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ABSTRACT  

 
The objectives of the laboratory work reported here were to quantify the net rates of removal of 

manganese [Mn(II)] by streambed sediments collected from a metals contaminated, perennial stream system 
(Pinal Creek near Globe AZ) and to determine the key variable(s) responsible for the limited removal of 
Mn(II) observed at this field site.  Pinal Creek is characterized by significant spatial gradients in pH, 
alkalinity, and Mn(II) along its length and by spatial gradients in pH, dissolved oxygen, and Mn(II) across 
hyporheic zones of varying thickness.  These gradients are established by mixing of surface water and 
entering shallow ground water in the sediments.  The mixing of waters in the hyporheic zones define the 
local chemical environments in which Mn(II) is removed by incorporation into pre-existing and newly 
formed mineral surfaces through abiotic and biotic processes.  As a consequence of the site characteristics, 
particularly the spatial gradients in the hyporheic zone, the primary chemical parameters included in the test 
matrix were pH, initial Mn(II) concentration, and dissolved oxygen.  Streambed sediments collected from 
the site were used in laboratory batch investigations of the rate of Mn(II) removal.  Results of these studies 
indicate that removal of Mn(II) within the hyporheic zone primarily occurs via biotic oxidation processes, is 
approximately first-order with respect to the Mn(II) concentration and inversely proportional to [H+], and 
independent of dissolved oxygen concentration except at very low levels. 

 
 
INTRODUCTION  

Quantifying the interdependence of 
biogeochemical factors that affect natural 
remediative processes of dissolved metals in mine-
drainage-contaminated stream systems provides a 
basis for interpretation of field observations and, 
potentially, identification of inherent factors that 
limit the ability of a system to remediate itself.  In 
small streams gradients in pH, dissolved oxygen 
(O2), metals concentrations, and other chemical 
parameters in stream-bed sediments are established 
by mixing of surface and entering contaminated 
ground water in the hyporheic zone. The distinct 
character and the importance of hyporheic zone to 
microbial communities within the sediments and the 
fluxes of dissolved O2 (DO) and nutrients (e.g., 
particulate and dissolved organic carbon and 
nitrate) within a stream system are well 
documented and accepted as a key aspect of 
stream ecosystems [Grimm and Fisher, 1984; 

Findlay and others, 1993; Triska and others,1993; 
Jones and others, 1995a, 1995b; Valett and others, 
1996].  The significance of hyporheic exchange in 
the biogeochemistry of metal contaminants in 
coupled surface water/ground water systems has 
also received attention but a quantitative 
understanding of its role is still being developed 
[Cerling and others, 1990; Bourg and Bertin, 1993; 
Kimball and others, 1994; Benner and others, 
1995; Broshears and others, 1996; Harvey and 
Fuller, 1998]. 

The work reported herein focuses on 
biogeochemical processes occurring in a small, 
perennial stream, Pinal Creek near Globe, Arizona. 
Overall removal rates of Mn(II) from Pinal Creek 
have been determined by Harvey and Fuller 
(1998), however, the dependence on key 
parameters has not been quantified.  The specific 
aims of this work were to quantify the net rates of 
removal of Mn(II) under different conditions  using 
sediments collected from the perennial reach of 



Pinal Creek and to identify the key variable(s) 
responsible for the limited removal of Mn(II) 
observed at the field site.  Because pH and Mn(II) 
values change along the perennial reach and spatial 
gradients across the hyporheic zone are observed 
for pH, Mn(II), and O2, it was hypothesized that 
one or more of these chemical parameters 
controlled removal of Mn(II) from the system.  To 
test this, a set of laboratory experiments was 
conducted to establish the dependence of the rate 
of removal of Mn(II) on these chemical 
parameters. 

SITE DESCRIPTION 

Pinal Creek is the outlet of the Pinal Creek 
basin (a typical alluvial basin of the Southwest) and 
the perennial stream reach (approximately 13 km 
(kilometer) length from head of flow to the 
confluence with the Salt River) is fed by 
groundwater from the alluvial aquifer that has been 
contaminated by copper-mining activities in the 
area [e.g., Eychaner, 1989].  Surface water 
chemistry in the upper 4-km length of the perennial 
reach is dominated by discharge of partially 
neutralized, metals-contaminated groundwater (pH 
5.5 – 6).  Manganese is the primary metal 
contaminant in the perennial reach and its 
concentration in surface waters near the head of 
flow has remained approximately constant at about 
1.2 mM (millimolar) from 1990 to 1996 
[Gellenbeck and Hunter, 1994; Konieczki and 
Angeroth, 1997, Marble, 1998].  Other dissolved 
metals present in the upper length of the perennial 
reach include Ni (10 µM, micromolar), Zn (15 
µM), Co (10 µM), and Cu (1 µM) (Marble and 
Corley, unpublished data).  Since October, 1998, 
these concentrations have changed due to 
remediation activities (unpublished data).  This 
paper reflects the situation prior to that date. 

