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Abstract. We determined the role of the hyporheic zone (the subsurface zone where
stream water and shallow groundwater mix) in enhancing microbially mediated oxidation
of dissolved manganese (to form manganese precipitates) in a drainage basin contaminated by
copper mining. The fate of manganese is of overall importance to water quality in Pinal
Creek Basin, Arizona, because manganese reactions affect the transport of trace metals.
The basin-scale role of the hyporheic zone is difficult to quantify because stream-tracer
studies do not always reliably characterize the cumulative effects of the hyporheic zone.
This study determined cumulative effects of hyporheic reactions in Pinal Creek basin by
characterizing manganese uptake at several spatial scales (stream-reach scale, hyporheic-
flow-path scale, and sediment-grain scale). At the stream-reach scale a one-dimensional
stream-transport model (including storage zones to represent hyporheic flow paths) was
used to determine a reach-averaged time constant for manganese uptake in hyporheic
zones, 1/A,, of 1.3 hours, which was somewhat faster but still similar to manganese uptake
time constants that were measured directly in centimeter-scale hyporheic flow paths (1/A, =
2.6 hours), and in laboratory batch experiments using streambed sediment (1/A = 2.7
hours). The modeled depths of subsurface storage zones (d, = 4-17 cm) and modeled
residence times of water in storage zones (¢, = 3-12 min) were both consistent with
direct measurements in hyporheic flow paths (d, = 0-15 cm, and ¢, = 1-25 min).
There was also good agreement between reach-scale modeling and direct measurements of
the percentage removal of dissolved manganese in hyporheic flow paths (f, = 8.9%, and
frn = 9.3%). Manganese uptake experiments in the laboratory using sediment from Pinal
Creek demonstrated (through comparison of poisoned and unpoisoned treatments) that
the manganese removal process was enhanced by microbially mediated oxidation. The
cumulative effect of hyporheic exchange in Pinal Creek basin was to remove
approximately 20% of the dissolved manganese flowing out of the drainage basin. Our
results illustrate that the cumulative significance of reactive uptake in the hyporheic zone
depends on the balance between chemical reaction rates, hyporheic porewater residence
time, and turnover of streamflow through hyporheic flow paths. The similarity between the
hyporheic reaction timescale (1/A; ~ 1.3 hours), and the hyporheic porewater residence
timescale (¢, ~ 8 min) ensured that there was adequate time for the reaction to progress.
Furthermore, it was the similarity between the turnover length for stream water flow
through hyporheic flow paths (L, = stream velocity/storage-zone exchange coefficient ~
1.3 km) and the length of Pinal Creek (L ~ 7 km), which ensured that all stream water
passed through hyporheic flow paths several times. As a means to generalize our findings
to other sites where similar types of hydrologic and chemical information are available, we
suggest a cumulative significance index for hyporheic reactions, R, = A, L/L,
(dimensionless); higher values indicate a greater potential for hyporheic reactions to
influence geochemical mass balance. Our experience in Pinal Creek basin suggests that
values of R, > 0.2 characterize systems where hyporheic reactions are likely to influence
geochemical mass balance at the drainage-basin scale.

1. Introduction

1.1. Role of Hyporheic Zone in Reactive Solute Transport
Channel water in rivers and streams is diverted through

subsurface (hyporheic) flow paths and mixed with groundwater
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in close contact with geochemically and microbially active sed-
iment surfaces. The resulting prolonged contact of channel
water with sediment appears to be responsible for enhancing
solute reactions in drainage basins. A key process is the advec-
tion of dissolved oxygen into the hyporheic zone, which stim-
ulates the activity of aerobic microorganisms on hyporheic-
zone sediments when dissolved organic carbon is readily
available [Findlay et al., 1993; Rutherford et al., 1995; McMahon
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et al., 1995]. High microbial activity in the hyporheic zone
affects nitrogen cycling by stimulating nitrification and denitri-
fication reactions [Triska et al., 1993]. Other important chem-
ical reactions also appear to be enhanced in the hyporheic
zone, including sorption of dissolved metals to sediments [Ben-
cala et al., 1984; Cerling et al., 1990], uptake of phosphorus
[Mulholland et al., 1997), oxidation of dissolved metals to form
metal precipitate coatings on sediment [Kimball et al., 1994;
Benner et al., 1995], and biodegradation of organic contami-
nants such as toluene [Heekyung et al., 1995].

Manganese often is not the most toxic metal at mining sites,
but that understates its importance because the fate of man-
ganese in the environment affects the transport of other trace
metals. For example, at Pinal Creek, trace metals such as
cobalt (600 ug L™"), nickel (1200 ug L"), and zinc (600 pg
L™!) are affected by the fate of manganese because they co-
precipitate with manganese oxides [Hem, 1981]. Also, several
studies in Europe determined complex interactions between
nutrients, organic carbon, trace metals, and manganese disso-
lution (followed by oxidation) in shallow groundwater that
affect drinking water quality. Those interactions occur when
contaminated river water infiltrates alluvial aquifers in re-
sponse to pumping at water supply wells [von Gunten and
Lienert, 1993; Bourg and Bertin, 1993]. Enhanced uptake of
dissolved manganese in hyporheic zones very likely occurs in
hyporheic zones of other U.S. streams, such as in the coal
mining areas of the Appalachian Mountains of the eastern
United States, where streams often have near-neutral pH and
manganese concentrations are often between 10 and 200 mg
L™ [Tarutis et al., 1992; D. White, personal communication,
1997].

1.2. Investigating the Cumulative Effects
of Hyporheic Processes

Relatively few studies have quantified reach-scale effects of
hyporheic reactions, and researchers have begun to question
whether enhanced chemical reactions in the hyporheic zone
are important at the drainage-basin scale [Findlay, 1995]. The
problem in quantifying basin-scale effects of hyporheic reac-
tions is due in part to the disparity of scales between small-
scale (1-10 cm) hyporheic processes and large-(basin)-scale
effects. Small-scale investigations are essential to identify pro-
cesses, yet results are usually too variable from site to site to
reliably quantify cumulative effects. On the other hand,
stream-tracer studies (50-500 m) cannot always reliably isolate
or distinguish hyporheic-zone processes from other processes
[Harvey et al., 1996]. A number of previous investigators char-
acterized reactive solute transport by injecting reactive constit-
uents into both the stream and subsurface [Bencala et al., 1984;
Triska et al., 1993; Valett et al., 1996]. That strategy is an
excellent means to investigate processes; however, because of
the substantially elevated concentrations of the reactive con-
stituent, the results might not represent natural reaction rates.

As an alternative to injecting a reactive constituent to de-
termine natural reaction rates, we conducted stream-tracer
studies that did not alter natural levels of the reactive constit-
uent in our system. This approach follows the approach used
by Kimball et al. [1994] and Heekyung et al. [1995]. In addition,
we independently estimated hyporheic reactions at finer scales
(within hyporheic flow paths and in the laboratory) for com-
parison with the results from our stream-tracer studies. As a
result, we were able to quantify the effects of the hyporheic
zone on solute mass balance at the drainage-basin scale. To
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our knowledge this is the first study to quantify reach-scale
removal of a solute in the hyporheic zone on the basis of three
spatial scales of inquiry.

