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ABSTRACT

In 1980, Congress enacted the Comprehensive 
Environmental Response, Compensation, and Liability Act 
(42 U.S.C. 9601 et seq.), commonly referred to as 
Superfund, to address the nation's abandoned or 
uncontrolled hazardous waste sites. The Environmental 
Protection Agency (E P A ) is charged with identifying the 
worst of the hazardous waste sites. These sites are 
placed on the National Priorities List. The Clear 
Creek/Central City Superfund site was placed on the 
National Priorities List in 198 3 because of the impacts 
that past mining activities have had and are continuing to 
have on the Clear Creek river system. The law requires 
that EPA select clean-up goals for Superfund sites that 
are protective of the environment. This thesis sets forth 
clean-up goals for the Clear Creek/Central City Superfund 
site which would protect sensitive aquatic species from 
the acute effects of zinc. The relationship between 
aquatic toxicity and pH, dissolved zinc, and ionic zinc 
(Zn+ 2 ) is explored.

Aquatic toxicity testing using Ceriodaphnia dubia and 
Pimephales promelas was conducted on Clear Creek in the 
spring and the fall of 1989. Results of this testing were
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These values bracket the federal ambient water quality 
criteria for zinc - 45 micrograms dissolved zinc per liter 
- and are more conservative than most of the promulgated 
state stream standards for zinc in Clear Creek, which in 
one stream reach is as high as 500 micrograms dissolved 
zinc per liter.

The goals set forth in the preceding paragraph are 
expressed in terms of dissolved zinc. The dissolved zinc 
fraction of a sample includes the free ionic form of zinc, 
Zn+2 f and any metal salts or colloidal particles which are 
small enough to pass through the pores of a filter. It is 
Zn+2 which is toxicologically significant. The pH is a 
dominant factor in the amount of Zn+2 present in the 
system because pH affects chemical processes such as 
adsorption, precipitation, coprecipitation, desorption, 
and dissolution. A relationship exists between Zn+ 2 , 
dissolved zinc, and pH. Raising pH reduces Zn+2 levels, 
or the portion of dissolved zinc which is biologically 
available. Therefore, another goal for the clean-up of 
the Clear Creek/Central City Superfund site would be to 
raise the pH in the Clear Creek system.

v
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Chapter 1

Introduction 
This paper outlines a unique approach to the 

development of clean-up goals for the Clear Creek/Central 
City Superfund site. The approach employs aquatic 
toxicity testing of two species, a fish and a crustacean, 
and the use of MINTEQA2, a metal spéciation m o del, to 
determine a concentration of dissolved zinc in Clear Creek 
which would be protective of aquatic life. Also, this 
paper outlines how pH changes affect dissolved zinc levels 
and, therefore, indirectly change the toxicity of the 
Clear Creek system.

The information in this thesis has not been subject 
to peer review by the U.S. Environmental Protection Agency 
(EPA). As such, methods used or conclusions made in this 
document do not constitute an endorsement or 
recommendation by the Agency.

Statement of Objectives
The first objective of this study was to establish 

site-specific, clean-up goals for the Clear Creek/Central 
City Superfund site. These goals were based upon the 
concentration of dissolved zinc at which little or no 
toxicity existed to aquatic life. The first step in this
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process was to develop toxicity profiles for the Clear 
Creek basin. Toxicity profiles were constructed to reveal 
the relationship between percent mortality of a test 
species and the instream concentration of a particular 
contaminant. Two profiles were developed for this study, 
one for Ceriodaphnia dubia , known as the water flea, and 
one for Pimephales promelas, known as the fathead minnow. 
The profiles were produced using the speciated or ionic 
form of the zinc metal, Z n + 2 . Zinc was chosen as the 
metal of concern because it is a dominant metal in the 
Clear Creek system in terms of toxicity. Zn+2 was used 
rather than the more commonly employed total or dissolved 
zinc forms because the ionic form is the form that is most 
biologically available. MINTEQA2, a metal spéciation 
m o del, was used to predict the concentration of Zn+2 from 
chemical analysis results of dissolved zinc.

From each of the toxicity profiles, the median lethal 
concentration (LC 50) was determined. The median lethal 
concentration is the concentration of contaminant, in this 
case Zn+2, which results in mortality to 50 percent of the 
test organisms. The LC 5 0s were in turn used to calculate 
the criteria maximum concentration for each test species. 
The criteria maximum concentration is a regulatory 
important endpoint. At this concentration, the aquatic 
species is protected from the acute or short-term toxic
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forms are not as freely assimilated by organisms as the 
ionic form. Laboratory analysis for dissolved metal forms 
will include those metal forms which pass through a filter 
with a particular pore size, for example, 0.45 micron in 
diameter. In addition to the ionic form, those passing 
through the filter could include the smaller-sized metal 
compounds. In other words, the ionic metal form comprises 
a portion of the dissolved form which, in t u r n , 
constitutes a portion of the total concentration of met a l . 
This is why, given that the ionic metal form is the most 
biologically available, laboratory analysis for total or 
dissolved metal concentrations could potentially 
overestimate the toxic effects of that sample.

Yet to be developed are effective and readily 
available techniques for measuring ionic forms of metals 
in either the field or laboratory (Florence 1989). For 
now, computer models must be relied upon. For this study, 
Zn+2 values were determined through the use of MINTEQA2, a 
metal spéciation model. A discussion of MINTEQA2 and its 
particular application for the Clear Creek data set is 
supplied later in the text.

Effects of pH on Instream Toxicity
The chemistry of natural water has been well studied 

(Hem 1970; Westall and Stumm 1980). The chemical makeup
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of a water body such as a river is largely dependent upon 
the type of mineral solids, e.g., carbonates, that come 
into contact with the water body. Man's introduction of 
pollutants into the natural system can significantly alter 
the conditions of the natural system. The fate and 
transport of metal contaminants within a river system have 
also been well researched (Hakansson et al. 1989, Smith 
and Macalady 1991). Settling, adsorption, precipitation, 
and coprecipitation are examples of processes which can 
remove metals from the water column and place them into 
the river sediment. Resuspension and dissolution are 
examples of processes whereby metals can enter the water 
column from the sediment. The pH of the system is an 
important factor in most of these processes. For this 
reason, instream toxicity is indirectly influenced by the 
pH of the system. Toxicity is also affected by other 
interrelated factors such as hardness and alkalinity.

Although there is by no means a consensus, the 
literature seems to suggest that, of the moderating 
factors of pH, alkalinity, and hardness, pH is 
particularly important. Starodub et al., (1987) found 
that toxicity to algal growth was greater at pH 4.5 than 
at pH 6.5 and pH 8.5, and that lowering pH produced 
synergistic effects between copper, zinc, and lead.
Everall et al., (1989) noted that pH influenced the toxic
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effects of zinc upon brown trout to a similar degree as 
hardness and that pH was the dominant factor in the pH 
range from 5 to 8. Andrew et a l ., (1976) concluded that
it was pH changes rather than differences in alkalinity 
that were responsible for the differences in toxicity to 
Daphnia. Andrew also theorized that toxic effects 
sometimes ascribed to calcium hardness were actually due 
to pH changes. Finally, Hakansson et al., (1989) noticed 
that with increased pH, there was an increase in 
adsorption of copper, zinc, cadmium and lead to newly 
precipitated hydroxides of iron and aluminum, carbonates, 
and possibly sulfides.

The Value of Site-Specific Criteria
Federal ambient water quality criteria and water 

quality standards established by states pursuant to the 
Clean Water Act (33 U.S.C. 1251 et s eq. ) are usually 
chemical-specific rather than whole effluent, that is, 
discharges and instream concentrations are regulated based 
on single chemicals. Individual chemical standards can 
not adequately account for site-specific physical and 
chemical conditions which determine the instream 
concentrations of pollutants that are biologically 
available to the resident species (Colorado Department of 
Health 1982, Parkerton et a l . 1989, and Sprague 1985).
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There is adequate authority within the Clean Water Act for 
the development of site-specific, whole-effluent criteria 
based on aquatic toxicity testing (EPA 1991). The concept 
of site-specific criteria, therefore, may appropriately be 
considered when clean-up goals for a Superfund site are 
being contemplated.
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Chapter 2 

Background
This chapter provides a brief background of the laws 

and regulations governing the clean-up of abandoned or 
uncontrolled hazardous waste sites, particularly those 
laws and regulations which have the greatest bearing on 
the clean-up of the Clear Creek/Central City Superfund 
site. This chapter also provides a background and 
description of the Clear Creek site.

Regulatory Background
Overview of the Superfund Law. In 1980, Congress 

passed a law called the Comprehensive Environmental 
Response, Compensation, and Liability Act (42 U.S.C. 9601 
et s e g .). In 1986, Congress amended the law by the 
Superfund Amendments and Reauthorization Act. The law was 
continued without amendments in 1990. The law and 
amendments are commonly and collectively referred to as 
the Superfund law or Superfund because the law established 
a trust fund to be administered by the U.S. Environmental 
Protection Agency (EPA) and used for cleaning up the 
Nation's abandoned or uncontrolled hazardous waste sites. 
The trust fund is partially generated by an excise tax on 
petroleum and feedstock chemicals. Additionally, a
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portion of the trust fund comes from the government’s 
general fund. To d a t e , monies totalling over $10 billion 
have been set aside for Superfund (EPA 1990b).