Manganese entering the perennial reach is 
oxidized to produce a mixture of Mn(III,IV)-
oxyhydroxide precipitates (Mn oxides) of various 
textures from fine flocculent materials to layered 
concretions within the stream sediments resembling 
asphalt at some locations [Lind, 1991; Hulseapple, 
1995; Flinchbaugh, 1996; Harvey and Fuller, 1998; 
Marble, 1998].  The biogeochemical processes 
responsible occur predominantly in the hyporheic 
zone at Pinal Creek and result in an overall reactive 
loss of about 20% of dissolved Mn(II) along the 
upper 4-km length of the perennial reach [Harvey 

and Fuller, 1998].  The hyporheic zone varies in 
depth along the perennial reach from less than 2 cm 
(centimeter) below the sediment-surface water 
interface to greater than 20 cm [Harvey and Fuller, 
1998], and is typical of the depths expected for 
perennial systems [White, 1993].  DO 
concentrations in the hyporheic zone at Pinal Creek 
typically decrease with depth from about 60 µM at 
the interface with surface water to the merging 
groundwater value of about 3 µM.  Spatial and 
depth gradients across this zone are also observed 
for pH (6 to 7.8 for surface water to 5.5 to 6 for 
emerging ground water) and for the different metal 
contaminants (e.g., shallow groundwater Mn(II) 
concentrations  range from 1.2 mM to 0.1 mM, 
depending on the location along the reach, Corley 
and Marble, unpublished data).  In addition, over 
the 4-km length of the perennial reach the pH of 
surface water increases from 6 to 7.8. and Mn(II) 
in surface water decreases from 1.2 mM to about 
0.9 mM. 

MATERIALS AND METHODS 

A series of batch experiments were 
conducted to determine the net rates of Mn(II) 
removal from aqueous solution in the presence of 
streambed sediments.  Sediments collected from 
different sites along the perennial reach of Pinal 
Creek were used:  1) sediments from site 4 to 
investigate Mn(II) and pH dependence; 2) 
sediments from sites 2 and 3 to determine the 
dependence on DO; and, 3) sediments from site 1 
and at Inspiration Dam (about 2.2 km downstream 
of site 4) were used in an initial set of experiments 
(see Figure 1).  At each site, the top 2.5 cm layer 
of sediments was pushed aside and the sample was 
taken from the sediments immediately below in 
order to minimize or eliminate the introduction of 
algae into the batch bottles.  The sediments were 
wet-sieved to collect the < 250 µm (micrometer) or 
the < 2 mm (millimeter) size fraction depending on 
the experiment.  Approximately 15 g (gram) of 
sediments were added to each batch bottle 
containing 100 mL (milliliter) of artificial stream 
water. The batch bottles were placed on shaker 
tables and agitated during the different experiments. 

An artificial stream water (ASW) based on 
the measured major ion composition of Pinal Creek 
was used in these experiments after tests confirmed 



that identical results were obtained whether filtered 
(0.45 µm, mixed cellulose acetate  

 
 

 
Figure 1.  Field site and sampling locations in the 
upper perennial reach. 

and nitrate) surface water or ASW was used.  The 
use of ASW allowed experiments with the same 
sediments to be conducted at different pH values 
and at different Mn(II) concentrations. 

The test matrix for these experiments 
included:  1) fixed pH (7.1 or 7.3), atmospheric O2 
concentration, and different initial Mn(II) 
concentrations (0.2 to 1.5 mM); 2) fixed initial 
Mn(II) concentration (0.82 mM), atmospheric O2 
concentration, and different pH values (6 to 7.8); 
and, 3) fixed initial Mn(II) concentration (0.82 
mM) and pH (7.1), and different DO 
concentrations (0.015 mM to 0.45 mM).  

DO concentrations were varied by mixing gas 
streams of nitrogen (N2),  air, and O2 in a simple 
manifold system and introducing the resulting gas 
mixture into the headspace of the batch bottles.  
Mass flow controllers were used to maintain 
accurate control of the individual gas flows and 
therefore the mixture composition.  The O2 
concentration in the headspace and DO were 
measured periodically with a minielectrode to make 
sure that conditions did not change during the 
course of specific experiments. The lids to the 
bottles for DO independent studies were left 
loosely attached during experiments conducted at 
atmospheric O2 levels to prevent production of 
anaerobic conditions. 