We hypothesized that if the chemical reaction rate and hy-
drologic flushing time of the hyporheic zone were similar and
if rates were fast enough that all stream water was routed
through hyporheic flow paths several times, then the drainage
basin mass balance would be significantly affected by the low-
ering of dissolved manganese concentrations in stream out-
flow. We tested our idea in Pinal Creek basin through an
investigation of enhanced oxidation of dissolved manganese to
form manganese oxide precipitates in the hyporheic zone (Fig-
ure 1). The input of streamwater to the hyporheic zone en-
hanced the reaction by increasing the contact of stream water
with sediment and microbes, i.e., the reaction catalysts. In
addition, the input of streamflow raised the pH and the dis-
solved oxygen concentrations in the hyporheic zone, which
further stimulated the rate of manganese oxidation. The cu-
mulative effect of enhanced manganese oxidation in the hypo-
rheic zone was a 20% decrease in the load of manganese
flowing out of the drainage basin. We concluded our study by
attempting to generalize our findings. To do this, we developed
a dimensionless index that uses basic hydrologic and chemical
information to quantify the potential for hyporheic reactions to
influence solute mass balance at the drainage-basin scale.

2. Study Site
2.1. Hydrogeologic Setting

Pinal Creek basin is located in the central highlands of
Arizona in the copper mining district near Globe (Gila Coun-
ty); elevation in the basin ranges from 7800 feet (2378 m) in the
Pinal Mountains to 2700 feet (823 m) at the basin outlet. The
area of the basin is 516 km? of which 170 km? is a regional
aquifer composed of partially cemented basin fill. A less ex-
tensive sand and gravel alluvial aquifer (20 km long by 1 km
wide by 50 m deep) is present in the central and lower basin.
The aquifer is eventually truncated by igneous rock formations
at a location called Inspiration Dam (Figure 2a). The alluvial
aquifer becomes constricted above the basin outlet, which
forces groundwater to the surface. The resulting perennial
streamflow increases from a flow of zero at a point near Setka
Ranch to a flow of 0.25 m® s~ ! at a point 7 km downstream at
Inspiration Dam (Figure 2a).

The 7 km perennial reach in Pinal Creek is a sand- and
gravel-bed stream with an average slope of 1%, an average
width of 2.3 m, and an average depth of 15 cm. Pools are
almost nonexistent and riffles or cascades are fairly unusual.
The most significant roughness units are cobbles and channel
parallel bars at the sides of channels or in the center of chan-
nels. Channel-parallel islands as well as fallen tree obstruc-
tions, are also present in some areas. Below Inspiration Dam,
Pinal Creek enters a rock-walled canyon and flows 6 km to the
Salt River (Figure 2b). The Salt River then flows west and
empties into Roosevelt Lake, a major water supply reservoir
for the City of Phoenix.

2.2. Historic and Present Contamination

A major contributor to contamination at Pinal Creek basin
was the release of waste solutions from the leaching of copper
ore with sulfuric acid. In approximately 50 years the highly
acidic leading edge of the contaminant plume (pH =~ 4) moved
15 km down gradient through the alluvial aquifer beneath the
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Figure 1. Schematic diagram illustrating factors that enhance oxidation of manganese to form oxide coat-

ings on sediments of the hyporheic zone.

ephemeral streambed into lower Pinal Creek basin (Figure 2).
At the leading edge of the acidic plume the movement of
dissolved metals was retarded by neutralization reactions with
carbonate and silicate minerals that exist naturally in the basin
[Stollenwerk, 1994]. Wherever neutralization occurred, dis-
solved iron oxidized to form precipitates and manganese dis-
solved, releasing high concentrations of manganese into
groundwater [Glynn and Brown, 1996]. As a result, a neutral-
ized groundwater plume contaminated with manganese moved
ahead of the acidic plume and, beginning in ~1979, began
discharging into the perennial reach of Pinal Creek.

The perennial portion of Pinal Creek extends 7 km, from the
head of perennial flow 1.5 km upstream of Setka Ranch to the
outlet of Pinal Creek basin at Inspiration Dam (Figure 2).
Most of the groundwater discharge to Pinal Creek occurs in
the first 2 km downstream of the head of perennial flow (Fig-
ure 2a). The location where groundwater discharge to Pinal
Creek is greatest is also the point where groundwater is most
contaminated. Currently that part of the plume has a pH of
~5.5, low dissolved oxygen (~0.1 mg L), high-dissolved sol-
ids (SO, 2,200 mg L™*; Ca 500 mg L), elevated pCO,
(107%94) resulting from neutralization reactions, and elevated
concentrations of manganese (80 mg L™'), nickel (1200 pg
L™%), cobalt (600 ug 1.7Y), and zinc (1200 pg L™'). Smaller
amounts of groundwater also discharge to Pinal Creek farther
down the valley, but that water is much less contaminated and
has the primary effect of diluting dissolved metal concentra-
tions in surface water.

Significant manganese oxidation does not occur in the neu-
tralized contaminated part of the groundwater plume at Pinal
Creek basin because of the relatively low pH and dissolved
oxygen concentrations [Glynn and Brown, 1996; Stollenwerk,
1994}. Once groundwater enters the stream, both pH and dis-
solved oxygen increase in the downstream direction because of
gas exchange (Figure 3). Thermodynamically, the increase in

pH and dissolved oxygen in streamflow favors the oxidation of
dissolved manganese to form manganese oxides [Davies and
Morgan, 1989]; however, manganese does not readily oxidize in
surface water without sediment [Hem, 1981]. We confirmed
that suspended sediments and colloids in Pinal Creek stream-
flow were not causing significant oxidation of manganese in
Pinal Creek streamflow {Harvey and Fuller, 1996]. More likely,
oxidation of dissolved manganese was occurring in contact with
surface coatings on sediments such as iron oxides or manga-
nese-oxidizing bacteria, each of which potentially has a role in
catalyzing the reaction [Diem and Stumm, 1984).

3. Methods
3.1. Chemical Sampling

A solute tracer was injected into streamflow in order to
characterize reach-scale hydrologic transport parameters. KBr
(potassium bromide) was dissolved in stream water in large
containers next to the stream and then injected at a constant
rate into the stream until concentrations reached plateau con-
centrations at all sampling sites. We used the experimental
design approach recommended by Wagner and Harvey [1997]
to select sampling distances and determine frequency of sam-
pling as a means of increasing the reliability of hydrologic
parameters to be estimated by modeling. Surface water sam-
ples were collected by dipping stream water with pitchers from
areas where surface flow was concentrated and fast. Porewater
samples for chemical analysis were obtained from shallow
groundwater (30, 60, 100, and 200 cm) by pumping from 3/8"
stainless steel drive points. We tested whether our stainless-
steel drivepoints would create problems by releasing metals.
To do this we pumped a laboratory-mixed artificial streamwa-
ter made without heavy metals through the samplers; no re-
lease of dissolved metals was detected.

