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ABSTRACT

Stakeholders, including land-management agencies, often are faced with choosing
cost-effective remediation of abandoned and inactive mines located in environmentally
sensitive mountain watersheds. Remediation decisions require knowledge of the most
significant sources of metals to streams and important instream processes that affect
instream metal concentrations. The significance of a given source not only depends upon
the concentrations of a toxic metal, but aso on the total mass, or load of metal added to
the stream. To determine loads, a tracer-injection to measure discharge is combined with
adetailed spatial sampling of the stream and inflows to produce a mass-loading profile. A
mass-loading profile meets many of the information requirements for making decisions.
It allows comparison of sources, indicates where ground-water sources occur, and
indicates the extent of instream physical and chemical processes. This approach is
illustrated with an analysis of zinc and aluminum loading in Mineral Creek, Colorado.
Along the 15-kilometer study reach, 93 kilograms per day of zinc were added to Mineral
Creek. Less than half of thisload came from well-defined areas that included both mined
and non-mined parts of the watershed. More than haf of the load came from many
dispersed, subsurface inflows, which contribute a substantial load that could limit the
effectiveness of remediation. The load profile of auminum indicated dynamic
transformations between dissolved and colloidal phases. Mass-loading analysis quantified
the extent of physical mixing and chemical reaction in two important mixing zones,
indicating which process was dominant under given conditions during transport. The
mass-loading approach provides a tool for detailed watershed evaluation of metal |oading
and instream processes to support remediation decisions.

INTRODUCTION

Mass-loading studies have been used to provide a watershed context for the
guantification of constituent loads in many hydrologic settings (Broshears and others,
1993; Cleasby and others, 2000; Kimball and others, 1994; Kimball and others, 1999a;
Kimball and others, 2001; Kimball and others, 2002). These studies also provide stream-
reach scale quantification of ground-water inflows and instream chemical processes
(Kimball and others, 2002). The purpose of this paper isto illustrate the utility of mass-
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Figure 1. Location of Mineral Creek, Colorado, indicating the upper, middle, and lower injection reaches




loading studies with selected examples from Mineral Creek, Colorado (fig. 1). A detailed
report of the study in Mineral Creek is in preparation, but some of the data have been
used for reactive solute-transport modeling of remediation aternatives (Runkel and
Kimball, 2002).

Mineral Creek originates near Red Mountain Pass in the San Juan Mountains of
southwest Colorado at an elevation of more than 10,000 feet above sea level. Minera
Creek discharges to the Animas River, near Silverton, Colorado. Over most of the
15,000-meter (m) study reach, Mineral Creek has a steep gradient with cobble and
boulder bed material. The area is within the collapsed Silverton caldera, and there are
several different alteration types that crop out in the watershed (Bove and others, 2000).
There is regiona propylitic alteration, but the types that are most prominent include a
quartz-sericite-pyrite (QSP) type, an acid sulfate (AS) type, and aweak sericitic type.

METHODS

Mass-loading studies have been applied to mine drainage research as part of the
U.S. Geological Survey Toxic Substances Hydrology Program to investigate loadings
(Kimball and others, 1994, 1999b, 2001, 2002; Kimball, 1997; Cleasby and others,
2000). The approach includes a tracer-injection to define stream discharge and other
hydrologic characteristics (Bencala and others, 1990), coupled with synoptic sampling to
provide a detailed chemical characterization of the stream and its inflows along the study
reach (Bencala and McKnight, 1987). The combination of detailed discharge and the
chemical data provides a profile of mass loading along the study reach, allowing a
comparison of loading among sources in the watershed. Because a conservative tracer is
diluted by any inflow to the stream between each pair of stream sites, this method also
addresses the quantification of both surface- and ground-water inflow to a stream.

