drift causes widespread elevated arsenic in 
ground waterground water
HighHigh--arsenic sediment arsenic sediment not necessarynot necessary
Large areal data sets necessary to identify Large areal data sets necessary to identify 
regional environmental problemsregional environmental problems
Well characteristics influence arsenic Well characteristics influence arsenic 
concentrationconcentration
Random and systematic temporal arsenic Random and systematic temporal arsenic 
concentration variability observedconcentration variability observed



Steps for Successful GSISteps for Successful GSI

Focus on geochemistry, not “source”Focus on geochemistry, not “source”
Geochemistry of contaminantGeochemistry of contaminant
Geochemical interactions between Geochemical interactions between 
contaminant and other constituentscontaminant and other constituents
Geochemical interactions between Geochemical interactions between 
contaminant and its environmentcontaminant and its environment
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