Under the Superfund law, abandoned or uncontrolled 
hazardous waste sites are evaluated by EPA to see if they 
should be placed on the National Priorities List - a list 
of the Nation's most serious hazardous waste sites. Sites 
are placed on the National Priorities List based on their 
actual or potential impacts upon human health and the 
environment. Once a site is on the list, EPA uses money 
from the trust fund to investigate the circumstances and 
develop alternatives to address the hazardous substances 
found at the site. The EPA refers to these studies as 
Remedial Investigations and Feasibility Studies. These 
studies culminate in a document called the Record of 
Decision, which sets forth EPA's preferred means of 
cleaning up the hazardous waste site. EPA then moves to 
implement the Record of Decision via formal processes 
termed Remedial Design and Remedial Action. The Superfund 
law gives EPA the authority to recover from those parties 
responsible for the contamination at the site monies spent 
out of the trust fund for clean-up activities

Applicable or Relevant and Appropriate Requirements.
Section 121(b)(1)(G) of the Superfund law requires that
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Remedial Actions protect human health and the environment. 
Section 121(d)(2)(A) requires that at the completion of a 
Remedial Action for a particular hazardous waste site, the 
level or standard of control for any hazardous substance 
remaining at the site will attain any legally applicable 
or relevant and appropriate requirement set forth in 
standards, requirements, criteria, or limitations of any 
federal environmental law, or that of a state 
environmental or facility-siting law if it is promulgated 
and more stringent than the federal law. The concept of 
applicable or relevant and appropriate requirements is 
important in the determination of clean-up goals for a 
hazardous waste site. If a certain requirement is health- 
based, that is, it has been established through a human 
health or ecological risk assessment process, then by 
satisfying this requirement during the course of a 
Remedial Action, EPA will in most cases also meet the 
statutory requirement of providing a protective remedy.
As mentioned in Chapter 1, one purpose of this study is to 
determine clean-up goals for the site, goals which are 
based on ecological risk. A comparison will be made of 
these goals with applicable standards.

The Clean Water Act as it applies to Superfund. In 
the case of a hazardous waste site which is impacting
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surface w a ter, certain provisions of the Clean Water Act 
may be applicable or relevant and appropriate to the site 
clean-up (EPA 1988a). Section 101(a)(3) of the Clean 
Water Act sets out a national policy that prohibits the 
discharge of toxic pollutants in toxic amounts to waters 
of the United States. Federal ambient water quality 
criteria which have been established pursuant to Section 
304(a)(1) of the Clean Water Act are non-enforceable, 
scientifically-derived guidelines for the protection of 
aquatic life and human health. Both acute and chronic 
impacts are considered and a wide range of organisms are 
tested during the derivation of the ambient water quality 
criteria. The criteria are presented in terms of chemical 
concentration, duration of exposure, and frequency of 
allowed excursion (EPA 1987a). The federal ambient water 
quality criteria may be relevant and appropriate to a 
Superfund site clean-up (EPA 1988a) and achieving them 
will likely provide for a protective remedy.

Section 303(c) of the Clean Water Act requires states 
to develop water quality standards to protect designated 
beneficial uses of surface water such as drinking w a ter, 
aquatic life, agriculture, recreation, e t c . (EPA 1983).
If the state has designated an aquatic life use for the 
surface water, then the water quality standards 
promulgated by the state for protection of that use.
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rather than the federal ambient water quality criteria, 
may more appropriately function as the clean-up goals for 
the Superfund site (EPA 1990a).

The Clean Water Act as it applies to the Clear Creek 
B a s i n . The State of Colorado employs five stream use 
classifications : high quality, recreation, aquatic life,
water supply, and agriculture. Some of these use 
classifications have subsets. For example, the aquatic 
life designation is further defined by Class 1 - cold 
w a t e r , Class 1 - warm water. Class 2 - cold water, and
Class 2 warm w a t e r . Numeric stream standards have been 
adopted for each of the uses. The State of Colorado will 
sometimes employ standards different from the numeric 
standards. These are called Table Value Standards and 
they are derived using site-specific hardness values and 
are different for high and low flow and acute and chronic 
conditions.

The State of Colorado has adopted use classifications 
and numeric stream standards for 13 reaches of Clear Creek 
between the headwaters and Golden. Table 2.1 identifies 
these stream segments. All of the segments have been 
designated for aquatic life use. Class 1 - cold water, 
with the exception of Segment Nos. 3b, 7, 8, 12, and 13.
These have been denoted as Class 2 - cold w a t e r . The
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TABLE 2.1
Clear Creek Stream Segments

Segment
Number

Segment
Location

1 Clear Creek mainstem and tributaries from 
headwaters to 1-70 bridge above Silver Plume

2 Clear Creek mainstem from 1-70 bridge above 
Silver Plume to Argo Tunnel

3a South Clear Creek to confluence with mainstem
3b Leavenworth Creek to confluence with South Clear 

Creek
4 West Clear Creek to confluence with Woods Creek
5 West Clear Creek from confluence with Woods 

Creek to confluence with Clear Creek
6 All tributaries to West Clear Creek except 

specific listings in Segment Nos. 7 and 8
7 Woods Creek from the outlet of Upper Urad 

Reservoir to the confluence with West Clear 
Creek

8 Lion Creek to confluence with West Clear Creek
9 Fall River to confluence with Clear Creek

1 0 Chicago Creek to confluence with Clear Creek
1 1 Clear Creek mainstem from Argo Tunnel to Golden
1 2 All tributaries to Clear Creek between Argo 

Tunnel and Golden
1 3 North Clear Creek to confluence with Clear Creek

Source : Classification and Numeric Standards, South
Platte River Basin, February 5, 1990, Colorado Department
of Health.
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State of Colorado has chosen to adopt Table Value 
Standards on Segment N o s . 6 , 9, and 11.

The Clear Creek/Central City Superfund Site Background
National Priorities Listing. Superfund requires EPA 

to establish a list of hazardous waste sites requiring the 
highest priority for action. This list is called the 
National Priorities List. In 1983, the Clear 
Creek/Central City Superfund site was placed on the 
National Priorities List because of the adverse impacts 
that abandoned mine waste dumps and effluents from 
discharging mine tunnels were having on Clear Creek and 
its tributaries.

Prior to E P A ’s listing of the site, mining impacts 
on the Clear Creek had been well documented (Boyles et al. 
1973; Boyles et al. 1974; Wentz 1972; Wentz 1977; and 
Wildeman et al. 1974). Since the listing, EPA and others 
have issued a series of reports, each further delineating 
the extent of the contamination at Clear Creek (Camp 
Dresser & McKee 1987a, 1987b, and 1988; Ficklin et al. 
1987). Most recently, a study completed by the Colorado 
Department of Health and funded by EPA, has been published 
(Camp Dresser & McKee 1990). This study, called the Clear 
Creek Phase II Remedial Investigation, is one of the most 
broad and in-depth studies of the basin yet undertaken.
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A basin-wide understanding of the Clear Creek system 
cannot come without knowledge of the aquatic ecosystem. 
Environmental evaluations are valuable because: (1) they
provide a direct measure of toxic effects on the biotic 
system whereas chemical analyses do n o t , (2 ) they can
reveal toxic effects where chemical analyses may show 
supposedly harmless chemicals and, conversely, reduced 
effects due to unanticipated moderating factors when the 
chemical analyses reveal toxic levels of contaminants, and 
(3) they are generally less expensive than in-depth 
chemical analyses - a factor which becomes important when 
long-term monitoring of the conditions at a hazardous 
waste site is anticipated (EPA 1987b). Environmental 
evaluations often include aquatic toxicity testing as in 
the case of the environmental evaluation of Clear Creek. 
This thesis will concentrate upon the aquatic toxicity 
testing aspects of the Clear Creek environmental 
evaluation.

Site Description. Clear C r eek’s source lies in the 
high mountains of Colorado's Continental Divide. The 
river finds it way from the mountains following glaciated, 
U-shaped valleys and steep river canyons until it reaches 
the City of Golden, 60 miles to the east and several 
thousand feet lower in elevation. The topographic relief 
provides for a swiftly moving river. U.S. Geological
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Survey hydrographs indicate that annual runoff from 
snowmelt occurs during the late spring and early summer. 
High flow is usually during the third week of June with a 
peak flow of nearly 7 00 cubic feet per second. The base 
flow of Clear Creek averages 25 to 3 5 cubic feet per 
second.

Clear Creek passes through the Colorado Mineral Belt 
and several accompanying mining districts. Numerous mine 
tunnels, once used for ore haulage and water drainage, 
release acid water and contribute trace metals to Clear 
Creek. Mine d u m p s , left over from abandoned and inactive 
mining operations, dot Clear Creek's river b a n k s . These 
too contribute metals to the w a ter, especially during 
storms and periods of snowmelt.

Occasionally one of the mine tunnels will produce a 
blow-out, releasing large quantities of water and sludge 
in a short period of t i m e . This happens when d e bris,

i
likely fallen from the tunnel roof, temporarily impounds 
water. Water pressure behind the debris dam eventually 
builds to the point where the dam material and everything 
behind it is pushed forcefully from the mouth of the 
tunnel. A blow-out from the Argo Tunnel in 198 0 focussed 
EPA's attention on Clear Creek and was a significant 
factor w h e n , three years later, EPA included the Clear 
Creek/Central City site on the National Priorities List.
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Chapter 3

Methods and Approach 
This chapter describes the methods and approach taken 

in the conduct of the aquatic toxicity testing of Clear 
Creek. This includes field and laboratory procedures, 
quality control measures, water quality modeling, and 
statistical analysis.

