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Abstract.  Acid-mine drainage (AMD) is an important source of metals to aquatic 

ecosystems.  Once these metals are input to oxygenated stream water of neutral 

pH, there may be oxidation of metal ions, precipitation of metal oxyhydroxides, 

and co-precipitation and/or sorption of metals.  Understanding the fate and 

transport of these metals requires knowledge of the distribution of metals between 

the suspended solid and dissolved phases.  Models exist for the prediction of 

sorption of metals to oxyhydroxides phases, primarily for hydrous iron oxide 

(HFO).  Visual-MINTEQ now includes a database for a second hydrous oxide 

phase: hydrous manganese oxide (HMO), which may prove to be an important 

sorbent for some metals in mining-impacted systems.  This paper discusses the 

comparison between model predicted and observed percentage particulate copper 

and zinc in stream water collected over a two-year study of the North Fork of 

Clear Creek, Colorado.  It was found that the model over-estimated the 

percentage of particulate copper actually observed, using HFO as the sole sorbent 

phase, but that the comparison was within a factor of two.  Inclusion of HMO for 

modeling of the zinc improved the prediction of percentage particulate zinc; 

however, results indicate that there may be another process controlling particulate 

zinc in the stream.       
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Introduction 

 An important source of metals to aquatic ecosystems is acid-mine drainage (AMD) from 

active or abandoned sulfidic-ore mining sites.  Natural processes and remedial activities both 

lead to the neutralization of acidity, which results in the removal of dissolved metals from the 

water column and the production of finely-grained sediments.  Partitioning of dissolved metal 

ions to the particulate phase can involve both precipitation and adsorption processes. 

 As dissolved free-metal ions are considered more bioavailable (and hence toxic) to aquatic 

organisms (Sunda and Guillard 1976), understanding the processes by which these metals are 

sequestered into the particulate phase is of importance.  Multiple sorbent phases may be present 

in AMD systems for sorption of metals.  Two of the common ones are hydrous ferric 

oxyhydroxides (HFO) and hydrous manganese oxyhydroxides (HMO).  Models exist for the 

prediction of particulate associated metals in aquatic environments, such as MINTEQA2 

(Allison et al., 1991) and a more recently developed Windows-version, Visual-MINTEQ 

(Gustafson, 2004).  Because AMD systems are so complex, it is desirable to determine if there 

can be simplification of modeling metal speciation that can still represent accurately what is 

observed to be present, while limiting or eliminating the need for adjusting model default 

parameters.  For instance, if there is a predominance of one sorbent over another, can the 

dominant sorbent alone be used to accurately represent what is observed?  This paper addresses 

this question, for copper and zinc, in the North Fork of Clear Creek (NFCC), Colorado. 

 In the Blackhawk-Central City area of the Colorado Mineral Belt, gold, silver, copper, lead, 

and zinc were extensively mined in the late 1800’s (Cunningham et al., 1994; U.S. EPA, 1999; 

Wildeman et al., 1974).  Due to this past mining activity, a major tributary to Clear Creek, 

Colorado, the North Fork Clear Creek, does not support fish in locations below AMD inputs 

(U.S. EPA and Colorado Department of Public Health & Environment, 1997).  AMD enters 

NFCC near the towns of Blackhawk and Central City and results in high concentrations of heavy 

metals, including iron, zinc, copper, and manganese in the water column and in the bed 

sediments.  Once the metal-laden water mixes with the upstream NFCC water, there is a 

transformation from ferrous to ferric iron.  This results in the visible precipitation of colloidal 

ferric oxyhydroxides.  These colloids can scavenge other metals present in the water column, 

and can either be transported downstream or aggregate and then settle to the bed sediment 

(Schemel et al., 2000; Stumm, 1992).  Additionally, some metals may remain in the dissolved 

phase during transport until conditions are more favorable for sorption and/or precipitation (e.g. 

higher pH or an alternate sorbent phase). 