Different buffers (HEPES, MES and PIPES) 
were used to minimize or eliminate any changes in 

pH.  Although a recent paper (Yu and others, 
1997) indicates that HEPES may complex metals, 
particularly copper, no evidence of such an 
interference was observed in our studies as the use 
of different buffers for the same pH value gave the 
same results.  The initial pH values for each batch 
bottle were achieved by adding HCl or NaOH until 
the target value had been reached. 

Since it was anticipated that the 
biogeochemical processes responsible for Mn(II) 
removal in Pinal Creek would involve a strong 
biotic component, the batch experiments were 
conducted under “poisoned” and “unpoisoned” 
conditions.  Of the choice of biological poisons that 
have been used in studies of Mn(II) oxidation by 
bacteria [Kepkay, 1985; Adams and Ghiorse, 1987; 
Moffet, 1994], sodium azide (NaN3 ) was selected 
for use in these studies.  The key factor in choosing 
NaN3  was the fact that it has been shown not to 
interfere with manganese chemistry.  Batch bottles 
with NaN3 added were designated abiotic and those 
without NaN3 were designated biotic.  Although it 
is recognized that both biotic and abiotic 
mechanisms participate in experiments without 
NaN3, the unpoisoned batch studies are designated 
biotic only.  Controls were conducted without 
sediments present. 

Aliquots (0.25 mL or less) of the solution 
were removed at specific times after the start of the 
experiments and analyzed for Mn(II) via flame 
atomic absorption spectroscopy (FAAS) after 
appropriate dilutions to reach the linear region of 
the instrument’s response.  Partial dissolution of 
the sediments with acidified hydroxylamine 
hydrochloride [Chao, 1972] was used to determine 
total Mn in the sediment coatings via FAAS of the 
supernatant.  

The net rates of removal of Mn(II) were 
determined from slopes of the linear sections of 
semi-logarithmic plots of the measured Mn(II) 
concentrations versus time.  The slope represents a 
pseudo first-order rate constant and the rate was 
calculated by multiplying by the Mn(II) 
concentration.  The resulting value of the net rate 
of Mn(II) removal is the sum of all processes 
releasing Mn(II) into solution minus the sum of all 
processes removing Mn(II) from solution.  As a 
result, the observed net rate of Mn(II) removal 
may be positive, negative, or zero. 



RESULTS AND DISCUSSION 

An initial set of experiments used sediments 
and filtered surface water collected from sites 1 and 
4 and at Inspiration Dam to determine the relative 
rates of Mn(II) removal by sediments from the 
perennial reach.  These locations were 
characterized by different surface water pH values 
(6.1, 7.3, and 7.8, respectively), different surface 
water Mn(II) concentrations (1.25 mM, 0.90 mM, 
and 0.82 mM, respectively), and different densities 
of aquatic vegetation and algae. 

No measurable removal of Mn(II) occurred 
using sediments and filtered surface water collected 
from the pH 6.1 site during the 34 days that these 
experiments were run.  The initial and final 
concentrations of Mn(II) were identical for abiotic 
and biotic conditions and for the controls run 
without sediments.  As no net release of Mn(II) 
was observed, the results of these experiments 
indicate that dissolution of the Mn oxides did not 
occur on the timescale of these experiments.   

At the higher pH values, significant Mn(II) 
concentration changes were observed over time 
and identical results were obtained using either 
filtered surface water or ASW.  Representative 
results are shown in Figures 2 and 3 for the 
sediments and filtered surface water collected at 
Inspiration Dam (pH 7.8 and initial Mn(II) ~ 0.93 
mM) and for the sediments collected at site 4 using 
ASW (pH 7.3 and initial Mn(II) ~ 0.80 mM), 
respectively.  It is apparent from these plots that 
the addition of NaN3 suppresses the rate at which 
Mn(II) is removed from solution as well as the 
fraction removed.  The concentration versus time 
data at pH 7.8 yield an apparent first-order rate 
constant for Mn(II) removal under abiotic 
conditions of (8.2 ± 0.4) x 10-7 s-1 (per second) and 
a value of (1.7 ± 0.3) x 10-5 s-1 under biotic 
conditions, i.e., the biotic net rate of removal is 
approximately a factor of 20 times that of the 
abiotic rate.  The results in Figure 3 yield an 
apparent first-order rate for Mn(II) removal of 
(0.44 ± 0.18) x 10-5 s-1 for abiotic conditions versus 
(1.7 ± 0.05) x 10-5 s-1 in the absence of NaN3, a 
factor of 4 difference. 

 
 

 
 

 
Figure 2.  Removal of Mn(II) using sediments and 
filtered surface water from Inspiration Dam (pH 
7.8).  Dashed lines are for visual aid. 