Porewater samples from shallower depths in the hyporheic
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Figure 2. Pinal Creek basin study area: (a) map showing
location of stream tracer injections and sampling in 7 km part
of Pinal Creek where streamflow is perennial and (b) map
showing entire drainage basin with inset map to identify the
specific study area where groundwater discharges to the pe-
rennial part of Pinal Creek.
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zone (2.5 cm vertical intervals) were obtained by peristaltic
pumping from small diameter (1/8" od) stainless steel tubes
with a 1 cm slot cut near the end. Six tubes were emplaced
simultaneously by pushing on a common stem to insert each
point to the desired depths (2.5, 5.0, 7.5, 10.0, 12.5, and 15.0
cm). We minimized possible disturbances of the natural pat-
terns of subsurface water flow by pumping very slowly (~5 mL
min~') and by keeping sample volumes small (5-40 mL). The
performance of the sampler that we used was recently tested by
Duff et al. [1998], who found that the sampler did not disturb
natural solute gradients in Pinal Creek and in a sand-bed
stream similar to Pinal Creek in Minnesota..

Water samples for complete chemical analysis were filtered
(0.45 pwm) and split between acidified and unacidified bottles
for analysis of metals and major cations and anions, respec-
tively; pH was measured immediately in the field, and alkalin-
ity samples were collected in glass bottles and transported to a
nearby laboratory for analysis within 12 hours. Cations were
analyzed by inductively coupled plasma atomic emission spec-
troscopy (ICP) and anions were measured by ion chromatog-
raphy (IC). Detection limits were determined by standard pro-
cedures, and the reliability of measured concentrations were
estimated by computing an average coefficient of variation for
a number of replicate determinations. When optimized to de-
tect manganese concentrations that ranged between 10™* and
1072 moles L™, the ICP had a detection limit of 10~° moles
L~! and a reliability of 3%. When optimized to detect bromide
concentrations that ranged between 0.2 and 6 mg L™, the IC
had a detection limit of 0.02 mg L™! and a reliability of 2.5%.

3.2. Sediment Characterization

Sediment porosity and the concentration of manganese solid
phases in Pinal Creek sediment were determined by coring the
streambed to a depth of up to 30 cm at four of the hyporheic
flow-path study sites (locations shown by solid circles in Figure
2a). Cores were sectioned into 3 or 4 cm increments, air dried,
and then weighed. Sediment porosity was determined for each
core section on the basis of the volume of each core section, its
weight, and the assumption that sediment particles had a den-
sity of 2.7 g cm ™. The average sediment porosity was 0.31 =
0.01 (standard error) for the core sections removed from
depths <10 cm below the streambed.

For the purpose of quantifying manganese coatings on sed-
iment we assumed that sediment particles >1 mm had negli-
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Figure 3. Streamflow discharge and pH and dissolved oxy-
gen along the 3 km experimental study reach in Pinal Creek
basin. Dissolved oxygen in groundwater is ~0.1 mg L™".
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gible surface area compared to smaller particles. Particles >1
mm were removed from the core samples by dry sieving (the
average percent weight of grains <1 mm was 43% = 2 (stan-
dard error). Manganese solid-phase concentrations were de-
termined on splits from the <1 mm fraction from core sections
removed from depths <10 cm below the streambed. Metals
were extracted from the remaining sediment with 0.1M hydrox-
ylamine hydrochloride in 0.05N HNO; (HA) for 1 hour at
room temperature on an end-over-end rotator. Extraction un-
der these conditions has been found to be effective in dissolv-
ing manganese oxyhydroxide coatings on sediment grains
[Chao, 1984]. Extract solutions were analyzed by inductively
coupled plasma atomic emission spectroscopy. No measurable
change in manganese extraction from these sediments was
observed when extraction times were lengthened (up to 24
hours) or when a stronger extractant was used at higher tem-
perature (0.25M HA at 50°C). Concentrations of extracted
manganese on duplicate splits of each core sample agreed to
within 12% or better.

3.3. Laboratory Determination of the Rate of Manganese
Oxidation by Streambed Sediments

Laboratory experiments were conducted using Pinal Creek
sediment to determine the overall rate of dissolved manganese
uptake for comparison to estimates from field data. Sediments
were collected from three sites, i.e., from sampling site 5 and
from a site near Inspiration Dam (Figure 2a). All sediment was
collected from the upper 2 cm of the streambed in areas devoid
of benthic algae, sieved to remove particles >1 mm in diam-
eter, and stored wet in containers open to the atmosphere at
4°C in the dark. The time of storage (tested up to 1 year) had
no effect on the results.

Uptake of dissolved manganese as a function of time was
determined in batch systems (50 mL polycarbonate centrifuge
tubes, with a pair of tubes sacrificed at each time point). The
aqueous phase used in experiments consisted of a mixture of
groundwater obtained from a well located a short distance up
the valley from the head of perennial flow in Pinal Creek and
an artificial stream water with similar major ion chemistry to
Pinal Creek. Experimental pH was controlled at 7 = 0.1 units
by fixing the partial pressure of CO, with a 1% CO, in air
mixture. Uptake experiments were initiated by the addition of
filtered groundwater preequilibrated with the 1% CO,-air mix-
ture to the sediment-artificial groundwater mixture to achieve
a dissolved manganese concentration similar to stream water.
At each time interval, pH was measured in a pair of tubes, and
supernatant removed for analysis by ICP-atomic emission
spectrometry (AES) following centrifugation at 16,000 G for
10 min. Total uptake was calculated from the difference be-
tween initial and final manganese concentration. Calculated
uptake in duplicate samples agreed to within 3%.

The role of bacteria in manganese oxidation was tested with
sediment from a replicate sample at site 5. We used a mixture
of sodium azide (2g L"), tetracycline (0.1g L"), and penicil-
lin (0.1g L™ ") in an equal volume of ambient stream water to
poison a split sample from the sediment. This mixture has been
found effective in inhibiting microbial manganese oxidation
[Emerson et al., 1982].

The total uptake of Mn?* by streambed sediments occurs by
both reversible and irreversible processes. Reversible uptake
of Mn** includes uptake by adsorption and cation exchange
because these processes should respond rapidly and reversibly
to changes in dissolved Mn concentration or solution chemis-
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try. Irreversible uptake is due to oxidation of Mn(II) to +3 or
+4 oxidation states, which is catalyzed by oxide surfaces [Da-
vies and Morgan, 1989] or by microbial processes [Moffett and
Ho, 1996]. In the experiments the reversible component of
manganese uptake at each time point was determined by iso-
topic exchange [Davis et al., 1987; Payne and Waite, 1991].
Isotopic exchange was measured by replacing supernatant with
>*Mn-labeled artificial stream water of equal total dissolved
manganese concentration and measuring the loss of >*Mn from
solution in 0.5 hours. The amount of reversible manganese
uptake was calculated by mass balance assuming the reversible
component of sorbed manganese had reached isotopic equi-
librium. Irreversible uptake was calculated by the difference
between total and reversible uptake.