 In NFCC, the predominant sorbent is hydrous iron oxyhydroxides (HFO): the HFO is present 

in suspended and bed sediments.  During some times of the year, a black coating is present on 

the rocks; it was found that this coating is predominantly comprised of manganese (Harvey et al., 

2003).  Since the HFO is the dominant sorbent for metal sorption in the stream, the purpose for 

this research was to compare observed concentrations of particulate copper and zinc, over a two-

year period, with Visual-MINTEQ model predictions, based on the use of HFO as the sole 

sorbent.  It was hypothesized that solely HFO would be adequate to represent accurately the 
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percentage particulate copper and zinc observed in the stream.  However, because copper and 

zinc have been seen to behave differently in the stream (Harvey et al., 2004) and that HMO is 

known to be a strong sorbent for metals (Jenne, 1968), an additional model run was included for 

each sample with both HFO and HMO as sorbent phases.  

Methods 

Field Sampling 

 Samples were collected biweekly at NCC-SW-3 (Colorado Department of Public Health & 

Environment designation for North Fork Clear Creek, surface water, location three); the location 

is identified on Fig. 1.  Fig. 1 also shows the primary AMD inputs to NFCC (in bold-italic font), 

the major tributaries to the stream, and the wastewater treatment plant (NCC-SW-15A).  This 

paper presents results from samples obtained at NCC-SW-3, including replicates, collected 

between May 21, 2002 and July 15, 2004.   
 

 
Figure 1.  NFCC Study Area (adapted, with permission, from an electronic version of the Clear 

Creek Watershed Topography map provided by Rocky Mountain Consultants, Longmont, CO).  

 

 All water samples were grab samples collected in high-density polyethylene (HDPE) bottles.  

Bottles were rinsed three times with the stream water before sample collection.  The bottles were 

placed upside down below the water surface and filled by inverting and moving the bottle 



 157 

upward through the water column.  It was assumed that the water was well mixed due to the 

turbulent nature of the stream and thus, samples were not depth integrated.  Care was taken that 

the bed sediments were not disturbed during water sampling. 

 A 50-ml aliquot of each bulk water sample was poured into VWR™ 50-ml polypropylene 

centrifuge tubes.  A second 50-ml aliquot was filtered through a 0.45-micron Sartorius™ 

Cellulose Acetate (CA) filter, using a Gelman™ 25-mm filter holder and a Norm-Ject™ 50-ml 

syringe (polypropylene barrel with polyethylene plunger).  This water was captured in a 50-ml 

centrifuge tube. The 50-ml tubes of water were inverted three times, and then 10 to 12 ml of the 

water from each 50-ml tube (unfiltered and filtered) was poured off into individual 15-ml 

centrifuge tubes. 

 Temperature and pH were measured in the stream using a Beckman™ Φ210 pH and 

temperature meter with a combination VWR™ gel pH-temperature electrode.  A three-point 

calibration was conducted and the calibration was checked using a pH 7.01 check-standard 

solution.  The probe was placed in the flowing water and left until the pH reading stabilized. 

Analytical 

 Alkalinity was measured in the bulk raw water sample in the laboratory, using the Hach™ 

titration method (available from www.hach.com).  A packet of bromocresol-green was added to 

100 ml of stream water.  The sample was titrated with 0.2 N H2SO4 until the color of the solution 

reached a light pink, indicating the bicarbonate endpoint (pH 4.5).  The value on the autotitrator 

was converted to a concentration of alkalinity in mg/l as calcium carbonate. 

 Water remaining in the 50-ml centrifuge tubes was archived in a freezer.  The water in the 

15-ml centrifuge tubes was prepared for Inductively Coupled Plasma Atomic Emission 

Spectroscopy (ICP-AES) analyses following a modified EPA Method 200.7 (U.S. EPA 1994).  

Briefly, the water was acidified with several drops of metal-free hydrochloric acid to a pH < 2 

and left to equilibrate for a minimum of 24-hours.  Prior to analysis on the Perkin Elmer Optima 

3000 ICP-AES, the samples were examined for remaining particulate material; if present, 

additional acid was added to aid in dissolution and the samples were sonicated immediately prior 

to analysis.  No samples had particles larger than would pass through the instrument, so filtration 

prior to analysis was not necessary. 

Data Reduction and QA/QC  

ICP-AES data for all samples were compared to instrument detection limits and values 

determined to be below detection (BDL) were not used for calculation of particulate metal.  