Tracer Injections

The tracer-injection study began with a careful evaluation of all visible inflows to
the study reach, which was accomplished by walking the entire study reach from Red
Mountain Pass to the U.S. Geological Survey gaging station near the mouth (fig. 1).
Sampling sites for the synoptic study are referenced in the report by the measured
distance along the study reach and a few key locations are indicated by letters A through
D on figure 1. Because of the substantial length of the study reach, the stream was
divided into three separate injection reaches. The upper injection reach was 3,428 m long,
the middle reach was 6,994 m long, and the lower reach was 5,248 m long (fig. 1).
Precision metering pumps were used to inject the tracer to maintain a constant rate. No
adverse effects were observed from the injection of the tracer solution.

Lithium bromide was selected for the tracer injection solution. The combination
of lithium and bromide was considered a good tracer pair because of the variable pH of
the stream and the lack of geologic sources of lithium and bromide in the watershed.
Lithium is a conservative tracer at pH less than about 5 and bromide is conservative at pH
greater than about 5. Over most of the study reach the mole balance of lithium and
bromide was equal.



A continuously injected chemical tracer provides a way to measure discharge that
includes the hyporheic flow of the stream because the tracer follows the water as it moves
in and out of the streambed. During base-flow conditions, tracer dilution allows the
detection of increases in streamflow of only a few percent. Once the tracer reaches a
steady concentration at each point along the stream, called the plateau condition,
discharge can be calculated at any point. During the tracer plateau, numerous samples
along the stream provide a synoptic sampling. Each stream sample has a measured
discharge because of the tracer concentration in the synoptic sample. Stream samples
were collected by integrating methods (Ward and Harr, 1990).

Concentrations of bromide in stream environments are typicaly low, with
preinjection concentrations at or near the lower detection limits. Also, the spatial
variability in background concentrations is small, such that background concentrations
are nominally uniform. Given the assumption of uniform background concentrations,
stream discharge at any location downstream from the injection is given by:

Q= T ®
where Qp = stream discharge, in L/s,
Qv = theinjectionrate, in L/s,
Cny = the injectate concentration, in milligrams per liter (mg/L),
Co = the tracer concentration at plateau, in mg/L, and
Cs = the naturally occurring background concentration, in mg/L.

Tracer dilution accounts for visible inflows, such as tributaries and springs, as well as
dispersed, subsurface inflow. To divide the total inflow into surface- and ground-water
components would require a secondary measurement of the inflow.

Synoptic Sampling and Chemical Analysis

Synoptic sampling gives a spatially intensive "snapshot” of chemistry and
discharge to quantify instream loads. Reach-scale information is available for changes
that occur between each pair of stream sites, which we call a stream segment. Stream
segments capture both visible tributary inflow and dispersed, subsurface inflow to the
stream. Some stream segments have sampled inflows and others are without sampled
inflows, but both quantify the total change in load due to distinct or dispersed inflows.

Three operationally defined concentrations were obtained for each metal from the
synoptic stream samples. An unfiltered sample provides a measure of the tota-
recoverable metal concentration (dissolved + colloidal). Tangential-flow ultrafiltration,
using 10,000-Dalton molecular weight filters, provides a dissolved-metal concentration.
Tangential-flow filtration, using a 0.45-micrometer (um) filter, provides a comparison of
the ultrafiltration to aquatic standards that are written for 0.45-um filtration, and provides
the “dissolved” concentration for most inflow samples. Colloidal-metal concentrations
are defined as the difference between the total-recoverable and the ultrafiltrate metal
concentrations for stream samples (Kimball and others, 1995).
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All metal concentrations were determined by inductively coupled plasma-atomic
emission spectrometry. Anion concentrations were determined from 0.45-pum filtered
samples using ion chromatography (Kimball and others, 1999a). Total alkalinity was
determined by titration in the laboratory. Temperature, pH, and specific conductance
were determined in the field.

Determination of loads

The solute load at each stream site can be quantified by multiplying the discharge
and the solute concentration. When this calculation is made for each stream site, it
provides a longitudinal profile of the sampled instream load. A change in load for a
stream segment is determined by subtracting the upstream load from the downstream |oad
for apair of stream sites. A positive difference indicates a gain in solute load and implies
that there is a source of the solute between the two stream sites. A negative difference
indicates a net removal of the solute load from the stream. However, a net-negative value
does not eliminate the possibility that there could be a source within that particular stream
segment. Summing al the positive values of change along the study reach generates a
cumulative instream load. This is the best estimate of the total solute load added to the
stream along the study reach, even though it is a minimum estimate because it is based on
net loadings for its calculation.