4. Stream Reach-Scale: Analyses and Results

Following each tracer injection into Pinal Creek, the bro-
mide concentration rose rapidly after the first arrival of the
tracer-labeled water at sampling sites; the rapid initial rise was
followed by a period of slower rise in concentration toward a
steady plateau concentration. The time needed to reach pla-
teau concentrations depended on the distance from the injec-
tion; however, plateau concentrations were always achieved in
4 hours or less following the start of an injection. Tracer data
for each experimental injection were analyzed using the fol-
lowing model equations:

9C__QaC 13 € %@ e _c c
- Adox TAax\AP5x) T q (CmOFeGmO)
(1)
aC, A
i =g (C-C) )

where C, C,, and C, are bromide concentrations in the
stream, storage zones, and groundwater respectively [M L™3);
t and x are time and direction along the stream, respectively; QO
is the in-stream volumetric flow rate [L* T~!]; ¢, is ground-
water inflow [L* L™ T™!]; D is the longitudinal dispersion
coefficient in the stream [L?> T~!]; 4 and A4, are the stream and
storage-zone cross-sectional areas, respectively [L?]; and « is
the storage-zone exchange coefficient [T™']. Q and g, were
determined by the dilution gauging method as part of the
bromide tracer injection [Kilpatrick and Cobb, 1985]. The re-
maining parameters were determined by modeling using one-
dimensional transport with inflow and storage (OTIS-P), an
extended version of the U.S. Geological Survey (USGS) nu-
merical code by Runkel and Broshears [1991] that solves (1)
and (2). Following the work of Wagner and Gorelick [1986],
OTIS-P uses a nonlinear least squares regression package to
objectively select a set of parameters (A, D, a, and A4,) for each
experimental subreach that closely matched tracer concentrations
in the stream measured at the sites shown in Figure 2a. Trans-
port parameters for each subreach are reported in Table 1.

4.1. Using the Reach-Scale Model to Identify Storage Zone
Dimensions and Exchange Timescale

To determine whether modeling of storage zones character-
izes subsurface hyporheic zones, the storage zone parameters
determined above would eventually need to be compared with
direct observations of stream water tracer penetration in the
hyporheic zone. To facilitate comparisons, we computed the
depth of the storage zone from modeling results by assuming
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Table 1. Reach-Scale Transport Parameters for Pinal Creek, Arizona, Determined by
Modeling Injections of a Bromide Tracer During June 1994 and June 1995

Reach

Year and Reach Length, Q,* q g"“, Lo At D, A, a,t

Injection Endpoints m m*s™? X107 m?s™! X107 m?s™! m®> m?’s™! m? X107*s”!
1994a 1-2 303 0.13 3.7 2.2 040 07 013 17
1994a 24 588 0.13 7.7 0.0 048 05 0.10 1.6
1994a 45 572 0.18 5.4 0.0 038 22 0.02 1.6
1994a 5-8 1140 021 12 3.0 035 06 004 43
1995a 1-2 352 0.12 5.1 24 013 83 0.05 3.8
1995b 2-3 271 0.15 18 4.0 026 1 0.03 43
1995b 34 411 0.18 5.1 4.0 034 1 0.01 59
1995b 4-5 596 0.21 39 0.4 033 1 0.03 5.1
1995¢ 6-7 234 0.21 7.7 3.0 027 05 0.05 17
1995¢ 7-8 678 0.23 0.0 3.0 037 15 0.02 42

*() reported is the streamflow discharge at the upstream end of the reach.

tFor parameters estimated by the nonlinear least squares optimization approach in Otis-P an estimate
of the uncertainty in the parameter estimate is provided. Here we report the uncertainty as a percentage
of the best fit parameter estimate based on calculation of the coefficient of variation of the parameter
estimate (standard deviation of estimate divided by best fit estimate). The average uncertainty was 1.4%

for 4, 30% for D, 40% for o, and 18% for A,.

that solute storage in the subsurface occurred vertically be-
neath the channel in streambed sediments. We consider this to
be a good assumption in streams like Pinal Creek that are
much wider than they are deep and where stream cross-
sectional area A is much greater than storage zone cross-
sectional area 4,. The estimated reach-averaged depth of the
storage zone in sediment is estimated from modeling param-
eters as
A,

dx - W (3)
where A is the model cross-sectional area of the storage zone
in a subreach, w is the average stream width measured in that
subreach, and » is the average porosity of the streambed sed-
iment at Pinal Creek (0.3). Using all of the modeling results
from 1994 and 1995 (Table 1), the subsurface storage-zone
depth averaged 8 cm and ranged between 4 and 17 cm.

The average hydrologic residence time in the storage zone is
estimated from modeling parameters as

L= *)

where a is the model storage-zone exchange coefficient and 4,
and A are the model cross-sectional area of the storage zone
and the stream, respectively. Storage-zone residence times
ranged from 3 to 12 min and averaged 8 min for all experi-
mental reaches modeled in 1994 and 1995 (Table 1).

4.2. Reach-Scale Modeling of the Net Manganese Uptake
Rate in the Storage Zone

Measurements of manganese concentrations at surface wa-
ter sampling points and in shallow groundwater were com-
bined with physical transport data to determine a rate constant
describing the net uptake rate of dissolved manganese in the
storage zones. The following steady state form of the analysis
equations was used:

QaC 19 aC qL
—XH ZE(AD—)'Fz(CL—C)'Fa(CX—C)

0= ax
(%)

A
0=a T (C-C) - AC, (6)

where C, C,, and C, represent measured concentrations of
manganese or any other solute in the stream, storage zone, and
groundwater, respectively; A, is a first-order reaction rate con-
stant describing the uptake of that solute in the storage zone;
all other parameters are defined as in (1) and (2). Since 4, D,
a, and 4, were all previously estimated from modeling bro-
mide transport, only A, remained to be determined. In each
reach, A, the rate constant for manganese oxidation in the
storage zone, was adjusted so that the reach-scale simulations
would closely match the measured concentrations of dissolved
manganese in the stream (Figure 4). The resulting calibrated
values of A, ranged between 9.5 X 107° and 4.0 X 107*s7%,

5. Hyporheic-Flow-Path Scale: Analyses
and Results

In 1995 we surveyed the depth of tracer movement into the
streambed at 13 locations in the 2.6 km experimental reach
(Figure 2a) for the purpose of comparison with modeled sub-
surface storage-zone depths (equation (3)). At each site, bro-
mide concentrations were measured at 2.5, 5.0, and 10 cm
below the sediment surface; measurements were made after
tracer concentrations plateaued following the start of an injec-
tion. The observed depth of the hyporheic zone was estimated
by the deepest sampling point where the tracer concentration
indicated an input of stream water of 10% or more (compared
to groundwater) [Triska et al., 1993]. Results indicated that the
bromide tracer moved from depths in the streambed =2.5 cm
at most sites (11 of 13 sites, 85%) to depths =5 cm at 5 of 13
sites (38%) and to depths equal to or greater than 10 cm at 4
of 13 sites (31%).