 
The normalized concentration versus time 

plots in Figures 2  and 3 also illustrate a feature of 
the batch experiments that was dependent on the 
length of time between collection of sediments and 
the start of the experiment.  A “lag time” was 
observed at early times in a subset of the 
experiments in which the decrease in Mn(II) 
concentration with time was essentially the same 
for both abiotic and biotic conditions.  In Figures 2 
and 3 the divergence between the abiotic and biotic 
Mn(II) profiles began after 24 and 10 hours, 
respectively.  This lag time increased with the 
interval between collection of sediments and the 
start of an experiment but disappeared completely 
if the sediments were used within 2-3 days of 
collection.  It should also be noted that the 
differences in Figures 2 and 3 between the Mn(II) 
concentration profiles for abiotic and biotic 
conditions were still obtained with sediments that 
had been stored at < 10 oC  for up to 6 months. 



 
Figure 3.  Removal of Mn(II) using sediments from 
site 4 and ASW (pH 7.3).  Dashed lines are for 
visual aid. 

The sediments collected from Inspiration 
Dam (surface water pH 7.8) had a total Mn 
concentration of (2230 ± 250) mg kg-1 dry 
sediment (milligram per kilogram dry sediment).  
The sediments from site 4 (surface water pH 7.3 ) 
had a total Mn concentration of (2920 ± 615) mg 
kg-1 dry sediment.  These values refer specifically 
to the sediments used for batch studies in presented 
in Figures 2 and 3.  

Mn(II) Dependence  

The dependence of the net rate of removal of 
Mn(II) on Mn(II) concentration is shown in Figure 
4.  All of these batch experiments were conducted 
with ASW and at a fixed pH of 7.3 using natural 
sediments from site 4.  The results obtained under 
both biotic and abiotic conditions suggest that 
between 0.2 and 1.25 mM Mn(II) the net rate of 
removal is directly proportional to Mn(II) and that 
a simple first-order dependence on Mn(II) is a 
reasonable assumption.  However, it is apparent 
from Figure 4 that the net rates of Mn(II) removal 

for these natural sediments do not extrapolate to a 
zero intercept at zero Mn(II) concentration. 

 
Figure 4.  The net rate of Mn(II) removal increases 
with Mn(II) concentration.   

In other studies of Mn(II) removal 
(oxidation) in microbially active media without 
sediments present (pure and enriched cultures and 
unfiltered water samples) it has been demonstrated 
that the rate of Mn(II) removal is consistent with a 
Michaelis-Menten-type of rate expression [e.g., 
Tebo and Emerson, 1985; Tebo and others,1997], 
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where Vm is the maximum rate (e.g., nM s-1, 
nanomolar per second) and Km is the Michaelis 
constant (e.g., mM).  If this equation held for the 
current studies then an apparent linear dependence 
of net removal on Mn(II) would be expected over 
some range of initial concentrations with a distinct 
curvature over a wider concentration range and an 
asymptotic plateau value for the net rate at high 
Mn(II) concentrations.  Although the derived rates 
of Mn(II) removal can be fitted to the Michaelis-
Menten functional form (r2 values ≥ 0.96), a more 



rigorous test is obtained by considering  the 
integrated form for Michaelis-Menten kinetics  
and plotting the data in transformed coordinates 
[Levenspiel, 1996]; 
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Results of this test show that our data are 
inconsistent with a simple Michaelis-Menten-type 
mechanism, or extensions to a mechanism with 
simple competitive and noncompetitive inhibition or 
substrate inhibition.  This suggests that the reaction 
mechanism responsible for a net removal of Mn(II) 
in our experiments is more complicated, or may 
reflect indirect oxidation mechanisms associated 
with microorganisms [Wehrli and others, 1995; 
Tebo and others, 1997]. 

An alternative explanation of our results may 
be inferred from the results of abiotic experiments 
conducted with Mn-oxide coatings removed from 
sand filter materials used in water treatment 
facilities in Europe to remove Mn(II) from ground 
water [Graveland and Heertjes, 1975].  The 
coatings collected from these “biologically ripened 
sands” were a mixture of Mn(II,III,IV)-
oxyhydroxides (MnOx, x ~ 1.33) and were 
sterilized by drying at 70 C under a N2 atmosphere.  
Based on the results of their sorption and oxidation 
experiments, these researchers concluded that a 
single site, or Rideal reaction mechanism, in which 
Mn2+ in solution reacts with O2 sorbed at the 
surface, provided a consistent explanation of the 
linear dependence for abiotic uptake.  Since the 
Mn-oxide coatings on the sediments collected from 
Pinal Creek were also formed predominantly 
through biological  
processes involving Mn-oxidizing bacteria they may 
be similar to the coatings used by Graveland and 
Heertjes [1975] and a similar reaction mechanism 
may be applicable in part.  However, the exact 
mechanism may not be critical in terms of the 
overall objective of these experiments, since the 
concentration range over which a linear 
dependence of net removal on Mn(II) was 
observed corresponds approximately to the range 
of Mn(II) concentration values observed at Pinal 
Creek (0.2 to 1.25 mM).  Our rate data and rate 
coefficients can definitely be used to interpret field 
data within this common range of Mn(II) 
concentrations.  