Because tracer dilution accounts for the change in discharge between stream sites,
there is a second approach to calculating loads. The change in discharge between two
stream sites, multiplied by the total-recoverabl e solute concentration for a sampled inflow
gives an estimate of the total inflow load for a stream segment. A cumulative sum of
inflow load along the study reach indicates how well the sampled inflows account for the
load measured in the stream. If we could obtain a representative inflow concentration for
each segment, then the cumulative instream and cumulative inflow profiles would be
equal. Sampled inflows are chosen to be representative of al the inflows along the study
reach, but it is not possible to sample every surface inflow. Nor isit possible to sample al
the dispersed, subsurface inflow along the study reach.

RESULTS

Synoptic sampling for all three injection reaches consisted of 86 stream segments
and 65 inflow sites. This discussion will focus on the variation of the bromide tracer, pH,
aluminum, and zinc.

Discharge

The variation of bromide along the study reach for all three injections and the
calculated discharge are shown in figure 2. For each injection, the bromide tracer
provided a clear bromide signa that was elevated above background concentrations,
which were consistently were less than detection (fig. 2). With a uniform background
concentration, it was possible to use equation 1 to calculate discharge. The increase in
discharge along the study reach was 3,255 liters per second (L/s); of which 548 L/s
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Figure 2. Variation of injected bromide concentration and calculated discharge with distance,
Mineral Creek, Colorado, September 1999.

occurred in segments with no sampled inflows. This indicates that a minimum of 17
percent of the total increase in discharge that might be directly attributed to ground water.
The five largest inflows account for about 77 percent of the increase in flow: South Fork
(1,320 L/s), Middle Fork (512 L/s), the segment ending at 11,458 m that includes Zuni
Creek (294 L/s), Mill Creek (232 L/s), and the inflow near the end of the study reach at

13,103 m (136 L/s) that

includes Bear Creek.

DISCHARGE, IN LITERS PER SECOND



Characterization of synoptic chemistry

Synoptic sampling of inflows gives a context for understanding loadings and
instream chemical reactions. In a watershed affected by many natural processes and
anthropogenic activities, inflows can range from acidic to akaline and from dilute to
sdline. All the different types of inflows can affect stream chemistry. Variation of pH
along the Mineral Creek study reach reflects a great diversity among inflows (fig. 3).
Note the great number of samples collected for this synoptic study. Such detailed spatia
sampling allows for adequate characterization of possible sources and for understanding
the details of instream processes. Among inflow samples, the pH ranges from 2.43 to
7.70. Instream pH varies from 2.84 to 6.89 in response to the inflows. There are a few
abrupt changes in pH, where the pH crosses a value of 5.25. These changes occur (A)
downstream from the inflow of the Longfellow-Koehler discharge (226 m), (B)
downstream from Big Horn Gulch (2,396 m), (C) downstream from the Middle Fork
(6,981 m), and (D) downstream from South Fork (10,943 m).

Variation of aluminum concentration, both dissolved and colloidal, shows a
pattern similar to pH (fig. 4). The graph shows total-recoverable aluminum divided into
the amounts that were dissolved and colloidal. A great increase in dissolved-auminum
concentration occurs downstream from the Longfellow-Koehler drainage (A).
Downstream from Big Horn Gulch (B), the concentration is much lower, and most of the
aluminum is colloidal rather than dissolved. Downstream from the Middle Fork (C) both
dissolved and colloidal aluminum concentrations increase substantially and are almost
equal; dissolved-aluminum concentration is about 2 mg/L and colloidal concentration is
about 1.7 mg/L for atotal just under 4 mg/L. Finally, downstream from South Fork (D),
the aluminum concentrations are diluted and all the aluminum is essentially colloidal.

