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Prevalent in the western U.S.Prevalent in the western U.S.
Heavy metal miningHeavy metal mining

Gold, silver, copper, lead, zinc, uranium, Gold, silver, copper, lead, zinc, uranium, 
molybdenum, etc.molybdenum, etc.

Prevalent in the eastern U.S.Prevalent in the eastern U.S.
Coal miningCoal mining

Note: Affected streams may or may 
not be acidic



Background Background –– AMDAMD

AcidAcid--mine drainage (AMD)mine drainage (AMD)
Mining processMining process

Exposes pyrite to the atmosphereExposes pyrite to the atmosphere
Grinding processesGrinding processes

Larger surface areas for exposureLarger surface areas for exposure

Pyrite
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Rapid formation in water column
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Two main types of sorption Two main types of sorption 

OuterOuter--spheresphere
Weak ionic interactionWeak ionic interaction
Affected by changes in ionic Affected by changes in ionic 
strength (I)strength (I)

Higher I             more metal in solutionHigher I             more metal in solution
Lower I              more metal Lower I              more metal sorbedsorbed

Affected by changes in pHAffected by changes in pH
Higher pH             more metal Higher pH             more metal sorbedsorbed



Background Background –– Metals TransportMetals Transport
Two main types of sorption Two main types of sorption 

InnerInner--spheresphere
Strong chemical bondStrong chemical bond

Higher pH              more metal Higher pH              more metal sorbedsorbed
Not (Not (stronglystrongly) affected by changes in ) affected by changes in 
ionic strengthionic strength
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Three common inorganic Three common inorganic 
surfaces in AMDsurfaces in AMD--impacted impacted 
stream systemsstream systems

Iron Iron oxyhydroxideoxyhydroxide (HFO)(HFO)
Aluminum Aluminum oxyhydroxideoxyhydroxide (ALO)(ALO)
Manganese Manganese oxyhydroxideoxyhydroxide (HMO)(HMO)
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Iron Iron oxyhydroxideoxyhydroxide (HFO)(HFO)
Rapid formation in water column Rapid formation in water column 
at pH > ~ 4at pH > ~ 4

Oxidation of ferrous iron precedes Oxidation of ferrous iron precedes 
precipitationprecipitation
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Aluminum Aluminum oxyhydroxideoxyhydroxide (ALO)(ALO)
Rapid formation in water column Rapid formation in water column 
at pH > ~ 5at pH > ~ 5

No oxidation necessaryNo oxidation necessary
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Manganese Manganese oxyhydroxideoxyhydroxide (HMO)(HMO)
Requires oxidationRequires oxidation
Requires a surface for formationRequires a surface for formation
Formation at pH > ~ 9Formation at pH > ~ 9
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Manganese Manganese oxyhydroxideoxyhydroxide (HMO)(HMO)
Formation may be facilitated by Formation may be facilitated by 
periphytonperiphyton



Background Background –– Metals TransportMetals Transport

Manganese Manganese oxyhydroxideoxyhydroxide (HMO)(HMO)
Formation may be facilitated by Formation may be facilitated by 
periphytonperiphyton

Algal photosynthesisAlgal photosynthesis

2612623 6666 OOHOHCOHHCO h ++⎯→⎯+ −− υ

)(22
2 sMnOOMn phhigh ⎯⎯⎯ →⎯+ −+
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Background Background –– NFCCNFCC
Clear Creek Watershed Clear Creek Watershed (~ 400 sq. mi)(~ 400 sq. mi)

Rocky Mountains Rocky Mountains –– west of Denver, COwest of Denver, CO



Background Background –– NFCCNFCC
Clear Creek Watershed Clear Creek Watershed (~ 400 sq. mi)(~ 400 sq. mi)

Colorado Mineral Belt (CMB)Colorado Mineral Belt (CMB)
Extensive mining for gold, silver, copper, Extensive mining for gold, silver, copper, 
lead and zinc in the late 1800lead and zinc in the late 1800’’ss