pH Dependence of Mn(II) Removal 

The pH dependence of the net rates of 
Mn(II) removal is presented in Figure 5 on a semi-
logarithmic scale.  For natural sediments collected 
from site 4, a linear correlation was observed for 
both biotic and abiotic conditions. 
However, a net release of Mn(II) was observed 
under abiotic conditions for pH less than or equal 
to 6.5.  This suggests that under these experimental 
conditions Mn(II) reversibly bound to surface sites 
or to other binding sites (e.g., extracellular 
polysaccharides) is released at a faster rate than 
adsorbtion and oxidation.  Linear regression of the 
log10[-Rnet] versus pH data yielded a slope of 0.80 
± 0.12 for unpoisoned sediments and 0.75 ± 0.14 
for poisoned sediments, i.e., statistically 
indistinguishable slopes that are statistically 
different from unity at the 95% confidence level.  

The pH dependence of the net rate of Mn(II) 
removal indicates that the rate is approximately 
inversely proportional to H+, or proportional to OH-

.  An increase of Mn(II) removal and oxidation 
with an increase pH has been reported for abiotic 
conditions with different metal oxide substrates 
[Brewer, 1975; Davies and Morgan, 1989] and 
Mn-oxide coatings from sand filter materials 
[Graveland and Heertjes, 1975], and for biotic 
conditions with soils [Gerretsen, 1937; Sparrow 
and Uren, 1987].   

The experiments conducted by Graveland 
and Heertjes [1975] may again be most relevant to 
the current sets of batch experiments with 
streambed sediments removed from Pinal Creek. 
Results from these earlier abiotic experiments 
indicated that the rate of Mn(II) removal was 
directly proportional to [OH-], as observed in the 
current studies, and decreased to zero at pH 7, a 
slightly higher value than in our batch studies (pH ~ 
6.5).  The differences in the pH “cut-off” may be 
due to different Mn oxides or coverage on the 
sediment surfaces, to other adsorption phases, or to 
micro-environments created by micro-organisms 
that are not poisoned by NaN3.  Our results for 
abiotic conditions may be consistent with the 
arguments proposed by Graveland and Heertjes 
[1975] who inferred that overall mass transfer of 
Mn2+ from solution to active sites at the surface 
decreased as pH decreased because of competition 
with H+. 
 



 Figure 5.  The net rate of Mn(II) removal 
increases with pH.  Different symbols represent 
different experiments.  Dashed lines represents 
results of linear regression. 

 
The similarities that we observed between 

the pH dependence of the rate of Mn(II) removal 
under biotic and abiotic conditions suggest that an 
autocatalytic mechanism also participates in  the  

 
 

removal of Mn(II) under biotic conditions.  The 
increased rate of Mn(II) removal under biotic 
conditions can be explained if bacteria, or other 
microorganisms, continually produce fresh Mn 
oxides via direct or indirect processes.  This is an 
important point as it has been shown that the 
autocatalytic activity of Mn(III,IV)-oxyhydroxide 
coatings decreases as the coatings age and become 
more oxidized and crystalline [Graveland and 
Heertjes, 1975]. 

Dissolved-O2 Dependence 

The DO dependence of the observed net rate 
of removal is presented in Figure 6.  Natural 
sediments from site 3 (pH 7.1) were used in these 
experiments but the samples were collected at two 
different times of the year. Above about 30% of 

saturation, the data for the sediments collected in 
June 1998 exhibit no significant dependence on DO 
concentration.  Below this value the net rate of 
Mn(II) removal was approximately first-order with 
respect to DO concentration, as shown by the log-
log plot of the data.  The data for the sediments 
collected in August 1998 suggest that these 
sediments were not dependent on dissolved- O2 
concentration until a value less than about 10-30% 
of saturation was reached.  A marked change in 
rates of Mn(II) removal occurring at 5 to 15% air 
saturation has been previously reported in 
experiments with Mn-oxidizing bacteria present in 
marine waters [Tebo and Emerson, 1985; Tebo 
and others, 1991]. 

The lack of dependence of the rate of Mn(II) 
removal on DO above some “critical” O2 level has 
also been observed in abiotic studies with Mn 
oxides that were biotically produced [Graveland 
and Heertjes, 1975].  These researchers reported 
no dependence of the rate of Mn(II) removal on 
DO above concentrations of about 1 mg L-1 
(milligram per liter) (~ 12% air saturation, or 0.03 
mM) and an approximate linear dependence at 
lower DO values.  Our data may reflect relative 
populations of macro- and micro-aerophilic Mn-
oxidizers in Pinal Creek, a decrease in biotic 
activity at lower DO levels that results in lower 
production of a key chemical from microorganisms 
present on the sediments, and/or a decrease in 
surface adsorbed O2. 