Particulate metal concentrations were determined by the subtraction of total and dissolved metal 

concentrations, shown by Equation 1 and percentage particulate by Equation 2. 
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Where M equals metal and the subscripts P, T, and D refer to particulate, total, and dissolved, 

respectively, in each equation.  Standard deviations of the total and dissolved metals were 

determined through three instrument replicates of each sample.  Equations 3 and 4 were used to 

calculate standard deviation propagated through particulate metal calculation steps, 

addition/subtraction and multiplication/division, respectively (Skoog and Leary 1992).  The 

overall %CV (coefficient of variation) was calculated for both copper and zinc for each sample, 

using Equation 5. 
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Where s is the standard deviation, M equals metal, and the subscripts P, T, and D refer to 

particulate, total, and dissolved, respectively. 

Metal specific (copper and zinc) QA/QC criteria for data included in the comparison 

between modeled and field results were that: 1) calculated percentage particulate metal was 

neither zero nor 100; and 2) the %CV for the calculated percentage particulate metal was less 

than 30%. 

Modeling: Visual-MINTEQ 

 Visual-MINTEQ was downloaded from www.lwr.kth.se/english/OurSoftware/Vminteq 

(Gustafson, 2004).  This model is based on the DOS-version of MINTEQA2, which was 

developed by the EPA (Allison et al., 1991).  MINTEQA2 and Visual-MINTEQ are equilibrium 

speciation models, meaning that for a given ion that is input to the model, output will include the 

different forms expected to be in the environment at equilibrium, under the chemical conditions 

input to the model.  For example, at a given temperature, pH, alkalinity, and total copper 

concentration, copper will be present as Cu
2+

, Cu(OH)
+
, Cu(OH)2

0
, CuCO3(s), etc; the model 

will output which of these species are present and at what concentration. 

 The two models are very similar in capability, with the major exception that the DOS-version 

cannot be used on computers with operating systems newer than Windows 98® (Langmuir et al., 

2003).  They each include a linkable database for an HFO sorbent phase developed by Dzombak 

and Morel (1990), but Visual-MINTEQ contains an additional linkable database with parameters 

for sorption of metals onto hydrous manganese oxide (HMO), developed by Tonkin et al. (2004).  

These databases for sorption are based on the double-layer model (DLM), one of several surface 

complexation models.  Briefly, the DLM assumes there are two planes associated with a surface: 

the surface plane and the diffuse-layer plane.  The model assumes 1) the potential measured at 

the surface-plane and at the diffuse-layer plane are equal, 2) the sum of the surface charge and 

the diffuse-layer charge is zero, and 3) specific adsorption occurs at the surface-plane (Allison et 

http://www.lwr.kth.se/english/OurSoftware/Vminteq
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al., 1991).  For more information on MINTEQA2 and Visual-MINTEQ, including historical 

development, surface complexation theory, and how to perform model runs, the reader is 

referred to Allison et al. (1991) and Gustafson (2004), and references therein. 

 A user may input a variety of data into the model.  For this study, the following data were 

used: pH, temperature, alkalinity, concentrations of total Mg
2+

, Na
+
, K

+
, Ca

2+
, Cu

2+
, Zn

2+
, SO4

2-
, 

Al
3+

, Mn
2+

, Fe
3+

, and Ni
2+

 (data are provided as an Appendix).  The model will not allow the 

presence of any input solids if alkalinity is specified; thus, an initial run, using the known 

alkalinity was done to determine the carbonate concentration for subsequent runs.  Particulate 

iron concentrations were converted to mass of HFO for sorption modeling.  HFO was assumed to 

be Fe2O3·H2O (MW 177.7 g/mol), having a specific surface area of 600 m
2
/g and a site density of 

2.31 sites/nm
2
, as recommended by Davis and Leckie (1978).  Particulate manganese was 

calculated for each sample and converted to a mass of HMO for sorption modeling.  The HMO 

was assumed to be MnO2·H2O (MW 119 g/mol), having a specific surface area of 765 m
2
/g and 

a site density of 1.695 sites/nm
2
, as recommended by Tonkin et al. (2004).  The model was run 

using the instructions available in the program help files (Gustafson, 2004). 

Results and Discussion 

 The first model run (after determining carbonate concentration as discussed previously) was 

conducted using HFO as the sole sorbent; the second run included both HFO and HMO.  

Comparison between model and observed percentage particulate, for each of the metals and for 

each of the model runs is shown in Fig. 2. 

Both the model runs with HFO as sole sorbent and the runs with HFO plus HMO greatly 

over-predict the percentage particulate copper.  However, with the exception of four data points, 

comparison is within a factor of two.  Thus, it appears that the use of HFO as the sole sorbent is 

sufficient to determine percentage particulate copper, accepting an error of plus a factor of two.  