Background Background –– NFCCNFCC
Clear Creek Watershed Clear Creek Watershed (~ 400 sq. mi)(~ 400 sq. mi)

~ 1,300 abandoned mines ~ 1,300 abandoned mines (USGS 1997 (USGS 1997 
estimate)estimate)



Background Background –– NFCCNFCC
Clear Creek Watershed Clear Creek Watershed (~ 400 sq. mi)(~ 400 sq. mi)

Superfund siteSuperfund site
Listed on National Priorities List (NPL) Listed on National Priorities List (NPL) 
in 1983in 1983



Background Background –– NFCCNFCC
Clear Creek Watershed Clear Creek Watershed (~ 400 sq. mi)(~ 400 sq. mi)

Improvement in water quality in the Improvement in water quality in the 
main stem of Clear Creek from 2 water main stem of Clear Creek from 2 water 
treatment plants in 1997treatment plants in 1997

EmpireEmpire
Idaho Idaho 

SpringsSprings
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NCC = North Clear Creek

SW = Surface Water

# is CO Dept. of Health Site Number

Black Hawk / 
Central City
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North Fork Clear CreekNorth Fork Clear Creek
Dominant processes are:Dominant processes are:



2+

OH

M M2+

M2+

HFO

M2+

OH M2+

Background Background –– NFCCNFCC

North Fork Clear CreekNorth Fork Clear Creek
Dominant processes are:Dominant processes are:

Rapid oxidation and precipitation of iron Rapid oxidation and precipitation of iron 
as ferric oxyhydroxides (HFO)as ferric oxyhydroxides (HFO)



Background Background –– NFCCNFCC

North Fork Clear CreekNorth Fork Clear Creek
Dominant processes are:Dominant processes are:

Rapid oxidation and precipitation of iron Rapid oxidation and precipitation of iron 
as ferric oxyhydroxides (HFO)as ferric oxyhydroxides (HFO)
Sorption and/or coprecipitation of metals Sorption and/or coprecipitation of metals 
with HFOwith HFO

M2+ M2+

M2+

HFO

2+

2+
H+

OM+

M2+ M

M

HFO OM+
H+



OM+Background Background –– NFCCNFCC
M2+

North Fork Clear CreekNorth Fork Clear Creek
Dominant processes are:Dominant processes are:

Rapid oxidation and precipitation of iron Rapid oxidation and precipitation of iron 
as ferric oxyhydroxides (HFO)as ferric oxyhydroxides (HFO)
Sorption and/or coprecipitation of metals Sorption and/or coprecipitation of metals 
with HFOwith HFO
Complexation of copper with DOCComplexation of copper with DOC

M2+

M2+

HFO

M2+ M2+

M2+
H+

OM+
H+

DOC – Cu 

DOC – Cu 



OM+Background Background –– NFCCNFCC

North Fork Clear CreekNorth Fork Clear Creek
Dominant processes are:Dominant processes are:

Rapid oxidation and precipitation of iron Rapid oxidation and precipitation of iron 
as ferric oxyhydroxides (HFO)as ferric oxyhydroxides (HFO)
Sorption and/or coprecipitation of metals Sorption and/or coprecipitation of metals 
with HFOwith HFO
Complexation of copper with DOCComplexation of copper with DOC

To a lesser extentTo a lesser extent
Hydrous manganese Hydrous manganese oxyhydroxideoxyhydroxide (HMO) (HMO) 
precipitation onto rock surfaces with precipitation onto rock surfaces with 
sorption and/or sorption and/or coprecipitationcoprecipitation of metalsof metals
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NFCC Record of NFCC Record of 
Decision (ROD)Decision (ROD)

Gregory Incline Gregory Incline 
and Gregory and Gregory 
Gulch Gulch –– water water 
treatment planttreatment plant
National Tunnel National Tunnel ––
diversion to diversion to 
downstream downstream 
anaerobic anaerobic 
treatmenttreatment