The comparison of observed tracer movement into the hy-
porheic zone with reach-averaged depths determined by mod-
eling showed relatively good correspondence between esti-
mates (Figure 5). As might be expected, observed depths of
penetration were more variable than reach-scale modeling re-
sults. However, in general, reach-scale modeling estimated a
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hyporheic-zone depth that followed measured trends of in-
creasing and decreasing hyporheic-zone depths (Figure 5).
Subsurface transport in the hyporheic zone was determined
at four sites (two sites in 1994 and two in 1995; the locations of
which are shown by solid circles in Figure 2a) that were located
relatively close to points of stream injections. Proximity of
hyporheic sampling sites to the location of stream injections
ensured that tracer arrival at the sampling site would be as
rapid as possible, with only a slight (measurable) delay follow-
ing the start of a stream injection. We followed a relatively
straightforward and commonly used approach to estimate hy-
drologic residence times in hyporheic flow paths [Triska et al.,
1993; Harvey et al., 1996]. The increase in tracer concentration
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Figure 4. Reach-scale transport simulations for dissolved
manganese: (a) June 1994 and (b) June 1995. Alternative sim-
ulations indicate the improvement with modeled uptake of
dissolved manganese in the hyporheic zone.
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Figure 5. Depth of hyporheic zone determined by modeling
stream tracer injections at reach scale compared with direct
observations of bromide tracer movement into hyporheic flow
paths in the streambed.

was measured as a function of time in surface water and at six
depths (2.5, 5.0, 7.5, 10.0, 12.5, and 15 cm) beneath the stre-
ambed until plateau concentrations were reached. For each
depth that was reached by the bromide tracer the residence
time of hyporheic porewater was computed as the elapsed time
(since tracer arrival in surface water) for the tracer concentra-
tion to reach 1/2 of the eventual plateau concentration. In
order to compute an average residence time for all hyporheic
flow paths the residence times for each depth at all four sites
were averaged.

Subsurface tracer data from two representative sites is
shown in Figure 6. The depth of the hyporheic zone at a
particular site was indicated by the depth of penetration of the
tracer. In our examples shown in Figure 6 the hyporheic zone
was ~10 cm deep at one of the sites (Figure 6a) and 3 cm deep
at the other site (Figure 6b). At both sites the stream tracer
was detected at the shallowest sampling depth (2.5 cm) just a
few minutes following the start of the injection in the stream
(Figure 6a and 6b). In contrast, tens of minutes were required
for the tracer to reach depths >7 cm at the site with a deeper
hyporheic zone. The average hyporheic porewater residence
time at all depths at four sites was 17 min, and the range was
from 1 to 25 min.

5.1. Flow-Path Scale Determination of the Net Uptake
of Manganese in the Hyporheic Zone

After tracer concentrations plateaued in the hyporheic zone
and ceased to change with time, porewater samples were re-
moved from each of the six depths (2.5-15 cm) at four sites for
complete chemical analysis. In order to determine the rate
constant for net chemical uptake of manganese in the hypo-
rheic zone and the percent of removal of manganese by chem-
ical reaction a calculation was needed that accounted for a
degree of mixing of surface water and groundwater in the
hyporheic zone, the timescale of that mixing, and the net re-
moval of solute by reactive uptake. The following steady state
transport equation was used:

aC
0= 2%, 1, —cy-ne,

A 0z ™
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where C,, is the concentration of a potentially reactive solute in
the hyporheic zone, C, is the concentration of that solute in
groundwater, z is the vertical distance coordinate measured
downward from the sediment surface where z = 0, g, is the
input of groundwater to the hyporheic zone (L> L™* T™?), and
A, is a first-order rate constant describing the net uptake of the
solute by chemical reaction in the hyporheic zone (T™1). In
order to use (7) to predict solute concentrations at progres-
sively deeper depths in the hyporheic zone we rewrote the
equation in finite difference form and rearranged it:

é;‘+1 = C;l + Bt+1/2(CL _ C;x) _ A;,+1/21'2+1/2(C;, + C;,+1)/2 (8)

The circumflex indicates the target concentration to be calcu-
lated; the superscript i refers a particular sample depth; the
superscript i + 1 refers to the next deepest sampling depth,
and the superscript i + 1/2 refers to an average value for the
interval between sampling depths; 74+ '/ is the travel time of
tracer-labeled stream water in a depth increment (calculated as
the difference between measured arrival times of stream water
tracer depths i and i + 1); and B°* /2 is the fraction of water
contributed from groundwater in a depth increment. The mix-
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ing fraction of groundwater, 8'* /2, was determined from

measurements of bromide at each depth after concentrations
had plateauved:

Brit! — Br,

+1/2 —
B Br; — Br}, ®

We used (8) to model nonreactive transport of manganese
and silica (by setting A, equal to zero) at each depth in the
hyporheic zone. Figure 7 shows results of modeling nonreac-
tive transport of manganese and silica and compares modeled
with measured concentrations. At most depths in the hypo-
rheic zone (indicated by the penetration of bromide) the mod-
eled concentrations for nonreactive transport for manganese
were higher (by as much as 20%) compared to measured con-
centrations. For silica (which we assume was transported with-
out reacting) the model concentrations for nonreactive trans-
port in the hyporheic zone generally matched observations
more closely compared to manganese. In groundwater below
the hyporheic zone there was little difference between mod-
cled and measured concentrations fof either constituent. Our
interpretation was that the difference between modeled non-
reactive transport and observations estimates the net uptake of
dissolved manganese in the hyporheic zone (Figure 7).

We quantified the percent uptake of manganese in the hy-
porheic zone at each depth interval on the basis of the differ-
ence between observed concentrations and modeled concen-
trations assuming no reaction:

C;,+1 _ Cth+1

g 100

f;;+ 12 _ (10)
Percent uptake of manganese, f;,, was computed for all depths
in the sediment reached by the bromide tracer (at the same
four sites where porewater residence times were determined;
locations are shown by solid circles in Figure 2a). Values of f,,
for manganese ranged between 2% and 22% and averaged 9%.
Therefore ~9% of the dissolved manganese was removed from
stream water and groundwater within a typical depth interval
in the hyporheic zone.

How confident are we of the result indicating 9% uptake of
dissolved manganese in the hyporheic zone, given that mass
balance errors must to some extent affect our calculations?
There are two straightforward ways to assess the influence of
mass balance errors on our result: (1) first-order uncertainty
analysis where analytical uncertainties were propagated in our
calculations using standard rules of first-order uncertainty
analysis and 2) modeling transport of an additional solute
constituent that can be assumed to be nonreactive. For method
1 we used the analytical uncertainties reported in section 3.1 to
derive an uncertainty in the percent uptake. For method 2 we
assumed the average percent uncertainty for the percent up-
take of manganese was estimated by percent uptake that was
computed for a conservative constituent, silica. Both methods
indicated an average expected mass balance error in f, of
~*3%. Since the expected uncertainty in f,, is a factor of 3 less
than the average value of f, (9%) computed in this study, we
gained confidence that our methods were sensitive enough to
reliably estimate the percent uptake of manganese in the hy-
porheic zone in Pinal Creek basin.

The remaining step in our analysis at the hyporheic-flow-
path scale was to compute a net rate of manganese removal in
the hyporheic zone, A, by rearranging (8):
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Rate constants for manganese uptake were computed for all
depths reached by the bromide tracer at the same four sites
where the percent uptake of manganese, f,, was determined.
The inverse of the rate constant is a time constant for the
reaction. Time constants for net manganese uptake ranged
from 1 to 12 hours and averaged 2.6 hours.