Sampling Scheme
Aquatic toxicity testing was conducted in the spring 

and the fall of 1989. Two types of aquatic toxicity 
testing were employed, stream profile and definitive 
testing. Stream profile tests provide an estimate of 
percent test organism mortality at a particular sample 
location. The stream sample is tested "as is", or 
undiluted. Stream profile test duration can be either 48 
or 96 h o u r s . Acute definitive tests are also conducted 
for either 48 or 96 hours. Definitive tests require the 
use of a series of effluent concentrations to obtain a 
point estimate of toxicity, called the median lethal 
concentration (LC 5 0).

The LC 50 represents a test concentration at which 
50% of the test organisms experience mortality. Mortality 
is defined by lack of gill movement or lack of reaction to
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gentle prodding (Parrish 1985). The test LC 50 does not 
represent the true LC 50 for the test substance. The true 
LC 50 is the concentration which is lethal to 50% of the 
entire species. The true LC 5 0 should lie within the 
confidence limits of the test LC 50 (Gelber et al. 1985).

The aquatic toxicity testing conducted at Clear Creek 
was a joint effort of EPA Region V I I I , the EPA 
Environmental Response Team from Edison, New Jersey, the 
EPA Environmental Monitoring and Support Laboratory in 
Cincinnati, Ohio, and the Colorado Department of Health. 
The 1989 effort expanded upon the aquatic toxicity testing 
conducted by the EPA groups in the fall of 1988.

The aquatic toxicity testing was only one part of the 
complete environmental evaluation conducted for Clear 
Creek. The EPA Environmental Response Team carried out 
sediment analyses, benthic macroinvertebrate collection 
and identification, solid phase toxicity testing using 
larvae of the midge Chironomus tentans, and chronic 
toxicity testing using the green algae Selenastrum 
capricornutum (Charters and Henry 1990). The Colorado 
Division of Wildlife provided a creel census, fish 
shocking, fish tissue analyses, and a habitat evaluation 
(Lehnertz 1991). These investigations will not be 
discussed in detail here.

Surface water sampling locations for this study are
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listed in Table 3.1. Stream toxicity profiles were 
determined for over one-half of the total sampling 
stations. Definitive toxicity tests were conducted on 
discharges from seven mine tunnels and eleven stream 
stations - Station Nos. 5, 7, 13, 31, 34, 36, 39, 43, 45,
54, and 55.

Methods and Quality Assurance for Water Analysis
Field and Laboratory Procedures. Surface water 

samples for chemical analysis were collected using typical 
grab methods. Samples were taken from locations within 
the stream where water was moving. The sampling container 
was lowered to just above the stream bottom and slowly 
raised as the container filled. Care was taken to not 
disturb the stream sediment. Where the stream was too 
shallow for this type of sampling method, a weir was 
installed. At each location, at least three and sometimes 
four, 1-liter plastic containers were filled with water. 
Water in two of the containers was preserved using nitric 
acid. This water was used for the dissolved and total 
metal analyses. Water for the dissolved metal analysis 
was filtered. No preservative was added to the other 
containers of water. These unfiltered, chilled water 
samples were used for aquatic toxicity testing and 
analysis of constituents other than metals. Temperature,
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TABLE 3.1 
Clear Creek Sampling Locations

Station Sampling 
Number Location

1 Golden gauging station
2 Clear Creek below confluence with North Fork
3 Clear Creek above confluence with North Fork
4 Clear Creek below Idaho Springs POTW
5 Clear Creek below Argo Tunnel and tailings
6 Argo Tunnel effluent
7 Clear Creek below Chicago Creek
8 Chicago Creek
9 Ute Creek

1 0 Clear Creek above Chicago Creek
1 1 Clear Creek below Big Five Tunnel
12 Big Five Tunnel effluent
1 3 Clear Creek above Idaho Springs
1 4 Trail Creek
1 5 Fall River
1 6 7.5 miles up Fall River
1 7 Rockford Tunnel effluent
1 8 North Spring Gulch mouth
1 9 North Spring Gulch headwaters
2 1 Clear Creek at Lawson gauging station
22 Clear Creek below confluence with West Fork
23 Clear Creek above confluence with West Fork
24 Clear Creek above Georgetown POTW
25 South Fork
26 Clear Creek below Silver Plume
27 Burleigh Tunnel effluent
28 Clear Creek above confluence with Quayle Creek
29 West Fork above confluence with Clear Creek
30 West Fork above Empire POTW
31 Lion Creek
32 Mad Creek
33 West Fork below confluence with Blue Creek
34 Woods Creek
35 West Fork above confluence with Woods Creek
36 North Fork above confluence with Clear Creek
37 North F o r k .below Russell Gulch
38 Russell Gulch

(continued)
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Station
Number

Sampling
Location

39 North Fork below Blackhawk POTW
40 North Fork below National Tunnel
41 National Tunnel effluent
42 Four Mile Gulch
43 North Fork below Gregory Gulch
44 Gregory Gulch
45 North Fork below Gregory Incline
46 Gregory Incline
47 Chase Gulch
48 Blackhawk water intake
49 North Fork above Chase Gulch
50 Quartz Hill Tunnel effluent
52 Browns Creek
53 McClelland Tunnel effluent
54 West Fork below Woods Creek
55 West Fork above Lion Creek
56 West Fork below Lion Creek
57 Clear Creek above Golden gauging station
58 Unidentified mine discharge below station 26
59 Quayle Creek
60 Bard Creek

*Publicly owned treatment works
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pH, dissolved oxygen, specific conductance, and flow 
measurements were taken in the field. Quality assurance 
samples collected in the field included co-located 
duplicate and triplicate samples, sample splits, and 
equipment decontamination rinsate samples. Additionally, 
field blanks and blind samples were sent to the 
laboratories along with the rest of the samples.

Chemical analyses were conducted according to methods 
listed in the EPA Contract Laboratory Program Statement of 
Work for Inorganics (EPA 1987c). Both the inductively 
coupled plasma and the atomic absorption graphite furnace 
methods were employed for metal analysis. Laboratory 
quality control was maintained through proper instrument 
calibration and the analyses of preparation blank, spike, 
duplicate, and laboratory control samples (Camp, Dresser,
& McKee 1989). To monitor the inductively coupled plasma 
technique, serial dilutions were analyzed and interference 
checks were done.

Metal Spéciation Modeling. An objective of this 
thesis was to prepare toxicity profiles using the ionic 
form of metal, since it is the most biologically available 
form. Techniques for measuring the speciated, or free 
form, of an ion in solution are not yet at a stage where 
they can be widely used in the laboratory. Field analysis 
is even further behind in development. Promising
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Methods and Quality Assurance for Toxicity Testing
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Water for Toxicity T e s t s . Water for the toxicity 
tests was collected at the same time and location as the 
surface water samples which were collected for chemical 
analysis. One liter containers of water, one liter per 
sampling location, were immediately chilled and were 
transported to the biological laboratory within 24 hours 
of collection. During the aquatic toxicity testing, 
dissolved oxygen, specific conductance, and pH 
measurements were performed daily on the samples. The 
temperature of the test water was maintained and 
monitored. Results were logged daily on data sheets.
Each parameter was maintained within the limits specified 
for aquatic toxicity testing (EPA 1985 and 1989, Parrish 
1985). Meters used for these analyses were standardized 
and calibrated according to the manufacturer's 
recommendations. Calibration data were recorded in a 
permanent log.

Toxicity Test Procedures. Two test organism species 
were used in the toxicity tests, Ceriodaphnia d u b i a , a 
crustacean commonly known as the water flea, and 
Pimephales promelas, commonly known as the fathead minnow. 
These two species are widely used for aquatic toxicity 
testing. This is appropriate because they represent a 
range of sensitivities, are easy to culture and rear in
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the laboratory, and there is adequate background 
information on their behavior and response (Rand and 
Petrocelli 1985). For practical reasons, they are often 
used instead of species which may be native to the stream 
being tested. Native species are usually not amenable to 
laboratory rearing and are, therefore, not commonly 
available from commercial sources. It is difficult to 
collect native species of the proper age and condition 
from the stream. Native species captured from the stream 
are likely to suffer from the shock of their capture and 
subsequent handling, possibly adversely affecting the 
results of any toxicity testing.

The Ceriodaphnia used in the tests were reared in the 
biological laboratory. Fathead minnows used in the tests 
were reared at EPA's Environmental Monitoring and Support 
Laboratory and a supply was sent to the EPA Region VIII 
biological laboratory. Test organisms were checked before 
the start of the test to insure that they were healthy, 
behaved normally, and were well f e d .

Methods used for both the Ceriodaphnia and the 
fathead minnow tests were taken from EPA acute and chronic 
toxicity testing manuals (EPA 1985 and 1989). All tests 
were static renewal tests. During static renewal tests, 
organisms are routinely exposed to a fresh solution of the 
same concentration of effluent. For this particular t e s t ,
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the static renewal requirements were met by replacing a 
portion of the sample solution in each test container 
every 24 hours. Static renewal procedures were used for 
both the stream profile t e s t s , where the test organisms 
were exposed to undiluted stream w a ter, and the definitive 
t e s t s , where the organisms were exposed to a particular 
concentration of stream water mixed with dilution water.

Ceriodaphnia tests were of a 48-hour duration. The 
fathead minnow tests were of a 96-hour duration with the 
exception of the fall tests run by EPA's Environmental 
Monitoring and Support Laboratory. These tests were only 
carried out for 48 hours due to certain laboratory 
constraints present at the time. Results of 48-hour tests 
should not be compared directly to 96-hour t e s t s .