 



 
Figure 6.  The net rate of Mn(II) removal is 
independent of DO above 30% air saturation (filled 
symbols from June, 1998; open symbols from 
August, 1998).  Dashed lines are for visual aid. 

Pre-existing Mn Oxides 

The results of our batch experiments have 
identified the dependences of the net rate of 
removal of Mn(II) on initial Mn(II) concentration, 
pH, and DO.  However, it is apparent from the 
data presented in Figures 2-6 that, depending on 
the date and the site at which the samples were 
collected the absolute values of the net rates of 
removal are different.  The different rates may be 
due to differing amounts of active surface sites 
and/or different microbial populations.  As we do 
not have a direct measure of active surface sites, 
the correlation of rate versus concentration of pre-
existing Mn oxides was considered.  This was done 
by scaling the rates obtained under different 
experimental conditions (initial Mn(II), pH), but at 
air-saturated O2 levels, to a reference set of values 
for pH and Mn(II) using the functional 
dependences that have been determined in these 
studies.  Different sediment samples with two size 
ranges (< 250 µm and < 2 mm) were used.  Figure 

7 shows the results of such calculations (reference 
pH = 7.1 and reference Mn(II) = 1 mM) for 
sediments collected at different sites and on 
different dates plotted against Mn-loading of the 
solids.  There is no 

 
Figure 7. The net rate of Mn(II) removal on 
unpoisoned sediments is not affected by pre-
existing Mn coatings.  Different symbols refer to 
different experiments.  Site refers to the site of 
sediment collection.  The diamonds represent 
experiments done with < 250 mm sediments; the 
other experiments used < 2mm sediments. 

apparent (at least no strong) correlation between 
the total Mn-loading of the sediments and the rates 
after differences in pH and initial Mn(II) 
concentration have been taken into consideration, 
and there is no size fraction dependence.  This 
finding does not preclude a key role for a specific 
form of Mn in the sediment coatings but it does 
indicate that total Mn-loading is not necessarily a 
good indicator of the potential Mn-oxidation rate.  
This inference is in contrast to the findings of 
Harvey and Fuller [1998] who reported an increase 
in the observed Mn-oxidation rate with an increase 
in pre-existing Mn-oxide concentration.  The 
explanation for this difference is not obvious.  The 
second possibility considered here, microbial 



populations and/or activity, cannot be addressed 
with our current database, but it is a testable 
hypothesis that can be addressed in future work. 

CONCLUSIONS 

The findings of this study clearly indicate that biotic 
processes are key factors in determining the net 
removal of Mn(II) and the net rates of Mn(II) 
removal at Pinal Creek.  The rate is approximately 
first-order with respect to Mn(II) concentration and 
inversely proportional to H+ 
(directly proportional to OH-), and independent of 
DO above about 0.05 – 0.07 mM.  Comparisons 
between the results using poisoned and unpoisoned 
sediments strongly suggest that the microbial 
processes for Mn(II) removal in Pinal creek include 
both indirect and direct mechanisms.  Finally, there 
is no signficant evidence from our studies that pre-
existing Mn-oxide concentrations influence the Mn-
oxidation rate. 
 
Acknowledgements.  This publication was made 
possible by grant number EAR-9523881 from the 
National Science Foundation and  grant number 
P42 ESO4940 from the National Institute of 
Environmental Health Sciences, NIH with funding 
provided by EPA.  Its contents are solely the 
responsibility of the authors and do not necessarily 
represent the official views of the NIEHS, NIH or 
EPA.  We appreciate the assistance on the DO 
experiments by R. Koelsch and Mn batch studies 
by E. Parker.  We thank J. Villinski and J. Harvey 
for their helpful review comments. 
 

REFERENCES 

Adams, L.F., Ghiorse, W.C., 1987, 
Characterization of Extracellular Mn2+- 
Oxidizing Activity and Isolation of Mn2+-
Oxidizing Protein from Leptothrix discophora 
SS-1,  Journal of Bacteriology, 169, 1279-
1285. 

Benner, S.G., Smart, E.W., Moore, J.N., 1995, 
Metal behavior during surface-groundwater 
interaction, Silver Bow Creek, Montana,  
Environmental Science and Technology, 29, 
1789-1795. 

Bourg, A. C. M. and Bertin, C., 1993, 
Biogeochemical processes during the inflitration 
of river water into an alluvial aquifer, 
Environmental Science and Technology 27, 
661-666. 