The transformations between dissolved and colloidal aluminum correspond to
changes in pH (fig. 5). At low pH, the colloidal aluminum fraction is smallest. Samples
downstream from the Longfellow-Koehler drainage (A) have a colloidal fraction ranging
from about 0 to 0.28. Samples downstream from the Middle Fork (C) to South Fork
(D)have a greater colloidal fraction, but the pH is generally higher. In fact, the pH isin
the range of transition between the two phases (Bigham and Nordstrom, 2000). Samples
with a higher pH downstream from Big Horn Gulch (B) and downstream from South
Fork (D), have a much greater colloidal fraction, ranging from about .76 to .99. All the
samples downstream from South Fork are mostly colloidal, with a fraction greater than
0.95.



T T I ML T T I M T T I T T T I T T T I T T T I T T I T T T I T T T I T
S o s e
: : : : @ Inflows
: L
L : N ’ 4
- : : . : ®
- * : : -
e ¢ L0 o000
L : : \ 4
3 oo 00
i" ® o :
z z z e
6 — : : I : —
i E 160 E : pH 5.25 break |
0 [ : d :
= L ] : : 4
g | : \
o O Lo ococcoonoothannnssnasa
g :
a°r . : -
zZ L Q :
R S '5 5 ]
n = 13 :
z - : 2 ; .
N ] = :
T - X EI L J —~ E e
a 2 =) O ® %
o ;| x L4 —~
4= 3 : ® 5 a: -
k) g w o ™
c o - S =
B S = Q .
a 2 ¢ ® L
s ® £ L4
L : 3 4
L J ]
L ® L 4 4
3 |- ¢ -
<
L o 4
$
2 1 1 l E 1 1 1 l El 1 1 l 1 1 1 l 1 :l 1 l 1 1 1 l 1 El 1 l 1 1 1 l 1 1 1 l 1
0 2,000 4,000 6,000 8,000 10,000 12,000 14,000 16,000

DISTANCE, IN METERS ALONG THE STUDY REACH

Figure 3. Variation of pH with distance, Mineral Creek, Colorado, September 1999.

The presence of colloids has important implications for understanding the
dissolved concentrations of metals. Ultrafiltration has been used to obtain more truly
dissolved concentrations (Kimball and others, 1992b). When colloidal solids, mostly
auminum and iron oxyhydroxides, form downstream from mine drainage, the initial
particles are very small, on the order of 1-nanometer spherules (Ranville and others,
1989; Grundl and Delwiche, 1993). These particles rapidly aggregate and form a
continuous range of particle aggregates, ranging in size from 1 nanometer to greater than
1 pm (Buffle and Leppard, 1995). Filtration through a 0.45-um filter will likely include
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some of this colloidal material. As 0.45-um filtered samples are acidified for
preservation, the fraction of colloidal aluminum (or iron) that has passed through the
filter dissolves and is measured as “dissolved” iron rather than as colloidal. This sampling
artifact can be much greater during runoff when particles are flushed into the stream
(Church and others, 1997). The operational artifact would result in reporting of higher
concentrations of dissolved aluminum, iron, and possibly other metals, and may result in
reported concentrations that exceed aquatic standards, but may actualy be below
standards. The artifact may also lead to erroneous thermodynamic calculations of mineral
saturation.

The pattern of zinc concentration differs substantially from that of aluminum.
Zinc concentrations consistently decrease downstream from Big Horn Gulch (B) and
there is a lack of colloidal zinc (fig. 6). The high zinc concentrations downstream from
the Longfellow-Koehler drainage (A), and other locations that are all upstream from Big
Horn Gulch (B), indicate that the principal sources of zinc are in that section of the study
reach. The lack of colloidal zinc relates to the distinct chemical behavior of zinc
compared to aluminum. Aluminum hydrolyzes at a much lower pH than zinc. Lindsay
(1979) provides a summary of hydrolysis constants for these and other metals. The first
hydrolysis constant for aluminum has a pK=of 5.02, while for zinc it is 7.69. Thus, the
transformation to colloidal aluminum begins at a pH near 5.02, but for zinc the
transformation would not begin until a pH near 7.7. The difference in chemical behavior,
however, is more complex than suggested by the pK values. Aluminum tends to form
polynuclear species at the lower pH, and these rapidly aggregate to colloidal particles
greater than 10,000 Datons (Da) (May, 1992; Kimball and others, 1992a). Zinc is less
likely to form polynuclear species (Baes and Mesmer, 1976). When colloidal zinc occurs,
itismore likely present as a sorbed species on iron colloidal material (Smith, 1999).