Definitive tests require the use of dilution water. 
Moderately hard (80-100 mg/1 C a C O g ) synthetic water was 
used as the dilution water for tests conducted on the 
Gregory Incline, and the Argo, Big Five, Quartz Hill, and 
National Tunnels. Soft synthetic water (40-48 mg/1 C a C O g ) 
was used as dilution water for the Rockford and Burleigh 
Tunnel tests. Dilution water for the stream station tests 
was collected from a relatively unaffected portion of 
North Clear Creek approximately a quarter of a mile above 
Chase G u l c h . The range and increment of concentrations 
used in the definitive tests varied for each sample as
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needed to obtain the most accurate LC 50 possible.
The Ceriodaphnia test was an algae-fed test conducted 

at 20° Celsius. Test solutions were placed in 30 
milliliter (ml) plastic cups. Five replicate cups, each 
containing 15 ml of test solution plus four Ceriodaphnia 
neonates (less than 24-hours old), were set up for each 
test concentration or, in the case of the stream profile 
tests, for each sample.

The fathead minnow test was also conducted at 20° 
Celsius. The minnows were five + two-days old larvae that 
were fed approximately 0 . 1 ml of brine shrimp per cup at 
the beginning of each t e s t . Two hundred ml plastic cups 
were used for test containers. Three replicate cups, 
containing ten fish in 150 ml of test solution per cup 
(10 0 ml per cup for EPA's Environmental Monitoring and 
Support Laboratory tests ) were set up for each test 
concentration or, in the case of the stream profile tests, 
for each sample.

A control test was conducted along with each 
Ceriodaphnia and fathead minnow test. If test organism 
mortality in the control for a particular test was greater 
than 1 0%, than the test was considered invalid and was 
restarted. If necessary, this process was repeated until 
a valid test result was obtained for a particular sample 
or until there was not enough sample solution to complete
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a new t e s t . Using this procedure, all tests were valid 
except for o n e , the spring Ceriodaphnia test at Station 
No. 43. No toxicological data are reported for this test.

Further quality assurance measures were taken by 
performing reference toxicant t e s t s . Reference toxicant 
tests are commonly used to establish validity of 
biological toxicity tests (EPA 1985). Certain factors 
which could affect the accuracy of a toxicity test include 
test organism age, size, and condition (Sprague 1985). 
These factors can be evaluated using the reference 
toxicant test. In a reference toxicant test, test 
organisms are exposed to a series of concentrations of a 
reference toxicant, in this case, CUSO4 . For many 
reference toxicant/organism combinations, the expected 
concentration-response relationships have been long 
established. If the toxicity value from a given reference 
toxicant test does not fall within the expected range for 
the test organism, the sensitivity of the test organisms 
is suspect and the test procedures should be examined for 
defects. The test should then be repeated with a 
different batch of test organisms. The reference toxicant 
tests for these sampling efforts fell within the expected 
range for both the Ceriodaphnia and the fathead minnows.

For the stream profile tests, percent mortalities 
were determined simply by totaling the number of dead in
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all of the replicate cups and dividing that number by the 
total number of organisms tested per sample. For the 
definitive toxicity tests, the LC 50s and confidence 
intervals were calculated using the Trimmed Spearman- 
Karber method (EPA 1985, Gelber et al. 1985). As 
discussed previously, the true LC 50 for the test 
substance should lie within the confidence limits of the 
test LC 50 (Gelber et al. 1985).

Statistical Analysis of Chemistry and Toxicity Data
Regression Analyses. A series of regression analyses 

were conducted to correlate aquatic toxicity test results 
with metal concentrations (Appendix A). These analyses 
included simple regression of total and dissolved metals 
using both fall and spring data collectively against 
percent mortality. The regressions were done using the 
fathead minnow percent mortality data and then repeated 
using the Ceriodaphnia percent mortality data.

The following metals, total and dissolved, were used 
in the statistical analysis: zinc, copper, cadmium, lead,
manganese, iron, and aluminum. For each regression, a t- 
test was run to determine if the null hypothesis could be 
rejected, meaning that the slope of the regression line 
was significantly greater than zero.

Multivariate regression analyses were done to
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determine if these revealed a greater correlation to 
toxicity than the simple regressions. First, a principle 
component analysis was used to provide a set of parameters 
to be included in the statistical regressions. Different 
metal combinations were then regressed with the aquatic 
toxicity test results for both fathead minnow and 
Ceriodaphnia. The following set of metals was included 
for the multiple regression tests : total and dissolved
zinc, copper, cadmium, manganese, iron, and aluminum.

Simple regressions were undertaken to determine how 
well cadmium values correlated with other metal values. 
This was done because, as discussed later, a portion of 
the cadmium data for this study had to be disregarded.
The laboratory detection limit for this metal was not low 
enough to be toxicologically significant.

Cluster Analyses. Cluster analyses of the data were 
conducted to determine if certain sampling stations could 
be grouped based upon similar chemical data 
characteristics (Appendix B). The clustering was done by 
first determining the similarity and dissimilarity 
measures from various combinations of the chemistry d a t a . 
Six different correlation coefficients or measures of 
distance and four sets of chemistry data were used.

The results of the similarity and dissimilarity 
calculations were used in the clustering analysis. Four
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d i f f e r e n t   for ms   of   l i n k a g e   c l u s t e r i n g   w e r e   e m p l o y e d .  

D e n d r o g r a m s   w e r e   c o n s t r u c t e d   from   t he   c l u s t e r i n g   a n a l y s i s  

o u t p u t s .   A   r e p r e s e n t a t i v e   d e n d r o g r a m   is   p r e s e n t e d   in  

A p p e n d i x   B.
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Chapter 4

Presentation and Discussion of Test Results 
This chapter describes the results of the aquatic 

toxicity testing for the spring and the fall sampling 
e vents. The discussion for each episode is broken down 
into geographical units: North Clear Creek, West Clear
C r e e k , upper main stem of Clear Creek, and lower main stem 
of Clear C r eek. Results of statistical analyses are 
presented and a comparison is made of spring versus fall 
toxicological test results.

Results for Spring, 1989
The spring of 1989 sampling effort took place during 

the weeks of June 12th and 19th, a time of high flow in 
Clear Creek. Results of the stream profile tests are 
presented in Table 4.1 and depicted on Plate 4.1. Table 
4.2 contains the definitive testing results. During the 
spring sampling, definitive toxicity tests were conducted 
on discharges from six mine tunnels, - the Burleigh, 
Rockford, Big Five, Argo, Quartz Hill, and National 
Tunn e l s . No sample could be collected from the Gregory 
Incline because during high flow the Incline discharges to 
North Clear Creek under the water level of the stream. 
Stream profile tests were conducted on samples collected
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TABLE 4.1
Stream Profile Test Results for Spring of 1989

Station Number and % Mortality
Sampling Location Daphnia Fathead

1 Golden gauging station 100 0
2 Clear Creek below North Fork 60 1 7
3 Clear Creek above North Fork 1 00 3
4 Clear Creek below Idaho Springs POTW* 1 00 1 3
5 Clear Creek below Argo Tunnel 1 00 40
7 Clear Creek below Chicago Creek 95 1 3
8 Chicago Creek 0 3

1 0 Clear Creek above Chicago Creek 1 00 1 3
1 1 Clear Creek below Big Five Tunnel 1 00 7
1 3 Clear Creek above Idaho Springs 1 00 3
1 4 Trail Creek 1 00 1 00
1 5 Fall River 1 0 1 3
22 Clear Creek below West Fork 95 20
23 Clear Creek above West Fork 60 7
24 Clear Creek above Georgetown POTW 30 0
25 South Fork 40 0
26 Clear Creek below Silver Plume 65 7
28 Clear Creek above Quayle Creek 25 0
29 West Fork above Clear Creek 1 00 59
30 West Fork above Empire POTW 1 00 80
31 Lion Creek 1 00 1 00
33 West Fork below Blue Creek 1 00 1 00
34 Woods Creek 1 00 1 00
36 North Fork above Clear Creek 1 0 72
37 North Fork below Russell Gulch 45 53
39 North Fork below Blackhawk POTW 1 0 38
40 North Fork below National Tunnel 1 0 60
42 Four Mile Gulch 1 00 20
43 North Fork below Gregory Gulch # 47
44 Gregory Gulch 1 00 1 00
45 North Fork below Gregory Incline 0 1 3
47 Chase Gulch 1 00 73
49 North Fork above Chase Gulch 5 1 0

*Publicly owned treatment works
*Test results disregarded because control mortality 
exceeded 1 0%
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TABLE 4.2
Definitive Test Results for Spring of 1989

Station Number and 
Sampling Location

95% Confidence 
LC 50 Interval

40
72
07

0 .1 2-0 .17 
0.81-1.16 
0.85-1 
0 .6 6 - 1  
2.54-5.82 
0 .0 1 - 0 . 0 1

1 5 
27

Daphnia Test Results:
6 Argo Tunnel effluent 0.14

12 Big Five Tunnel effluent 0.97
17 Rockford Tunnel effluent 0.98
27 Burleigh Tunnel effluent 0.91
41 National Tunnel effluent 3.85
50 Quartz Hill Tunnel effluent 0.01

Fathead Minnow Test Results :
6 Argo Tunnel effluent 0.65

12 Big Five Tunnel effluent 7.73
17 Rockford Tunnel effluent 2
27 Burleigh Tunnel effluent 1
41 National Tunnel effluent 4
50 Quartz Hill Tunnel effluent 0.17

51-0
32-9
64-3
50-2
70-6

82
45
70 
00 
1 2

12-0.23
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from a total of 3 3 stations.
North Clear Creek. Toxicity testing was conducted on 

12 stream stations along North Clear Creek. Chemistry 
data for those stations are summarized in Table 4.3.
Water was collected from a point on North Clear Creek 
above Chase Gulch (Station No. 49). The water exhibited 
very little toxicity, 5% for the Ceriodaphnia and 10% for 
the fatheads. Spring storm water collected at this 
location showed no more toxicity during a storm than 
during non-storm events. The mortality was 5% for the 
Ceriodaphnia. The storm water had no effect on the 
fathead minnows. Toxicities in this range indicate that 
the water can be used adequately for dilution water since 
up to 1 0% mortality is acceptable during a test of this 
nature. Water collected from this station, therefore, was 
used as dilution water for several definitive tests 
conducted in the fall.