Brewer, P.G., 1975,  Minor Elements in Sea 
Water, Riley, J.P. and G.Skirrow (Eds.), 
Chemical Oceanography, Academic Press, 
New York, 415-496. 

Broshears, R. E., Runkel, R. L., Kimball, B. A., 
Mcknight, D. M., and Bencala, K. E., 1996, 
Reactive solute transport in an acidic stream: 
Experimental pH increase and simulation of 
controls on pH, aluminum, and iron, 
Environmental Science & Technology, 30(10), 
3016.  

Cerling, T.E., Morrison, S.J., Sobcinski, R.W., 
1990, Sediment-water interaction in a small 
stream: adsorption of 137Cs by bed load 
sediments, Water Resources Research, 26, 
1165-1176. 

Chao, T.T., 1972, Selective dissolution of 
manganese oxides from soils and sediments 
with acidified hydroxylamine hydrochloride, 
Proceedings – Soil Science Society of America, 
36, 764-768. 

Davies, S.H.R., Morgan, J.J., 1989, Manganese(II) 
oxidation kinetics on metal oxide surfaces, 
Journal of Colloid and Interface Science, 129, 
63-77. 

Eychaner, J.H., 1989, Movement of inorganic 
contaminants in acidic water near Globe, 
Arizona. Technical Report, U.S. Geological 
Survey, Water Resources Investigation Report 
88-4220, Reston, VA, p. 567. 

Findlay, S., Strayer, D., Goumbala, C., Gould, K., 
1993, Metabolism of streamwater dissolved 
organic carbon in the shallow hyporheic zone.  
Limnology and Oceanography, 38, 1493-1499. 

Flinchbaugh, H., 1996, Biotic and abiotic processes 
contributing to the removal of Mn(II), Co(II) 
and Cd(II) from Pinal Creek,      Globe, 
Arizona, unpublished M.S. Thesis, University 
of Arizona, Tucson, AZ, Department of 
Hydrology and Water Resources. 

Gellenbeck, D. J. and Y.R. Hunter, 1994, 
Hydrological data from the study of acidic 
contamination in the Miami Wash-Pinal Creek 
Area, Arizona, water years 1992-93. 94-508, 
U.S. Geological Survey Open-file Report. 



Gerretsen, F.C., 1937,  Manganese Deficiency of 
Oats and its Relation to Soil Bacteria,  Annals 
of Botany, 1, 207-230. 

Graveland, A., Heertjes, P.M., 1975, Removal of 
manganese from ground water by 
heterogeneous autocatalytic oxidation,  
Transactions of the Institution of Chemical 
Engineers, 53, 154-164. 

Grimm, N.B., Fisher, S.G., 1984, Exchange 
between interstitial and surface water: 
Implications of stream metabolism and nutrient 
cycling, Hydrobiologia, 111, 219-228. 

Harvey, J.W., Fuller, C.C., 1998, Effect of 
enhanced manganese oxidation in the 
hyporheic zone on basin-scale geochemical 
mass balance, Water Resoures Research, 34, 
623-636. 

Hulseapple, S. M., 1995, A Field Study of 
Reaeration and Solute Transport at Pinal 
Creek, Globe, Arizona, unpublished M.S. 
Thesis, University of Arizona,  Department of 
Hydrology and Water Resources. 

Jones, J.B.Jr., Holmes, R.M., Fisher, S.G., 
Grimm, N.B., Greene, D.M., 1995a, 
Methanogenesis in Arizona, USA dryland 
streams, Biogeochemistry, 31, 155-173. 

Jones, J.B.Jr., Fisher, S.G., Grimm, N.B., 1995b, 
Vertical hydrologic exchange and exosystem 
metabolism in a Sonoran desert stream, 
Ecology, 76, 942-952. 

Kepkay, P.E., 1985, Kinetics of microbial 
manganese oxidation and trace metal binding in 
sediments: Results from an in situ dialysis 
technique, Limnology and Oceanography, 30, 
713-726. 

Kimball, B.A., Broshears, R.E., Bencala, K.E., 
Mcknight, D.M., 1994, Coupling of hydrologic 
transport and chemical reactions in a stream 
affected by acid mine drainage, Environmental 
Science and Technology, 28, 2065-2073. 

Konieczki, A. D. and Angeroth, C. E., 1997, 
Hydrologic data from the study of acidic 
contamination in the Miami Wash-Pinal Creek 
area, water year 1994-96. 97-247, Tucson, 
Arizona, U.S. Geological Survey. U.S. 
Geological Survey Open-file Report. 

Levenspiel, O., 1996, The Chemical Reactor 
Omnibook. Corvallis, Oregon, OSU Book 
Stores.  