1 pK is mathematically analogous to pH; it is the negative logarithm of the dissociation constant.
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Figure 5. Variation of colloidal aluminum fraction with pH, Mineral Creek, Colorado, September 1999.

DETERMINING SOURCES: MASS-LOADING PROFILES

Changes in chemical composition of stream samples must be evaluated in the
context of solute loading to determine which inflows — sampled or unsampled — have the
greatest affect on the stream. The mass-loading profile of zinc provides an example of
how a mass-loading analysis helps to evaluate sources in a watershed (fig. 7). The first
noticeable distinction between zinc concentration and zinc load is the increase in load
downstream from Big Horn Gulch, in the area where concentration decreased (fig. 6).
This shows the importance of establishing the hydrologic context to evaluate metal loads
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because severa of the significant loads downstream from Big Horn Gulch could have
been missed in remediation planning if only concentrations were considered.
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Figure 6. Variation of total zinc concentration with distance,
Mineral Creek, Colorado, September 1999. Total zinc concentration is
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This method of illustrating loads distinguishes between sampled and unsampled
loads. This distinction also is important for remediation planning because it can indicate
the difficulty of identifying easily treatable sources. For example, the increase in load at
the Longfellow-Koehler drainage (A) is a sampled inflow. Given an adequate
remediation technology and funding, that source could be treated. However, other sources
downstream from there, for example the sources at 656 m, 976 m, 1,989 m, 8,093 m, and
9,298 m (fig. 7B), are dispersed, subsurface inflows that are unsampled and could be
much more difficult and expensive to gather and treat for remediation. Thus, the mass-
loading information can guide remediation planning.

Sources of zinc mass loading are closely related to the geology of the watershed.
Those sources upstream from the site at 1,989 m are all related to the alteration near Red
Mountain Pass, which includes both QSP and AS types (Bove and others, 2000). Of
course, some of this alteration rock has been mined, and includes the Longfellow-K oehler
drainage and the Carbon Lakes drainage (1,194 m). The sources from 6,450 m to 9,298 m
are all associated with the Mt. Moly QSP-type deposit. Sources from 11,838 m to 14,575
m result from the Anvil Mountain drainage, which is an AS-type alteration.

INSTREAM PROCESSES: QUANTIFYING REACTIONS

The mass-loading profile of aluminum provides information to quantify instream
chemical reactions. At a pH of 5.02, which is the pK of the first hydrolysis reaction of

aluminum, the total aluminum concentration predominantly consists of Al** and
Al(OH)** species, which are equal in concentration and are related by the reaction:
A* +H,00 AI(OH)* +H". 2

At apH lessthan 5.02, Al*" predominates as dissolved aluminum. At apH greater than 5.02,
Al (OH )?** predominates and most likely favors the formation of a colloidal-aluminum solid. If
we represent the colloidal duminumas Al(OH ), ., , thetransition between dissolved and
colloidal aluminum essentially becomes:

A* +3H,00 Al(OH)q. +3H". ©

This reaction implies that al the AI(OH)* that forms is used in the formation of
colloidal aluminum. As suggested by the variations in dissolved- and colloidal-aluminum
concentrations (fig. 6), thisreaction is reversible. From the mass-loading, we can quantify
the extent of thisreaction at key locations along the study reach.