5.2. Do Sediments Show the Accumulation of Oxidized
Manganese Coatings in the Hyporheic Zone?

The concentration of manganese solid phases was greatest
near the sediment surface and declined with depth in the
hyporheic zone. For example, Figure 8 shows that at a location
where the hyporheic zone was thin (~3 c¢m in depth, as shown
in Figures 6b and 7b) the concentration of manganese solid
phases in the first depth increment (0-4 cm) was a factor of 4
greater compared to the second increment (4—6 cm) and an
order of magnitude greater than the fifth depth increment
(16-21 cm). These data support an interpretation that manga-
nese was removed in the hyporheic zone by oxidation and
formation of manganese oxyhydroxide phases.
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Figure 9. Dissolved manganese uptake in laboratory batch
experiments with sediment comparing poisoned and unpoi-
soned treatments. Dissolved manganese concentrations plot-
ted on y axis were corrected by subtracting the reversible com-
ponent of uptake.

6. Laboratory Scale: Analyses and Results

Dissolved manganese uptake by streambed sediments in-
cluded an initial rapid component in the first 10 hours followed
by a continued uptake at a decreasing rate through 96 hours.
Figure 9 shows a typical experimental result; results were only
plotted up to 24 hours in order to emphasize the contrast in
uptake rates before and after 10 hours. Significantly less up-
take in the first 10 hours was observed for poisoned sediments
compared to unpoisoned sediments, indicating a large compo-
nent of microbially enhanced uptake. In contrast, there was
little difference in the rate of uptake from 10 to 24 hours in the
poisoned and unpoisoned systems (Figure 9). Although the
pattern of all results were, in general, similar to Figure 9, the
actual amount of uptake appeared to be affected by the
amount of preexisting manganese oxide. For example, for a
sediment that had a 5 times higher preexisting manganese
oxide concentration than the one used in Figure 9, there was
both a more rapid initial uptake and a more rapid longer-term
uptake for unpoisoned sediments.

The reversible component of manganese uptake determined
by isotopic exchange accounted for nearly all the uptake in the
initial 0.5 hours. After that, reversible uptake accounted for
much less uptake and did not vary significantly for the period
between 0.5 and 24 hours. The difference between total uptake
and average reversible component measured during the first 24
hours of uptake was therefore used to compute the irreversible
component of uptake. The irreversible component of manga-
nese uptake was assumed to characterize oxidation because
Mn +3 and +4 oxides are highly insoluble at the pH and
dissolved oxygen concentration present in the hyporheic zone,
which therefore favors oxidation rather than reductive disso-
lution.

Two distinct linear regions were apparent on semilog plots
of manganese concentration (corrected for reversible uptake)
versus time, which are treated as two components of irrevers-
ible uptake by linearizing separately [Jannasch et al., 1988].
Regressions of the natural log of dissolved manganese versus
time from 0—6 hours yielded good fits (+> > 0.9) (Figure 9).
Good fits (r* > 0.9) also were also obtained for the long-term
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uptake (10-96 hours). Poorer fits were obtained if the compo-
nent of reversible uptake was not corrected for.

Apparent rate constants for manganese oxidation were de-
termined by assuming that the irreversible manganese uptake
had a first-order dependence on dissolved manganese,

d([Mn] — [Mn,])

S = M(Mn] - [Mn,)

(12)

In ([Mn] - [Mn,]), = In ([Mn] — [Mn,]), — A (13)
where [Mn] is the concentration of manganese in solution at
time ¢ (in moles L™ '), [Mn,] is the reversible component of
Mn?* uptake expressed as an aqueous concentration (in moles
L™1), and A is the first-order rate constant for manganese
oxidation (in time~"). Only short-term uptake data were used
to determine rate constants., We recognize that a log-linear
approximation of the oxidation rate assuming a first-order de-
pendence is not appropriate for all situations. For long time
periods the rate of manganese oxidation over the enfire uptake
period is likely better described by a kinetic model that in-
cludes additional factors such as the active microbial popula-
tion, limiting nutrient availability, and availability of reactive
sites. However, to obtain laboratory reaction rates to compare
with field-derived estimates (for a system with a timescale of
stream water transport in Pinal Creek basin of hours and a
timescale of hydrologic exchange between surface water and
the hyporheic zone of minutes), we felt that the use of a
first-order time constant for laboratory Mn uptake fitted to the
short-term uptake data (<6 hours) was well justified.

Fitting the short-term uptake data to (13) yielded values of
A of 0.005-0.04 h~'. The apparent first-order rate constants
determined in unpoisoned sediments were 2-5 times greater
than rate constants determined in poisoned sediments. The
lower Mn oxidation rate for poisoned sediments (Figure 9) is
consistent with enhancement of Mn oxidation by microbial
processes. The linearity of the initial uptake period (<6 hours)
suggests that the irreversible uptake (oxidation) on this time-
scale is well described by a pseudo first-order rate, as has been
found in other systems [Moffett and Ho, 1996; Hem, 1981,
Davies and Morgan, 1989].

Before comparing laboratory-derived rate constants to field
estimates the laboratory rate had to be scaled to actual sedi-
ment to water ratios in the hyporheic zone. It was assumed that
the rate constant A is proportional to streambed sediment
concentration (grams of dry sediment per liter of stream wa-
ter), and the reactive sediment fraction (weight fraction of
streambed sediment particles <1 mm in diameter). To rescale
the rate constant, it was multiplied by the streambed reactive
sediment concentration (i.e., the streambed sediment concen-
tration times the reactive sediment fraction) and then divided
by the sediment concentration used in laboratory experiments.

A reactive sediment concentration in the streambed of
2520 g L™ ! was determined from an average streambed poros-
ity of 0.3 and sediment density of 2.7 g cm™? and a reactive
sediment fraction of 40%. Our calculation assumed that the
reactive sediment fraction (<1 mm diameter) contributes most
of the surface area available for manganese oxidation. Consid-
ering the fast timescale of laboratory uptake (<6 hours) for all
experiments, the range in rescaled rate constants for unpoi-
soned sediments from Pinal Creek was 0.28—0.69 h™'. The
resulting time constants (inverse of rate constants) ranged
from 1.5 to 3.6 hours and averaged 2.7 hours.
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7. Discussion: Comparisons of Parameters
Across Scales—Stream Reach, Hyporheic
Flow Path, and Laboratory

7.1. Did the Modeling of Stream-Tracer Injections
Characterize Hyporheic Exchange?

Addressing this question was important because of recent
work that suggested caution when attempting to characterize
the hyporheic zone by modeling stream-tracer experiments
[Harvey et al., 1996]. At Pinal Creek the agreement between
storage-zone dimensions and exchange timescales with direct
measurements in the hyporheic zone suggested that the
stream-tracer approach did adequately characterize the hypo-
rheic zone (Table 2). The average depth of the storage zone
determined by reach-scale modeling (8 cm) agreed relatively
well with direct measurements in the hyporheic zone (5 cm).
The timescale of hyporheic exchange determined by reach-
scale modeling (8 min) was somewhat shorter than estimates
derived from subsurface measurements (17 min).