Lind, C., 1991, Manganese minerals and associated 
fine particulates in the Pinal Creek stream bed. 
In: Mallard, G.E., ed., U.S. Geological Survey 

Toxic Substances Hydrology Program -- 
Proceedings of the Technical Meeting, 
Monterey, California, March 11-15, 1991, 
Water-Resources Investigations Report 91-
4034, Reston VA, U.S. Geological Survey, , p. 
486. 

Marble, J. , 1998, Biotic contribution of Mn(II) 
removal at Pinal Creek, Globe, Arizona, 
unpublished M.S. Thesis, University of 
Arizona, Department of Hydrology and Water 
Resources. 

Moffett, J.W., 1994, The relationship between 
cerium and manganese oxidation in the marine 
environment.  Limnology and Oceanography, 
39, 1309-1318. 

Sparrow, L.A., and N.C. Uren, 1987, Oxidation 
and Reduction of Mn in Acidic Soils: Effect of 
Temperature and Soil pH, Soil Biology and 
Biochemistry, 19(2), 143-148. 

Tebo, B.M., Emerson, S., 1985, Effect of oxygen 
tension, Mn(II) concentration, and temperature 
on the microbially catalyzed Mn(II) oxidation 
rate in a marine fjord,  Applied and 
Environmental Microbiology. 50(5), 1268-
1273. 

Tebo, B.M., Ghiorse, W.C., van Waasbergen, 
L.G., Siering, P.L., Caspi, R., 1997, 
Bacterially-mediated mineral formation: 
Insights into manganese(II) oxidation from 
molecular genetic and biochemical studies, 
Reviews in Mineralogy,. 35, 225-266. 

Tebo, B.M., Rosson, R.A., Nealson, K.H., 1991, 
Potential for manganese(II) oxidation and 
manganese(IV) reduction to co-occur in the 
suboxic zone of the black sea, : Izdar, E. and 
J.W. Murray (Eds.), Black Sea Oceanography, 
Kluwer Academic Publishers, Netherlands. 
N.A., 173-185. 

Triska, F.J., Duff, J.H., and Avanzino, R.J., 1993, 
The role of water exchange between a stream 
channel and its hyporheic zone in nitrogen 
cycling at the terrestrial-aquatic interface, 
Hydrobiologia, 251, 167-184. 

Valett, H.M., Morrice, J.A., Dahm, C.N., 
Campana, M.E., 1996, Parent lithology, 
surface-groundwater exchange and nitrate 
retention in headwater streams, Limnology and 
Oceanography, 41, 333. 

Wehrli, B., G. Friedl, and Manceau, A., 1995, 
Reaction Rates and Products of Manganese 
Oxidation at the Sediment-Water Interface, 
Huang, C.P., C.R. O’Melia and J.J. Morgan 



(Eds.), Aquatic Chemistry: Interfacial and 
Interspecies Processes, Advances in Chemistry 
Series 244, p.111-134, American Chemical 
Society, Washington, D.C. 

White, D.S., 1993, Perspectives on defining and 
delineating hyporheic zones, Journal of the 
North American Benthological Society, 21(1), 
61-69. 

Yu, Q., Kandegedara, A., Xu, Y., Rorabacher, 
D.B., 1997, Avoiding interferences from 
Good's Buffers: A continguous series of 
noncomplexing tertiary amine buffers covering 
the entire range of pH 3-11, Analytical 
Biochemistry. 253, 50-56. 

AUTHOR INFORMATION 

Justin C. Marble, Timothy L. Corley, and Martha 
H. Conklin, University of Arizona, Department of 
Hydrology & Water Resources, Tucson Arizona.  
 
Christopher C. Fuller, U.S. Geological Survey, 
Menlo Park, California. 



Filename: marble_final_1.doc 
Directory: X:\CharlestonProceedings\Volume1_AML\SectionC_PinalCreek 
Template: C:\Program Files\Microsoft Office\Office\Normal.dot 
Title: This is the Title of the Paper and it Uses the Paragraph Format 

“Title” 
Subject:  
Author: David W. Morganwalp 
Keywords:  
Comments:  
Creation Date: 3/19/99 3:33 PM 
Change Number: 2 
Last Saved On: 3/19/99 3:33 PM 
Last Saved By: martha 
Total Editing Time: 1 Minute 
Last Printed On: 9/23/99 12:34 PM 
As of Last Complete Printing 
 Number of Pages: 11 
 Number of Words: 5,108 (approx.) 
 Number of Characters: 29,118 (approx.) 

 


	ABSTRACT
	INTRODUCTION
	SITE DESCRIPTION
	MATERIALS AND METHODS
	RESULTS AND DISCUSSION
	Mn(II) Dependence
	pH Dependence of Mn(II) Removal
	Dissolved-O2 Dependence
	Pre-existing Mn Oxides

	CONCLUSIONS
	Acknowledgements.

	REFERENCES
	AUTHOR INFORMATION