Downstream of the dilution water collection p o i n t , 
Chase Gulch enters North Clear Creek (Station No. 47). 
Chase Gulch itself had mortalities of 100% and 73% for 
Ceriodaphnia and fatheadsz respectively. Below Chase 
G u l c h , the Gregory Incline discharges into North Clear 
Creek. A stream profile test of water collected from 
North Clear Creek below the Gregory Incline (Station No. 
45) revealed no toxicity to Ceriodaphnia, but a 13%
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TABLE 4.3
Chemistry Data for North Clear Creek

Spring, 1989

# Cu Cd Mn Zn TZn pH Hard Ak

36 80 25U 480 220 1 50 7.3 36 20

37 23 0.9 455 244 270 6.4 32 1 1

39 5 0U 25U 410 1 60 180 7. 1 28 18
40 5 OU 25U 4 1 0 1 50 1 50 7. 1 27 1 9
41 1 1 0 25U 1 9000 5700 5700 3.6 833 XX
42 2 0.7 41 0 1 56 1 88 5.7 71 64
43 5 OU 25U 420 2 20 320 6.9 29 1 7
44 750 25U 1 900 1 9000 2 0 0 0 0 4.8 20 2

45 5 OU 25U . 120 78 65 7.0 21 26
47 1 6 1 . 9 1 1 4 557 736 5.9 63 40
49 50U 25U 1 2U 32 1 20 7 . 3 1 3 23
50 51900 480 36000 1 0 0 0 0 0 1 0 0 0 0 0 2.7 927 XX

Metal concentrations are dissolved except TZn - Total Zinc 
Metal concentrations are micrograms per liter 
# - Stream station number (Refer to Table 3.1)
Hard - Hardness in milligrams CaC03 per liter 
Ak - Alkalinity in milligrams CaC03 per liter 
U - Concentration below detection limit 
XX - No data
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mortality to fatheads.
The Quartz Hill Tunnel drains into Gregory Gulch 

which, in turn, drains into North Clear Creek downstream 
from the Gregory Incline. Water from Gregory Gulch 
collected just before its confluence with North Clear 
Creek (Station No. 44) killed 100% of all test organisms 
within 48 hours. The chemistry data revealed that Gregory 
Gulch has just as poor water quality as the tunnel 
effluents. Results of a definitive test indicated that 
most toxic tunnel effluent tested with an LC 50 of 0.01% 
for the Ceriodaphnia and 0.17% for the fathead minnows. 
North Clear Creek just below Gregory Gulch (Station No.
43) exhibited a stream profile of 47% mortality for the 
fathead minnows. The Ceriodaphnia test for this station 
was disregarded because the mortality in the control was 
found to be greater than 1 0%.

A short distance downstream from Gregory Gulch, North 
Clear Creek receives water from Four Mile Gulch. A stream 
profile test on water from this gulch (Station No. 42) 
revealed 100% and 20% toxicity for Ceriodaphnia and 
fathead minnows, respectively. Also a short distance 
downstream from Gregory Gulch is the National Tunnel. The 
tunnel drainage (Station No. 41) produced an LC 50 of 
3.85% for the Ceriodaphnia and 4.07% for the fathead
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minnows. Water from North Clear Creek downstream from the 
National Tunnel (Station No. 40) killed 10% of 
Ceriodaphnia and 60% of the fathead minnows. The City of 
Black Hawk's publicly-owned treatment works is located 
just downstream of the National Tu n n e l . A sample of water 
taken from North Clear Creek below the publicly-owned 
treatment works (Station No. 39) had a stream profile of 
10% toxicity for the Ceriodaphnia and 38% toxicity for the 
fathead minnows. Approximately three river miles 
downstream from Black H a w k , Russell Gulch drains into 
North Clear Creek. A stream profile test conducted on 
water collected from North Clear Creek below Russell Gulch 
(Station No. 37) showed 45% and 57% toxicity for 
Ceriodaphnia and fathead minnows, respectively, an 
increase of toxicity from water collected from below the 
Black Hawk publicly-owned treatment works (Station No.
39). Water sampled from North Clear Creek upstream from 
its confluence with Clear Creek but below Russell Gulch 
(Station No. 36) produced mortalities of 10% for the 
Ceriodaphnia and 72% for the fathead minnows.

West Clear Creek. In the spring of 1989, stream 
profile tests were conducted on samples collected from 
five locations along the West Fork of Clear Creek and 
tributaries to the West Fork. Those locations were Woods 
C r e e k , below the beaver ponds on the West Fork, Lion
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C r eek, above the Empire publicly-owned treatment works on 
the West Fork, and on the West Fork above its confluence 
with the main stem of Clear Creek (Station Nos. 34, 33,
31, 30, 29, respectively). Chemistry data from these 
stations are presented in Table 4.4.

The Ceriodaphnia exhibited 100% mortality at each 
location. The fathead minnows had 59% mortality just 
above the confluence (Station No. 29), 80% mortality above 
the Empire publicly-owned treatment works (Station No.
30), and 100% mortality at all remaining sampling 
locations along the West Fork and its tributaries.

Upper Main Stem. The furthest upstream sample on the 
main stem of Clear Creek was collected from an area above 
Quayle Creek (Station No. 28). Chemistry data from this 
station and the others along the upper main stem of Clear 
Creek are summarized in Table 4.5. Water collected from 
Clear Creek above Quayle Creek was not toxic to fathead 
minnows, but killed 25% of the Ceriodaphnia. Water from 
this location was intended for use as dilution water for 
definitive tests of the Burleigh and Rockford Tunnel 
discharges. However, given the toxicity of the water to 
Ceriodaphnia, soft synthetic water was used instead.

The Burleigh Tunnel adit is within the city limits of 
Silver Plume. A definitive test of a sample of Burleigh 
Tunnel discharge (Station No. 27) produced an LC 50 of
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TABLE 4.4
Chemistry Data for West Clear Creek

Spring, 1989

# Cu Cd Mn Zn TZn pH Hard Ak

29 2 1 .7 1 570 262 306 7 . 5 30 1 9
30 2 1 . 8 1 640 243 337 7.9 32 1 7
31 1 92 1 . 1 2770 1 64 1 75 4.0 72 39
33 5 3. 1 2330 415 418 00LO 30 1 5
34 8 00 7650 1 440 1410 7.4 59 1 9

Metal concentrations are dissolved except TZn - Total Zinc 
Metal concentrations are micrograms per liter 
# - Stream station number (Refer to Table 3.1)
Hard - Hardness in milligrams CaC03 per liter 
Ak - Alkalinity in milligrams CaC03 per liter
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TABLE 4.5
Chemistry Data for the Upper Main Stem of Clear Creek

Spring, 1989

# Cu Cd Mn Zn TZn pH Hard Ak

1 4 50 4 4 34 680 656 6 . 8 0 5U
1 5 5 0U 25U 25U 68 25U 6.5 32 1 624
1 7 71 0 1 1 1 0600 3750 3300 3.3 489 5U
22 3 0.7 744 1 74 205 6.7 33 21

23 2 0.4 1 2 1 09 1 1 3 6.7 35 28
24 1U 0.3 1 7 1 06 1 08 6.5 34 26
25 3 0.4 1 5 1 4 81 7.0 34 25
26 3 0 . 6 8 130 1 09 6 . 6 34 27
27 4 48 591 2 1 1 0 0 20800 6.5 233 78
28 5 0U 25U 25U 25U 25U 6.3 27 22

Metal concentrations are dissolved except TZn - Total Zinc 
Metal concentrations are micrograms per liter 
# - Stream station number (Refer to Table 3.1)
Hard - Hardness in milligrams CaC03 per liter 
Ak - Alkalinity in milligrams CaC03 per liter 
U - Concentration below detection limit
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0.91% for the Ceriodaphnia and 1.72% for the fathead 
minn o w s . Water collected from Clear Creek just below the 
Burleigh Tunnel and Silver Plume (Station No. 26) had 
mortalities of 65% and 7% for Ceriodaphnia and fathead 
minnows, respectively.

A stream profile of the South Fork of Clear Creek 
(Station No. 25) showed a mortality of 40% for the 
Ceriodaphnia and no toxicity for the fathead minnows.
Water collected from Clear Creek above the Georgetown 
publicly-owned treatment works (Station No. 24) also was 
not toxic to the fathead minnows but killed 30% of the 
Ceriodaphnia. Clear Creek below the Georgetown dam but 
above Clear Creek's confluence with the West Fork (Station 
No. 23) had mortalities of 60% and 7% for Ceriodaphnia and 
fathead minnows, respectively. Water collected from the 
main stem below the confluence with the West Fork (Station 
No. 22), killed 95% of Ceriodaphnia and 2 0% of the fathead 
m i n n o w s .