The majority of zinc data with only HFO as the sorbent phase is under-predicted by the model.  

There are also far more data points outside of the factor of two range than with the copper, 

twenty-nine points.  Addition of HMO is shown to greatly improve the comparison between the 

model and observed results, with only twelve of the initial twenty-nine data falling outside of the 

factor of two range.  Thus, it appears that HFO, as the sole sorbent, is not sufficient to predict the 

observed percentage of particulate zinc. 

 To more clearly see the deviations from a 1:1 relationship, for each of the model runs, and to 

determine if there was any seasonal influence in the data falling outside of the factor of two 

range, data were plotted as shown in Fig. 3 and 4, for copper and zinc, respectively.  Data falling 

below the 1:1 line indicate the model having under-predicted the percentage particulate; data 

lying above the 1:1 line indicate over-prediction of the model.  It appears there is a slight trend in 

the deviation from model and observed percentage particulate copper, with a somewhat greater 

over-prediction by the model during spring and summer months.   Interestingly, zinc shows the 

opposite trend with a much greater under-prediction by the model during spring months and 

summer months.  The trend with zinc is much larger when looking only at HFO model results, 

seeming to indicate a seasonal relationship with HMO.   
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Figure 2.  Model % particulate metal versus observed % particulate metal.  A) Cu with HFO as 

sole sorbent; B) Cu with HFO and HMO sorbents; C) Zn with HFO as sole sorbent; and D) Zn 

with HFO and HMO sorbents.  Error bars represent propagated instrument standard deviation. 
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Figure 3.  Deviation from 1:1 relationship between model and observed % particulate copper. 

 

 
Figure 4.  Deviation from 1:1 relationship between model and observed % particulate zinc. 
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Conclusions 

 The use of HFO as a sole sorbent phase to predict observed percentage particulate copper 

seems to be appropriate, within a factor of two, in a stream where HFO is the dominant sorbent.  

It does appear, however, that something in the stream is causing a portion of the copper to 

remain in the dissolved form, especially during spring and summer months.  This could be due to 

the system not being at equilibrium during these higher flow seasons, or perhaps due to 

complexation of the copper with dissolved organic carbon (DOC) present in the stream.  An 

equilibrium study conducted during February 2004 indicated that copper and zinc were at 

equilibrium in the stream.  And it was assumed this would be the case for all seasons, but 

perhaps this assumption is incorrect for higher flow seasons.  Modeling including measured total 

DOC was not investigated in this paper, but is in progress. 

 HFO as a sole sorbent for zinc is not sufficient to describe observed zinc behavior, with the 

model considerably under-predicting percentage particulate zinc, especially during spring and 

summer months.  The addition of another sorbent phase, HMO, greatly improves the comparison 

between model and observed results, although there are still some dates that remain under-

predicted, each being during either spring-runoff or during storm events.  This could be due to 

the system not being at equilibrium during these higher flow seasons, or perhaps due to an 

additional sorbent phase not considered in modeling. 

 The presence of HMO does have a seasonal trend, being observed as rock coatings 

predominantly under lower flow conditions, such as in late summer, fall and winter.  The 

presence of algae is also observed during these times, and it is suspected that the algae are 

responsible for biogenic production of the HMO.  During spring and early summer, with runoff 

events, scouring of the HMO from the rocks increases its concentration in the suspended 

sediment.  It is likely that during these times, particulate zinc is increased due to its sorption onto 

the HMO being scoured.  It is especially interesting that copper and zinc have opposite trends 

during spring and summer months.  It is possible that this is due to a relationship with algae 

and/or dissolved organic carbon.  Copper is known to complex strongly with dissolved organic 

carbon species, and zinc to a lesser extent.  Perhaps the copper is being complexed with the 

organic carbon and this allows for more sites available for sorption of zinc onto both HFO and 

HMO, and perhaps onto algal biomass scoured from the rocks associated with HMO.  Future 

modeling exercises will be conducted to determine the importance of DOC in relation to the 

observed percentage particulate copper and zinc. 
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Notes: Elemental concentrations are in mg/l; T indicates total; D indicates dissolved; BDL 

means below the instrument detection limit; est. means the value was not measured, but was 

estimated; FR indicates the sampe is a field replicate. 