Bed Sediment ResearchBed Sediment Research

How will the existing sediments How will the existing sediments 
respond to the absence of miningrespond to the absence of mining--
inputs?inputs?
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Expected changesExpected changes
Decreased ionic strengthDecreased ionic strength

Important for outerImportant for outer--sphere sorption sphere sorption 
(increased sorption)(increased sorption)
Increased colloidal stability (less/slower Increased colloidal stability (less/slower 
aggregation)aggregation)
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Expected changesExpected changes
Decreased ionic strengthDecreased ionic strength

Important for outerImportant for outer--sphere sorption sphere sorption 
(increased sorption)(increased sorption)
Increased colloidal stability (less/slower Increased colloidal stability (less/slower 
aggregation)aggregation)

Increased dissolved organic carbonIncreased dissolved organic carbon
Important for dissolved metal Important for dissolved metal 
complexationcomplexation (increased dissolved metal)(increased dissolved metal)
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Expected changesExpected changes
Increased pHIncreased pH

Important for innerImportant for inner-- and outerand outer--sphere sphere 
sorption (increased sorption)sorption (increased sorption)



Bed Sediment ResearchBed Sediment Research

Other parameters of importanceOther parameters of importance
Sediment size  Sediment size  –– smaller particle sizes smaller particle sizes 
have a larger specific surface area for have a larger specific surface area for 
sorptionsorption
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Other parameters of importanceOther parameters of importance
Sediment size  Sediment size  –– smaller particle sizes smaller particle sizes 
have a larger specific surface area for have a larger specific surface area for 
sorptionsorption

KineticsKinetics
Equilibrium?Equilibrium?
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Factorial design (2x2x2x2x10)Factorial design (2x2x2x2x10)
Particle sizeParticle size

6363--μμm < x m < x ≤≤ 22--mm and < 63mm and < 63--μμmm
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Factorial design (2x2x2x2x10)Factorial design (2x2x2x2x10)
Ionic strengthIonic strength

40 and 80% less than ambient40 and 80% less than ambient
= 2 and 0.7 = 2 and 0.7 mMmM

Na, Ca, CONa, Ca, CO33, SO, SO44 saltssalts
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Factorial design (2x2x2x2x10)Factorial design (2x2x2x2x10)
Ionic strengthIonic strength

40 and 80% less than ambient40 and 80% less than ambient
= 2 and 0.8 = 2 and 0.8 mMmM

Na, Ca, CONa, Ca, CO33, SO, SO44 saltssalts

pHpH
6 and 8 6 and 8 

ambient typically ranges from 5.5ambient typically ranges from 5.5--8.58.5
NaOHNaOH or HNOor HNO33



Bed Sediment ResearchBed Sediment Research

Factorial design (2x2x2x2x10)Factorial design (2x2x2x2x10)
DOCDOC

1 and 3 mg/l higher than ambient1 and 3 mg/l higher than ambient
= 3 and 5 mg/l C= 3 and 5 mg/l C

CitrateCitrate
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DOCDOC
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= 3 and 5 mg/l C= 3 and 5 mg/l C

CitrateCitrate

TimeTime
0, 1, 10, 30, and 60 min; 2, 5, 10, 24, and 48 0, 1, 10, 30, and 60 min; 2, 5, 10, 24, and 48 
hrhr
Individual units sacrificed over timeIndividual units sacrificed over time
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Factorial design (2x2x2x2x10)Factorial design (2x2x2x2x10)
DOCDOC

1 and 3 mg/l higher than ambient1 and 3 mg/l higher than ambient
= 3 and 5 mg/l C= 3 and 5 mg/l C

CitrateCitrate

TimeTime
0, 1, 10, 30, and 60 min; 2, 5, 10, 24, and 48 0, 1, 10, 30, and 60 min; 2, 5, 10, 24, and 48 
hrhr
Individual units sacrificed over timeIndividual units sacrificed over time