Two confluences of particular interest are with the Middle Fork (C) and with the
South Fork (D) (fig. 8). The most striking features of the aluminum mass-loading profile
are the dominance of the source from the Middle Fork (C) and the dynamic changes in
the loads of dissolved and colloidal loads. The greatest loading of aluminum occurs at the
Middle Fork (C, fig. 8B). Upstream from the Middle Fork, tota aluminum load is
predominated by colloidal aluminum (fig. 9A). Middle Fork, however, is dominated by
dissolved aluminum. When these two |oads are combined, we can compare the sum of the
|oads to the sampled |oads downstream from Middle Fork. For the Middle Fork, the
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caculated sum is essentially the same as the sampled distribution of dissolved and
colloidal aluminum (about 5 percent, which is less than the calculated load error of 6
percent at that point along the study reach). Thus, downstream from the Middle Fork, we
observe the result of mixing the two sources; any chemical reactions that occur are not
detectable with our precision.

400

== Colloidal
[ Dissolved

300

200

100

ALUMINUM LOAD,
IN KILOGRAMS PER DAY

Upstream Middle Fork Sum of upstream and Sampled downstream
Middle Fork load B

500 1 v 1 v 1 v 1
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[ Colloidal

300 [ Dissolved ]

200

ALUMINUM LOAD,
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Upstream South Fork Sum of upstream and  Sampled downstream
South Fork load

Figure 9. Mass transfer of dissolved and colloidal aluminum reactions at (A) Middle Fork confluence
and (B) South Fork, Mineral Creek, Colorado, September 1999.
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Returning to figure 5, showing the colloidal fraction of aluminum, the group of
samples from the Middle Fork to the South Fork are separate from all the other samples.
The samples range from a colloidal fraction of 0.4 to 0.5. It is likely that this group
remains in this range of dissolved fraction because the average pH of the stream in that
location is 4.87, close to the crossover value of 5.02. Thus, it is possible that there is a
dynamic equilibrium between the dissolved and colloidal fractions and there is no net
change along this stream reach.

A different scenario occurs at the confluence with the South Fork (figs. 8A, 9B).
Upstream from the South Fork, the dissolved aluminum load is dlightly greater than the
colloidal load; the pH upstream from the confluence was 4.87. The South Fork, athough
the load was much smaller, was about equally split between dissolved and colloidal
aluminum; the pH of the South Fork was 7.20. The sum of these two loads would result
in little change in the dissolved to colloidal ratio. This would simulate the result of
mixing without any reaction. However, the sampled load downstream from the South
Fork was 99 percent colloidal, indicating a nearly complete transition to colloidal
aluminum. The total aluminum load upstream and downstream of the South Fork was not
significantly different, indicating that this transformation to colloidal auminum was a
process that occurred completely in the water column. It is also important that this
reaction occurred within the time frame of transport through the stream segment, which
would be on the order of seconds to minutes. This agrees with observations in the mixing
zone downstream from Cement Creek, near Silverton (Schemel and others, 2000).

SUMMARY

A series of three tracer injections quantified changes in discharge along a 15-
kilometer study reach of Mineral Creek, Colorado, in September 1999. Detailed spatial
sampling of the stream and inflows along the study reach, along with the tracer discharge,
are combined for a mass-loading profile that provides information for 86 stream
segments. The mass-loading profile indicates that there were significant increases in zinc
load in 21 of those segments. Six of these included inflows that can be attributed to mine
drainage; these accounted for about 42 percent of the cumulative instream load of zinc
along the study reach. The other 15 of the 21 gaining segments contributed 58 percent of
the zinc load and likely represent weathering of altered bedrock. Unsampled inflow of
zinc corresponds to occurrences of important alteration types.

Aluminum mass loading identifies the extent of physical and chemical processes
in the watershed. Downstream from the confluence with the Middle Fork, it appears that
colloidal aluminum was transformed to dissolved auminum. Instead, mass loading
indicates that the downstream ratios of dissolved to colloidal aluminum can be explained
by physical mixing. Reaction does occur, however, downstream from the confluence with
the South Fork. Because the pH is substantially higher after mixing, essentially al the
aluminum was transformed to the colloidal phase.

These examples from Mineral Creek indicate the utility of mass-loading profiles
in understanding the relative importance of different metal sources in a watershed. The
studies aso help to quantify and understand important instream processes. This
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information is needed to make better science-based decisions about remediation of metals
in watersheds.
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