Between where the West Fork meets the main stem and 
Idaho Springs, the Rockford Tunnel, Fall R i v e r , and Trail 
Creek (Station Nos. 17, 15, and 14, respectively)
contribute water to Clear Creek. Ceriodaphnia mortalities 
for Fall River (Station No. 15) and Trail Creek (Station 
No. 14) were found to be 10% and 100%, respectively. For 
fathead minnows, the mortalities were 13% and 1 0 0 %,
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respectively. Drainage from the Rockford Tunnel (Station 
No. 17) produced an LC 50 of 0.98% for the Ceriodaphnia 
and 2.4% for the fathead minnows.

Lower Main Stem. Chemistry data for stream stations 
along the lower main stem of Clear Creek are presented in 
Table 4.6. Water collected from the main stem of Clear 
Creek above Idaho Springs (Station No. 13) produced a 
stream profile of 100% toxicity to Ceriodaphnia and 3% 
toxicity to fathead minnows. Just before the Idaho 
Springs city limits, the Big Five tunnel drains into the 
stream. Big Five Tunnel water (Station No. 12) produced 
LC 50s of 0.97% and 7.73% respectively for Ceriodaphnia 
and fathead minnows. A sample of Clear Creek downstream 
from the Big Five Tunnel discharge (Station No. 11) killed 
100% of the Ceriodaphnia and 7% of the fathead minnows. 
Downstream from the Big Five mine waste dump, but upstream 
of Chicago Creek (Station No. 10), water was toxic to 100% 
of the Ceriodaphnia and 13% of the fathead minnows. Clear 
Creek downstream from the confluence with Chicago Creek 
(Station No. 7) remained toxic to 95% of the Ceriodaphnia 
and 13% of the fathead m innows. Chicago Creek itself 
(Station No. 8 ) was not toxic to any of the Ceriodaphnia 
and only 3% of the fathead minnows.

With an LC 50 of 0.14%, the Argo Tunnel (Station 
No. 6 ) discharged water that was approximately ten times
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TABLE 4.6
Chemistry Data for the Lower Main Stem of Clear Creek

Spring, 1989

# Cu Cd Mn Zn TZn pH Hard Ak

1 5 0.7 524 189 264 7. 1 36 21

2 5 OU 25U 540 180 250 7.9 33 22

3 5 OU 25U 530 1 50 230 6.4 34 22

4 5 OU 25U 550 2 00 250 6.4 32 20

5 50U 25U 640 240 260 6.5 34 36
6 5100 1 20 73000 4 1 000 42000 2 . 1 1210 XX
7 5 OU 25U 570 2 0 0 21 0 6.5 31 22

8 1U . 1U 4 9 9 7.3 20 1 5
1 0 5 OU 25U 510 1 50 21 0 6 . 6 30 XX
1 1 5 OU 25U 570 140 180 6.5 34 42
1 2 690 27 29000 91 00 9200 2.4 1 067 XX
1 3 5 OU 25U 570 1 50 170 6.7 33 22

Metal concentrations are dissolved except TZn - Total Zinc 
Metal concentrations are micrograms per liter 
# - Stream station number (Refer to Table 3.1)
Hard - Hardness in milligrams CaC03 per liter 
Ak - Alkalinity in milligrams CaC03 per liter 
U - Concentration below detection limit 
XX - No data
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less toxic to Ceriodaphnia than the Quartz Hill Tunnel 
discharge. For fathead minnows the LC 50 was 0.65%.
After receiving the drainage from the Argo Tunnel, the 
toxicity of Clear Creek (Station No. 5) was enough to kill 
100% of the Ceriodaphnia. Toxicity to the fathead minnows 
increased from 13% above the Argo Tunnel drainage to 40% 
below the drainage. Below the Idaho Springs publicly- 
owned treatment works (Station No. 4), Clear Creek 
remained 100% toxic to the Ceriodaphnia, but the mortality 
for the fathead minnows decreased to 13%.

Above the confluence with North Clear Creek (Station 
No. 3), Clear Creek was still toxic to 100% of the 
Ceriodaphnia. However, the water at this station had very 
little effect on the fathead minnows which experienced 
only 3% mortality. Below the confluence (Station No. 2 ), 
the stream profile revealed mortalities of 60% for the 
Ceriodaphnia and 17% for the fathead minnows.

At the Golden gauging station (Station No. 1), the 
furthest downstream location tested, the stream profile 
showed mortality to 100% of the Ceriodaphnia, but no 
toxicity to the fathead minnows.

Results for F a l l , 1989
During the fall of 1989, definitive toxicity tests 

were not repeated on discharges from the Big Five, Argo,
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Quartz Hi l l , or the National Tunnels because a comparison 
of prior year LC 50s with the LC 50s from the spring of 
1989 testing showed that toxicity levels of the tunnel 
discharges do not vary significantly. Definitive tests 
were run on the Burleigh and the Rockford Tunnels, 
however, because prior year testing had not been conducted 
on these discharges.

During the fall of 1989 the sampling effort was 
expanded to include definitive testing on water from 
eleven stream stations, not including the Burleigh and 
Rockford tunnel discharges. Also, four stream profile 
stations were added in the fall. These were the Lawson 
gauging station, the West Fork below Woods Creek, the West 
Fork above Lion Creek, and the West Fork below Lion Creek 
(Station Nos. 21, 54, 55, 56). Results of the fall 
toxicity testing are listed in Tables 4.7 and 4.8 and 
displayed on Plate 4.2.

North Clear Creek. The greatest difference between 
the spring and the fall sampling was seen on North Clear 
Creek. Levels of metals, hardness, and alkalinity at all 
sampling locations increased dramatically from those found 
in the spring. The increase was greater here than any 
other stream reach. Fall chemistry results are shown in 
Table 4.9.

The dilution water collected above Chase Gulch
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TABLE 4.7
Stream Profile Test Results for Fall of 1989

Station Number and 
Sampling Location

% Mortality 
Daphnia Fathead

1 Golden gauging station 40 1 7
2 Clear Creek below North Fork 45 3
3 Clear Creek above North Fork 90 1 7
4 Clear Creek below Idaho Springs POTW# 95 37
5 Clear Creek below Argo Tunnel 1 00 0 *
7 Clear Creek below Chicago Creek 90 25*
8 Chicago Creek 0 3

10 Clear Creek above Chicago Creek 25 5*
11 Clear Creek below Big Five Tunnel 25 5*
13 Clear Creek above Idaho Springs 60 5*
14 Trail Creek 1 00 1 00
15 Fall River 0 1 0
21 Lawson gauging station 5 0 *
22 Clear Creek below West Fork 35 1 0 *
23 Clear Creek above West Fork 0 0*
24 Clear Creek above Georgetown POTW 1 00 3
2 5 South Fork 0 7
26 Clear Creek below Silver Plume 60 66
28 Clear Creek above Quayle Creek 0 0
3 0 West Fork above Empire POTW 38 1 3
31 Lion Creek 1 00 1 0 0 *
33 West Fork below Blue Creek 90 77
34 Woods Creek 1 00 45*
3 5 West Fork above Woods Creek 1 0 0 *
36 North Fork above Clear Creek 1 00 1 0 0 *
37 North Fork below Russell Gulch 1 00 1 00
3 9 North Fork below Blackhawk POTW 1 00 1 0 0 *
4 0 North Fork below National Tunnel 1 00 1 00
43 North Fork below Gregory Gulch 1 00 1 0 0 *
44 Gregory Gulch 1 00 1 00
45 North Fork below Gregory Incline 1 00 1 0 0 *
47 Chase Gulch 1 00 1 00
49 North Fork above Chase Gulch 5 3
54 West Fork below Woods Creek 1 00 85*
55 West Fork above Lion Creek 65 1 5*
56 West Fork below Lion Creek 50 0 *

#Publicly owned treatment works
*Test duration 48-hours instead of 96-hours
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TABLE 4.8
Definitive Test Results for Fall of 1989

Station Number and 
Sampling Location LC 5 0

95% Confidence 
Interval

Daphnia Test Results:
5 Clear Creek below Argo Tunnel 26.8 22.8-31.5
7 Clear Creek below Chicago Creek 73.5 No Limits

1 3 Clear Creek above Idaho Springs 88 . 2 70.3-111
1 7 Rockford Tunnel effluent 0.61 0.53-0.71
27 Burleigh Tunnel effluent 0 . 74 0.60-0.92
31 Lion Creek 3.70 2.72-5.01
34 Woods Creek 9.84 8.50-11.4
36 North Fork above Clear Creek 9.79 8 .15-11.8
39 North Fork below Black Hawk POTW 21.9 16.8-28.5
43 North Fork below Gregory Gulch 1 1 . 2 8.95-14.0
45 North Fork below Gregory Incline 11.3 8.56-15 . 0
54 West Fork below Woods Creek 14.8 12.6-17 . 5
55 West Fork above Lion Creek 82.8 67.7-102

Fathead Minnow Test Results:
1 7 Rockford Tunnel effluent 2.80 2.20-3.53
27 Burleigh Tunnel effluent 1 . 1 0 1 .0 0 - 1 . 2 0
31 Lion Creek 19.6 17.6 - 2 1 .9
36 North Fork above Clear Creek 1 0 . 6 8.50-13.2
39 North Fork below Black Hawk POTW 29.0 24.9-33.7
43 North Fork below Gregory Gulch 24.8 20.5-29.2
45 North Fork below Gregory Incline 15.2 10.2-22 . 7
54 West Fork below Woods Creek 19.4 12.3-30.7
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TABLE 4.9
Chemistry Data for North Clear Creek