AlkalinityAlkalinity
Ambient 15 mg/l as CaCOAmbient 15 mg/l as CaCO33
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8 different solutions prepared8 different solutions prepared
160 individual experimental units160 individual experimental units
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~ 5 g wet < 63~ 5 g wet < 63--μμmm
~ 8 g dry 63~ 8 g dry 63--μμm < x m < x ≤≤ 22--mmmm
40 ml solution40 ml solution
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Measured parameters at t = xMeasured parameters at t = x
pHpH
Dissolved (< 0.45Dissolved (< 0.45--μμm) m) CdCd, Cu, Fe, , Cu, Fe, MnMn, , 
ZnZn

Inductively coupled plasma Inductively coupled plasma –– atomic atomic 
emission spectroscopy (ICPemission spectroscopy (ICP--AES)AES)
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General MANOVA results (General MANOVA results (2x2x2x2x102x2x2x2x10) ) 
Data showed large differences between Data showed large differences between 
particle size fractions versus within each particle size fractions versus within each 
size fractionsize fraction
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General MANOVA results (General MANOVA results (2x2x2x2x102x2x2x2x10) ) 
Data showed large differences between Data showed large differences between 
particle size fractions versus within each particle size fractions versus within each 
size fractionsize fraction

Individual Individual MANOVAsMANOVAs done to assess effects of done to assess effects of 
chemistry within size fractionschemistry within size fractions
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Question:Question:
Is the amount released as a function of Is the amount released as a function of 
size simply due to there being more size simply due to there being more 
present for release?present for release?
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Test:Test:
Compare amount of metal released Compare amount of metal released 
versus amount versus amount ‘‘bioavailablebioavailable’’

0.6 M 0.6 M HClHCl digestion for 2digestion for 2--hours*hours*

**LuomaLuoma et al. (1995). Marine Pollution Bulletin. 31(1et al. (1995). Marine Pollution Bulletin. 31(1--3):443):44--54; 54; HornbergerHornberger et al. et al. 
(1999). Marine Chemistry. 64:39(1999). Marine Chemistry. 64:39--55; Giddings et al. (2001). USGS Water 55; Giddings et al. (2001). USGS Water 
Resources Investigations Report 01Resources Investigations Report 01--4213.4213.
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Answer:Answer:
Fraction released follows same trend Fraction released follows same trend 
for for CdCd, Cu, and , Cu, and MnMn
Fraction released is opposite to trend Fraction released is opposite to trend 
for Fe and Znfor Fe and Zn

Fraction released = amount released / amount Fraction released = amount released / amount ‘‘bioavailablebioavailable’’
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Answer:Answer:
Fraction released follows same trend Fraction released follows same trend 
for for CdCd, Cu, and , Cu, and MnMn
Fraction released is opposite to trend Fraction released is opposite to trend 
for Fe and Znfor Fe and Zn
< 1% < 1% CdCd, Cu, Fe, Zn; 4, Cu, Fe, Zn; 4--7% 7% MnMn

Fraction released = amount released / amount Fraction released = amount released / amount ‘‘bioavailablebioavailable’’
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Answer:Answer:

Fraction released follows same trend Fraction released follows same trend 
for for CdCd, Cu, and , Cu, and MnMn
Fraction released is opposite to trend Fraction released is opposite to trend 
for Fe and Znfor Fe and Zn
< 1% < 1% CdCd, Cu, Fe, Zn; 4, Cu, Fe, Zn; 4--7% 7% MnMn
Release due to size is not Release due to size is not simplysimply due due 
to there being more metal to there being more metal forfor releaserelease

Fraction released = amount released / amount Fraction released = amount released / amount ‘‘bioavailablebioavailable’’
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SummarySummary
TimeTime

Increased metal released with timeIncreased metal released with time
Cu increased to 10 hours, then decreasedCu increased to 10 hours, then decreased
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SummarySummary
TimeTime

Increased metal released with timeIncreased metal released with time
Cu increased to 10 hours, then decreasedCu increased to 10 hours, then decreased