Pinal Creek (with a 1% slope) has a hyporheic zone that is
relatively small when compared with steep (5%—10% slope)
pool and riffle mountain streams [Bencala et al., 1984; Valett et
al., 1996; Harvey et al., 1996]. The ratio of storage to stream
cross-sectional areas (A,/4) at Pinal Creek ranged from 0.03
to 0.38 and averaged 0.16, in comparison with values from
mountain streams that often exceed 1. The small extent of the
hyporheic zone at Pinal Creek appears to be representative of
intermediate gradient streams in the United States that have
the coarse sediment needed to conduct subsurface flow (sand,
gravel, pebbles, and cobble) but also have a low slope and
relatively small roughness features (sand waves, cobbles, and
channel bars) which create pressure distributions that can only
drive flow through relatively short hyporheic flow paths.

7.2. Comparison of Time Constants for Manganese Uptake
Across Scales Using Independent Methods: Stream Reach,
Hyporheic Zone, and Laboratory

The next step was to critically evaluate our reach-scale mod-
eling estimates of manganese uptake in hyporheic zones by
comparing them with independent estimates made at smaller
scales. The time constants were similar for reach-scale model-
ing, direct measurement in hyporheic flow paths, and labora-

Table 2. Comparison Across Scales of Independent
Estimates of Hyporheic-Zone Depth d,, and Hyporheic-
Zone Porewater Residence Time ¢,

Scale d,, cm t,, min
Basin 8* (4-17) 8t (3-12)
Hyporheic flow path 5§ (0-15) 17§ (1-25)

Basin-scale values are the averages of reach-scale estimates deter-
mined by stream-tracer modeling. Hyporheic-zone values are the av-
erages of estimates determined by subsurface sampling. Ranges in
values are given in parentheses.

*The d,, are estimated at the basin scale as the depth of the storage
zone in sediments: d, = A,/(wn), where A, is the storage zone cross-
sectional area, w is the stream width, and » in sediment porosity.

1The ¢, are estimated at the basin scale as the water residence time
in the storage zone: ¢, = A,/(aA), where « is the exchange coefficient
and A is the stream cross-sectional area.

{The d, are estimated at a particular location by observing the
depth of penetration of a stream water tracer into the bed.

§The ¢, are estimated at a particular location by averaging the travel
times for stream water tracer to reach each subsurface sampling point.
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Table 3. Comparison Across Scales of Independent
Estimates of Dissolved Manganese Uptake
Scale 1/A,,, hours fun, %
Basin 1.3 (1-3) 8.9 (1-13)
Hyporheic flow path 2.6 (1-12) 9.3 (3-23)
Laboratory 2.7(24) not applicable

The 1/A, are the time constant for reactive uptake for dissolved
manganese in the hyporheic zone, and f,, is the proportion of dissolved
manganese taken up by reaction in the hyporheic zone. Sources of data
are the same as Table 2, except for laboratory-scale data which came
from batch experiments using Pinal Creek sediment. Ranges in values
are given in parentheses.

tory work, averaging 1.3, 2.6, and 2.7 hours, respectively (Table
3). There was extensive overlap in the ranges of time constants
determined by reach-scale modeling and laboratory measure-
ments, 1-3 hours and 1-4 hours, respectively, whereas the
direct measurements of reaction rates in the hyporheic zone
were more variable (1-12 hours). Also, there was a very close
agreement between hyporheic-zone field measurements and
reach-scale modeling with regard to the fraction of manganese
removed from water the hyporheic zone; both estimates were
~9% (Table 3).

Greater variability in reaction timescales at the hyporheic-
flow-path scale (Table 3) probably reflects site to site differ-
ences in physical, chemical, and microbiological factors in the
hyporheic zone that enhance manganese oxidation. Those fac-
tors include physical driving forces for stream water exchange
created by roughness features in the stream, the velocity of
groundwater inflow which opposes stream water movement
into the bed, factors that affect activity levels of Mn-oxidizing
bacteria such as pH and oxygen, and the type of surface coating
on the sediment and the reactive site density for oxidation of
manganese. Determining which factor or combination of fac-
tors is the most important in limiting the reaction rate is the
subject of ongoing work.

7.3. Basin-Scale Significance of Enhanced Reactions
in the Hyporheic Zone

Almost all of the dissolved manganese in Pinal Creek basin
is present in a contaminated plume of groundwater that dis-
charges to the perennial stream in its first 2 km. During the
initial passage of groundwater discharge through the hyporheic
zone and during subsequent exchanges between stream and
hyporheic zone a significant proportion of the dissolved man-
ganese is removed by oxidation. Our reach-scale modeling
indicated that during the time period of the study (June 1994
and June 1995), ~20% of the dissolved manganese was re-
moved from drainage outflow from Pinal Creek basin by up-
take of dissolved manganese in the hyporheic zone.

The significance of this removal can be visualized over the
longer term (i.e., the 15 year time period since manganese
contamination in groundwater reached Pinal Creek) by mod-
eling long-term transport and comparing results with long-
term measurements of streamflow and manganese concentra-
tions that are available from the Pinal Creek Basin Toxic
Substances Hydrology Project at USGS in Tucson, Arizona
[Brown et al., 1997]. In Figure 10 we show the results of ex-
trapolating our modeling information backward in time and
comparing modeling results with historic data to show the
probable role of the hyporheic zone in removing manganese in
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Figure 10. Fifteen year simulation of dissolved manganese
transport at Pinal Creek indicating the significance of the hy-
porheic zone to manganese mass balance at the scale of the
drainage basin.

Pinal Creek drainage basin during the 15 years since manga-
nese concentrations began to increase.

The simulation of manganese transport shown in Figure 10
was modeled using the OTIS code [Runkel and Broshears,
1991]. Two model reaches were required: one to match the
observed concentration history at Setka Ranch and one to
simulate transport between Setka Ranch and Inspiration Dam.
In reach 1, streamflow, manganese concentration, stream
cross-sectional area, and the longitudinal dispersion coefficient
were adjusted to approximately match the observed concen-
tration history at Setka Ranch. Parameters in the second reach
were set to match the observed streamflow at Inspiration Dam
and the resulting groundwater inflow between Setka Ranch
and Inspiration Dam. The average concentration of manga-
nese in groundwater inflow in reach 2 was determined from
chemistry records available from the USGS [Brown et al.,
1997]. The remaining parameters in the reach were set equal to
average values from our best fit simulations in 1994 and 1995,
including the hyporheic-zone cross-sectional area A4,, the
stream-hyporheic zone exchange coefficient «, and the man-
ganese reaction rate constant in the hyporheic zone A,.