Fall, 1989

# Cu Cd Mn Zn TZn pH Hard Ak

36 99 14U 2830 1860 2 2 2 0 5.8 1 12 8

37 1 30 4.0 4150 1 950 2090 4.4 174 5
39 69 1 4U 3920 1 600 1 670 6 . 2 1 37 1U
40 77 14U 3710 1 500 2050 6.4 1 30 5
41 77 1 7 19100 7760 7700 6 . 2 670 2

43 67 1 4U 4280 1 280 1 330 6 . 2 1 35 8

44 1 58 1 4U 1260 2240 2340 6 . 2 55 8

45 64 1 4U 4340 1 1 90 1210 6 . 0 1 39 5
46 376 1 5 23800 5470 5250 4.8 871 7
47 1 1 6 . 0 444 2750 3190 6.7 1 63 37
49 2 0U 1 4U 1 20U 41 51 7. 1 27 25
50 32000 564 64300 1 1 1000 1 1 3000 2 . 2 1 002 1U

Metal concentrations are dissolved except TZn - Total Zinc 
Metal concentrations are micrograms per liter 
# - Stream station number (Refer to Table 3.1)
Hard - Hardness in milligrams CaC03 per liter 
Ak - Alkalinity in milligrams CaC03 per liter 
U - Concentration below detection limit
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(Station No. 49) again showed very little toxicity, 5% and 
3% mortality for Ceriodaphnia and fathead minnows, 
respectively. The rest of North Clear Creek, however, 
showed an increase in toxicity. Water collected from 
every other stream station along North Clear Creek 
including its tributaries was completely toxic to all test 
organism (1 0 0 % mortality).

Definitive test results from several locations along 
North Clear Creek revealed toxicity levels ranging from 
9.79% to 24.8%. Water collected from North Clear Creek 
below the Gregory Incline (Station No. 45) had LC 50s of 
11.3% and 15.2% for Ceriodaphnia and fathead minnows, 
respectively. LC 50s for water collected from North Clear 
Creek below Gregory Gulch (Station No. 43) were 11.2% and 
24.8% for Ceriodaphnia and fathead minnows, respectively.
A sample of water from North Clear Creek below the Black 
Hawk publicly-owned treatment works (Station No. 39) had 
an LC 50 of 21.9% for the Ceriodaphnia and 29.0% for the 
fathead minnows. A 48-hour definitive test of water from 
North Clear Creek above the confluence with the main stem 
of Clear Creek (Station No. 36) determined LC 50s of 9.79% 
and 10.6% for Ceriodaphnia and fathead minnows, 
respectively.

West Clear Creek. A comparison of spring and fall 
data shows that metal concentrations at the West Clear
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Creek sampling locations increased at some stations and 
decreased at others. Hardness and alkalinity were greater 
in the fall than in the spring. Fall chemistry data are 
summarized in Table 4.10.

Aquatic toxicity testing along the West Clear Creek 
during the fall revealed that the waters along this stem 
were not as toxic in the fall as they were in the spring. 
While Woods Creek (Station No. 34) was still lethal to 
100% of the Ceriodaphnia, water from the Creek only killed 
45% of the fathead minnows during the fall compared to 
100% during the spring. A 48-hour definitive test of 
water collected from this same station produced an LC 50 
of 9.84% for Ceriodaphnia♦ Below Woods Creek (Station No. 
54), the West Fork was toxic to 100% of the Ceriodaphnia 
and 85% of the fathead minnows. A definitive test at this 
station revealed LC 50s of 14.83% and 19.42% for 
Ceriodaphnia and fathead minnows, respectively. A stream 
profile of water collected below the beaver ponds on the 
West Fork (Station No. 33) indicated toxicity to 90% and 
77% of the Ceriodaphnia and fathead minnows, respectively. 
Above Lion Creek (Station No. 55), the mortalities had 
decreased from those upstream to 65% and 15% for the 
Ceriodaphnia and fathead minnows, respectively. A 48-hour 
definitive test at this station revealed an LC 50 of 
82.78% for Ceriodaphnia. Percent mortalities further
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TABLE 4.10
Chemistry Data for West Clear Creek

F a l l , 1989

# Cu Cd Mn Zn TZn pH Hard Ak

30 3 1 . 0 2530 171 216 6.7 67 41
31 508 2.7 1 1 1 0 0 674 693 3.4 266 1 60
33 2 4 . 1 5420 448 520 7 . 5 85 5U
34 1 0 . 8 1 5200 1 640 1 760 7.4 1 36 90
35 1 0 . 8 130 34 27 6.7 42 30
54 1 5 . 0 91 00 843 998 7.3 99 71
55 2 5.0 2950 233 254 6.9 72 5U
56 5U 3.0 291 0 224 248 7.2 70 45

Metal concentrations are dissolved except TZn - Total Zinc 
Metal concentrations are micrograms per liter 
# - Stream station number (Refer to Table 3.1)
Hard - Hardness in milligrams CaC03 per liter 
Ak - Alkalinity in milligrams CaC03 per liter 
U - Concentration below detection limit
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decreased below Lion Creek (Station No. 56) evidenced by 
mortality of 50% for the Ceriodaphnia and no mortality 
among the fathead minnows. As in the spring. Lion Creek 
itself (Station No. 31) was lethal to all of the test 
organisms. A 48-hour definitive test of Lion Creek water 
produced LC 50s of 3.7% and 19.61% for Ceriodaphnia and 
fathead minnows, respectively.

Upper Main Stem. Table 4.11 shows the analytical 
results for the eleven fall sampling locations along the 
upper main stem of Clear Creek. During the fall, metal 
levels were generally higher than in the spring, though 
this can not be said for every station. The trend was 
clearer for hardness and alkalinity where values were 
higher in the fall for most every sampling location.

Water was again collected water from the main stem 
above Quayle Creek (Station No. 28). This time a stream 
profile revealed no toxicity to any of the test organisms. 
The fall definitive test of the Burleigh Tunnel discharge 
(Station No. 27) produced an LC 50 of 0.74% for the 
Ceriodaphnia and 1 .1% for the fathead minnows. Water 
collected from Clear Creek just below the Burleigh Tunnel 
and Silver Plume (Station No. 26) had mortalities of 60% 
and 6 6 % for Ceriodaphnia and fathead minnows, 
respectively, compared to 65% and 7% in the spring.

The fall stream profile of the South Fork of Clear
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TABLE 4.11
Chemistry Data for the Upper Main Stem of Clear Creek

Fall, 1989

# Cu Cd Mn Zn TZn pH Hard Ak

1 4 63 3 525 880 929 00V£) 1 07 5
1 5 2 OU 1 4U 1 2U 1 9 356 7.3 1 2 25
1 7 1260 1 4 1 5600 5050 5030 3.3 435 5U
21 1 0 . 2 714 89 1 33 7.5 60 41
22 4 0.3 832 120 21 0 00 55 41
23 1 0 .  1 31 94 181 8 . 1 53 41
24 1U 0.2 22 1 03 215 6.9 53 30
25 1U 0 .  1 1 32 38 6.8 74 59
26 1 u 1 .  1 1 5 384 408 6.6 55 44
27 1U 76U 1250 50200 52500 6.9 385 92
28 20U 1 4U 1 2U 22 25 7 . 1 35 42

Metal concentrations are dissolved except TZn - Total Zinc 
Metal concentrations are micrograms per liter 
# - Stream station number (Refer to Table 3.1)
Hard - Hardness in milligrams CaC03 per liter 
Ak - Alkalinity in milligrams CaC03 per liter 
U - Concentration below detection limit
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Creek (Station No. 25) showed a decrease in the 
Ceriodaphnia percent mortality from spring to fall.
During the fall, no Ceriodaphnia died compared to 40% in 
the spring. The mortality of the fathead minnows remained 
low at 7% for the fall sampling. Water collected from 
Clear Creek above the Georgetown publicly-owned treatment 
works (Station No. 24) showed an increase in the toxicity 
to Ceriodaphnia compared to spring, this time killing all 
of the organisms instead of 30% of them as in the spring. 
Only 3% of the fathead minnows died during the fall 
testing of this sample.

Clear Creek below the Georgetown dam, but above Clear 
Creek's confluence with the West Fork (Station No. 23), 
was not toxic to any of the organisms, compared to the 
spring results of 60% and 7% for Ceriodaphnia and fathead 
minnows, respectively. Water collected downstream from 
the confluence (Station No. 22), killed 35% of the 
Ceriodaphnia and 10% of the fathead minnows, a decrease in 
toxicity from that found during the spring.

A stream profile of water collected near the Lawson 
gauging station (Station No. 2 1 ) was a test added in the 
fall study. Percent mortalities were found to be very 
low, no toxicity to the fathead minnows and just 5 % for 
the Ceriodaphnia. Similar to the spring LC 50s, fall LC 
50s for the Rockford Tunnel (Station No. 17) were 0.61%
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and 2.8% for Ceriodaphnia and fathead minnows, 
respectively. Water collected from Fall River (Station 
No. 15) also exhibited similar toxicity from spring to 
fall. Stream profile results for the fall were 0% for the 
Ceriodaphnia and 10% for the fathead minnows. As was 
found in the spring, Trail Creek water (Station No. 14) 
killed all of the test organisms.

Lower Main Stem. The fall chemistry data presented 
in Table 4.12 show that at most sampling locations the 
metal levels were somewhat higher in the fall than in the 
spring. Hardness and alkalinity increased in the fall as 
well at these locations.