Size Size 
6363--μμm < x m < x ≤≤ 22--mmmm

More Cu released; less More Cu released; less CdCd, Fe, , Fe, MnMn, and Zn, and Zn
Greater fraction for Cu, Fe, and ZnGreater fraction for Cu, Fe, and Zn

< 63< 63--μμmm
More More CdCd, Fe, , Fe, MnMn, and Zn released; less Cu, and Zn released; less Cu

Greater fraction for Greater fraction for CdCd and and MnMn
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SummarySummary
DOCDOC

More Cu released with higher DOC from More Cu released with higher DOC from 
both sizes of sedimentboth sizes of sediment
More More MnMn released with higher DOC from released with higher DOC from 
larger sized sediment; more with lower larger sized sediment; more with lower 
DOC from smaller sized sedimentDOC from smaller sized sediment
More Zn released with higher DOC from More Zn released with higher DOC from 
larger sized sediment onlylarger sized sediment only
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SummarySummary
Ionic Strength (I)Ionic Strength (I)

More More CdCd, , MnMn, and Zn released with higher I, and Zn released with higher I
Not statistically significant for Not statistically significant for CdCd from larger from larger 
sized sedimentsized sediment
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SummarySummary
pHpH

More More CdCd and Zn released at lower pHand Zn released at lower pH
More More MnMn released at higher pH for larger released at higher pH for larger 
sediment sizesediment size
More More MnMn released at lower pH for smaller released at lower pH for smaller 
sediment sizesediment size
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Indications and implicationsIndications and implications……
Cu bound by innerCu bound by inner--sphere mechanism sphere mechanism 
(no dependence on ionic strength)(no dependence on ionic strength)

CdCd, , MnMn, and Zn bound by outer, and Zn bound by outer--sphere sphere 
mechanism mechanism (strong dependence on ionic strength, (strong dependence on ionic strength, 
and pH)and pH)
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Indications and implicationsIndications and implications……
Sediments will release metalsSediments will release metals

Perhaps less than current for Perhaps less than current for CdCd, , MnMn, and , and 
Zn (with lower I)Zn (with lower I)
Perhaps more than current for Cu and for Perhaps more than current for Cu and for 
Zn associated with larger sediment Zn associated with larger sediment 
particles (with higher DOC)particles (with higher DOC)
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Indications and implicationsIndications and implications……
Sediments will release metalsSediments will release metals

2 mm 2 mm –– 63 63 μμmm
83% of total sediment (mass)*83% of total sediment (mass)*

< 63 < 63 μμmm
17% of total sediment (mass)*17% of total sediment (mass)*

The majority of this material comes from The majority of this material comes from 
precipitation of AMDprecipitation of AMD--inputsinputs

*April 2007*April 2007……sampling in April 2008 had 7% small sized particlessampling in April 2008 had 7% small sized particles
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Indications and implicationsIndications and implications……
Acute national water quality criteria Acute national water quality criteria 
(WQC) for each metal were exceeded at (WQC) for each metal were exceeded at 
most time pointsmost time points

But these would be diluted by stream water But these would be diluted by stream water 
flowflow
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Indications and implicationsIndications and implications……
Acute national water quality criteria Acute national water quality criteria 
(WQC) for each metal were exceeded at (WQC) for each metal were exceeded at 
most time pointsmost time points

But these would be diluted by stream water But these would be diluted by stream water 
flowflow
The smallerThe smaller--sized particles (precipitated sized particles (precipitated 
metal metal oxyhydroxidesoxyhydroxides) won) won’’t be formed to t be formed to 
the same extentthe same extent
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Indications and implicationsIndications and implications……
Acute national water quality criteria Acute national water quality criteria 
(WQC) for each metal were exceeded at (WQC) for each metal were exceeded at 
most time pointsmost time points

But these would be diluted by stream water But these would be diluted by stream water 
flowflow
The smallerThe smaller--sized particles (precipitated sized particles (precipitated 
metal metal oxyhydroxidesoxyhydroxides) won) won’’t be formed to t be formed to 
the same extentthe same extent
HardnessHardness--basedbased……would not be the samewould not be the same
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