Over the 15 year period of the simulation, there was a
relatively good overall match between the long-term trend in
simulated and measured manganese concentrations at Inspi-
ration Dam (Figure 10). Observed manganese concentrations
at Inspiration Dam were generally more variable than the
simulations; this was due in part to episodic storms that cause
input from ephemeral tributaries into Pinal Creek that are not
represented in our model. The most obvious pattern in both
observed and simulated manganese concentrations was that
manganese concentrations at Inspiration Dam were consider-
ably lower than at Setka Ranch. That difference reflects two
processes: (1) the effect of dilution (apparent as the difference
between upstream simulation and downstream simulation
without reaction) and (2) the effect of chemical reaction in the
hyporheic zone (apparent as the difference between down-
stream simulations with and without reactive uptake of man-
ganese). Dilution was caused by inflow of groundwater down-
stream of the point of peak contamination in groundwater (in
the vicinity of sampling sites 1 and 2). Dilution decreased (by
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~40%) the concentration of dissolved manganese at Inspira-
tion Dam. However, dilution could not decrease the mass flux
(or load) of manganese flowing out of the drainage basin.
Reactive uptake of manganese in the hyporheic zone, on the
other hand, did decrease the load of dissolved manganese
flowing out of the drainage basin by ~20%. Overall, the 15
year simulation of manganese transport provided confidence in
our conclusion that the hyporheic zone removed a significant
proportion of the dissolved manganese that was flowing out of
this drainage basin.

7.4. What Are the Limitations of Hyporheic Reactions
in Affecting Solute Mass Balances in Drainage Basins?

Our results indicated that 20% of the dissolved manganese
that was being transported through Pinal Creek basin was
removed by uptake in the hyporheic zone. Our preliminary
laboratory uptake experiments suggested that more than half
of the removal probably resulted from the enhanced activity of
manganese-oxidizing bacteria in the hyporheic zone. The ques-
tion remains, why was not more manganese removed by uptake
in the hyporheic zone at Pinal Creek basin? Is the limitation on
removal of manganese more a matter of chemical conditions in
the hyporheic zone or physical transport in the stream and
hyporheic zone? When evaluated at the largest possible scale,
the drainage-basin scale, the significance of hyporheic reac-
tions depends both on the fundamental chemical reactions and
on the efficiency of the processing of stream and groundwater
flow through hyporheic flow paths. For example, once ground-
water has entered the stream, it might be exchanged with the
hyporheic zone many times before leaving the drainage basin,
each time increasing the opportunity for solute removal by
chemical reaction. The amount of turnover of streamflow
through the hyporheic zone depends on the velocity in the
channel (%) and on the stream-storage-zone exchange coeffi-
cient a. Following Newbold et al. [1983], we calculated a chan-
nel water turnover length L, for Pinal Creek by dividing the
stream velocity u by the stream-storage exchange coefficient a.
L, is the average length in the stream traveled by a solute
molecule before it is exchanged with the storage zone; there-
fore several of these characteristic channel water turnover
lengths would be required to divert most or all of the channel
water through hyporheic flow paths. L, was ~1.3 km in Pinal
Creek basin. Therefore streamflow would be expected to be
entirely exchanged with hyporheic-zone porewater ~2.3 times
in the 6 km between Setka Ranch and Inspiration Dam. The
hyporheic reaction timescale (~1.3 hours) was somewhat
longer than the stream-hyporheic exchange timescale (~10
min), but that was still fast enough that a small but significant
proportion of the manganese (~9%) was removed by hypo-
rheic reactions each time stream water passed through the
zone. The cumulative effect of exchanging parcels of water
several times between stream and hyporheic zone with reaction
in the hyporheic zone was to remove ~20% of the load of
dissolved manganese before streamflow flowed past Inspira-
tion Dam and out of the drainage basin.

7.5. Cumulative Significance Index for Hyporheic Reactions

Our findings at Pinal Creek can be generalized for other
drainage basins and other chemical reactions. We conclude
that two conditions are generally going to be needed for hy-
porheic reactions to be significant at the drainage basin scale.
First, timescales of the chemical reaction in the hyporheic zone
and turnover of porewater in the hyporheic zone must be
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similar (i.e., 1/A, =~ t,), and second, all streamflow must be
exchanged with hyporheic porewater once or more within the
drainage basin (i.e., L, << the stream length in a drainage
basin). Under those conditions, hyporheic reactions are much
more likely to affect significantly reactive solute transport and
mass balance at the scale of the drainage basin. We suggest a
dimensionless significance index for the cumulative effect of
hyporheic reactions:

AL
s T Ls

(14)

Values of the index and the significance of hyporheic reactions
increase either by increasing the time available for reactions
(relative to the characteristic reaction time) or by increasing
the length of stream available for reactions (relative to the
characteristic channel water turnover length). We estimate
that ~50% of the reactive constituent is removed at a value of
the index of ~2. At Pinal Creek, enhanced manganese oxida-
tion in the hyporheic zone had a significance index of ~0.6.
The lower limit of importance will depend on the particular
research problem and study site; however, judging from mea-
surement uncertainties at Pinal Creek, we suggest that hypo-
rheic reactions are unlikely to be significant to mass balance in
drainage basins where values of R, are below 0.2.

8. Summary

The results of our study support a conclusion that (1) the
rate of manganese oxidation in the hyporheic zone at Pinal
Creek basin was significantly enhanced above that in ground-
water and in surface water because of the stimulation of mi-
crobial activity in the hyporheic zone, (2) the stream-tracer
approach was able to accurately quantify the cumulative effect
of hyporheic reactions at the scale of an entire drainage basin
(verified through comparison of independent estimates of re-
active uptake of manganese in the hyporheic zone across four
orders of magnitude in spatial scale from centimeters to hun-
dreds of meters), and (3) the cumulative effect of the hypo-
rheic reactions was significant to solute transport and mass
balance at the scale of the entire drainage basin because of the
similarity of several fundamental timescales and length scales
(similarity between hyporheic reaction timescale and hypo-
rheic porewater residence timescale and similarity between the
length of stream water turnover through hyporheic flow paths
and the stream channel length). When those factors are in
balance (the value of the cumulative significance index >0.2),
there is likely to be repeated interchange of stream water and
subsurface water with ample opportunity for significant reac-
tive uptake before stream water exits a drainage basin. At Pinal
Creek, where the cumulative significance index was 0.6, hypo-
rheic reactions removed 20% of the dissolved manganese load
exiting the drainage basin.

The agreement between hyporheic transport and reaction
parameters obtained by independent approaches at vastly dif-
ferent scales supports our interpretation that enhanced chem-
ical reactions in a small ribbon of sediment surrounding pe-
rennial streams can affect solute mass balance at the drainage
basin scale. There is much that remains to be determined
about the detailed interactions between physical and chemical
processes in hyporheic zones. Our preliminary observations
suggest that the increase in pH and dissolved oxygen in the
hyporheic zone due to stream water input are key controls on
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stimulating microbial enhancement of manganese oxidation,
yet much more work is needed. In addition, other work indi-
cates that the fate of trace metal contaminants at Pinal Creek,
such as cobalt and nickel, are coupled with the fate of manga-
nese through sorption on manganese oxide coatings that are
formed on sediment surfaces in the hyporheic zone. Ongoing
work is exploring the greater connection between the fate of
manganese and suites of trace metals through interaction in
the hyporheic zone.
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