Fall tests showed 60% toxicity to Ceriodaphnia and 5% 
toxicity to fathead minnows for water collected above the 
Big Five Tunnel discharge (Station No. 13). A 48-hour 
definitive test of water collected from this same station 
revealed an LC 50 of 88.16% for Ceriodaphnia. A sample of 
Clear Creek downstream from the Big Five discharge 
(Station No. 11) killed 25% of the Ceriodaphnia and 5% of 
the fathead minnows. The same numbers, 25% for the 
Ceriodaphnia and 5% for the fathead minnows were found for
water downstream of the Big Five mine waste dump, but
upstream from Chicago Creek (Station No. 10). Clear Creek 
downstream from the confluence with Chicago Creek (Station
No. 7) was toxic to 90% of the Ceriodaphnia and 25% of the
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TABLE 4.12
Chemistry Data for the Lower Main Stem Clear Creek

Fall, 1989

# Cu Cd Mn Zn TZn pH Hard Ak

1 6 0 . 6 543 1 92 364 7.2 65 34
2 23 1 4U 175 1 75 341 7.8 47 34
3 2 OU 1 4U 703 253 664 7.0 46 38
4 14 1 4U 3800 360 760 6.9 47 35
5 1 7 1 4U 448 161 454 7.0 43 34
6 4780 123 79900 41300 41400 2 . 5 1118 1U
7 23 1 4U 467 236 407 7.2 4 1 1U
8 1U . 1U 4 5 1 U 7.5 24 22

1 0 2 0U 1 4U 428 161 663 7.2 39 . 1U
1 1 2 OU 1 4U 474 270 383 7.5 51 . 1U
12 627 38 18800 6730 9130 00CN 743 1U
1 3 20U 1 4U 586 185 230 7.4 49 43

Metal concentrations are dissolved except TZn - Total Zinc 
Metal concentrations are micrograms per liter 
# - Stream station number (Refer to Table 3.1)
Hard - Hardness in milligrams CaC03 per liter 
Ak - Alkalinity in milligrams CaC03 per liter 
U - Concentration below detection limit



T - 3 8 14 58

fathead minnows. A definitive test of water collected at 
Station No. 7 revealed an LC 50 of 73.49% for 
Ceriodaphnia. The same mortalities were found in Chicago 
Creek (Station No. 8 ) in both the fall and the spring - 0% 
for the Ceriodaphnia and 3% for the fathead minnows.

Water collected from below the Argo Tunnel and 
tailings (Station No. 5) produced mortalities of 100% for 
the Ceriodaphnia but 0% for the fathead minnows. A 
definitive test was also conducted at this station. The 
LC 50 for Ceriodaphnia was 26.80%. Results obtained from 
testing water below the Idaho Springs publicly-owned 
treatment works (Station No. 4) were 95% and 37% for 
Ceriodaphnia and fathead minnows, respectively. Further 
downstream, water collected from Clear Creek above its 
confluence with North Clear Creek (Station No. 3) remained 
fairly toxic to the test organisms with 90% of the 
Ceriodaphnia dying and 17% of the fathead minnows dying. 
Clear Creek below the confluence with North Clear Creek 
(Station No. 2) was toxic to 45% of the Ceriodaphnia and 
3% of the fathead minnows. At the Golden gauging station 
(Station No. 1), mortalities were 40% and 17% for 
Ceriodaphnia and fathead minnows , respectively.

Trace Metals of Concern
Results of Statistical Analyses. Statistical
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analyses were conducted to determine which metals were of 
greatest concern in terms of toxicity. Ca m p , Dresser, & 
McKee (CDM 1990) conducted a series of statistical 
regression analyses which revealed that zinc, along with 
cadmium, copper, aluminum, and manganese are the dominant 
trace metals in the Clear Creek system in terms of 
toxicity. Statistical regression analyses also reveal 
that dissolved metals play a more significant role than 
total metals in the Clear Creek system. (See Appendix A 
for a more detailed discussion of Camp, Dresser, & M c K e e ’s 
analyses. )

Simple regression of dissolved cadmium data with data 
of other metals shows that dissolved cadmium levels 
correlate well with dissolved zinc. (Results of these 
analyses are shown in Appendix A along with the summary of 
Camp, Dresser, and McKee's analyses.) This is important 
because, for a significant portion of the samples, results 
for cadmium were reported at laboratory detection limits 
of either 14 or 25 micrograms per liter, values above that 
which is toxicologically significant. Unfortunately t h e n , 
the discussion below will for the most part focus on other 
me t a l s . It can be assumed though, based upon simple 
regressions, that dissolved zinc is a good indicator of 
dissolved cadmium and a good indicator of other metals 
overall.
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Clustering analyses of the data were conducted to 
determine if certain sampling stations could be grouped 
based upon similar chemical data characteristics. The 
analyses revealed a clearly similar grouping which 
included the tunnel effluent discharges and a few highly 
contaminated tributaries such as Gregory G u l c h , Chase 
G u l c h , Trail Creek, Lion Creek and Woods C r e e k . Not 
surprisingly, this group tended to show complete toxicity 
to the two test organisms. Relatively clean tributaries 
formed another group. These tributaries included South 
Clear Creek and Chicago Creek. Often West Clear Creek 
above Woods Creek was clustered with these tributaries. 
This group tends to show little to no toxicity to test 
organisms.

In nearly every analysis, Lion Creek was paired 
closely with the Rockford Tunnel effluent. Both show 
complete mortality. The clustering analyses seemed to 
indicate that Lion Creek had little effect on the West 
Clear Creek because the stations above and below Lion 
Creek were often paired. Conversely, the clustering 
analyses often paired the Woods Creek station with the 
station on the West Fork below the confluence with Woods 
Creek. This is an indication that Woods Creek where it 
joins the West Fork tends to dominate the West Fork.
West Fork stations tended to cluster together, but this
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sediment or precipitating oxyhydroxides (Medine 1991). 
Toxicity would be reduced. Indeed, settling of 
particulate matter was observed for some samples during 
the toxicological testing.

North Clear C r eek. Figure 4.1 shows spring and fall 
Ceriodaphnia toxicity and Figure 4.2, spring and fall 
fathead minnow toxicity, for stream stations along North 
Clear Creek. During both the spring and the fall, 
insignificant toxicity was present in the waters above 
Chase Gulch. Chemical analysis of the water collected 
from this station revealed that metal levels were 
relatively unchanged during the two seasons. Dissolved 
zinc increased from 32 to only 42 micrograms per liter 
during the spring to fall sampling efforts. This 
indicates that the impairment of water quality in the 
North Clear Creek system is not due to natural conditions.

The aquatic toxicity data for North Clear Creek 
reveal several anomalous situations. The fathead minnows 
were more sensitive to the conditions in North Clear Creek 
than the Ceriodaphnia. This is not an expected result 
since it is usually the Ceriodaphnia which are more 
sensitive to Clear Creek wa t e r s . Another unexpected 
result of the toxicity testing is that the fall conditions 
were more toxic to both organisms than spring conditions. 
Generally, the opposite has been found in the Clear Creek
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system. A third unexpected result was the low toxicity in 
the spring samples taken below the Gregory Incline. One 
would expect instream toxic effects to increase downstream 
of an effluent such as that of the Incline containing over 
5 milligrams dissolved zinc per liter and having a pH of 
4.8.

A plausible explanation for the first anomaly is the 
effects of cadmium. Cadmium is one metal to which fathead 
minnows are more sensitive than Ceriodaphnia. E P A 's 
ambient water quality criteria document for cadmium 
reports a mean acute toxicity value of 30.5 micrograms per 
liter for fathead minnows compared to 83.0 micrograms per 
liter for Ceriodaphnia. The mean acute toxicity value for 
brown trout is below 2 micrograms per liter. (These 
values are based on a hardness of 50 milligrams CaC03 per 
liter.) It is possible that cadmium levels in North Clear 
Creek are elevated compared to the main stem of Clear 
Creek causing an increased incidence of fathead minnow 
mortality. This assumption can not be confirmed, however, 
due to the high detection limits for cadmium from the 
majority of the samples collected at these locations.

The second anomaly is more troublesome. Z i n c , along 
with a suite of others metals, is found in high 
concentrations along the length of North Clear Creek below 
the confluence with Chase Gulch. During the fall, zinc

4#



T-3814 66

levels approach 2 milligrams per liter (Figure 4.3). It 
is possible that the increased hardness also experienced 
during low flow conditions is not enough to ameliorate the 
toxic effects of metal at levels that high. The reduced 
toxic levels below the Gregory Incline may be attributed 
to the aromatic hydrocarbon material observed in the field 
at that sampling location. Sampling confirmed the 
presence of these organic compounds, typical of petroleum 
products, in both the water column and sediments (Charters 
1990). The suspected source is a leaking underground 
storage tank in the vicinity. It is possible that the 
metal-laden discharge from the Gregory Incline is actually 
alleviated by the presence of these organic contaminants 
via sorption mechanisms.

West Clear Creek. Figures 4.4 and 4.5 provide a 
relative comparison of toxicity for West Fork stream 
stations. The fall data give a more complete picture of 
the system since additional sampling stations were added 
during this season. Both Ceriodaphnia and fathead minnows 
are especially sensitive to spring conditions in the West 
F o r k , although fathead minnows seem to recover somewhat in 
the lower portion of the West F o r k . Zinc concentrations 
in West Clear Creek adequately reflect this trend (Figure 
4.6). Woods Creek is the primary contributor of metals to 
the West Fork. Below Woods Creek, the zinc concentration
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of the West Fork declines towards the confluence with 
Clear Creek.

Lion Creek, although acutely toxic, does not have a 
pronounced metals loading effect on the West Fork. The 
acute toxicity of Lion Creek is one of those exceptions 
referred to earlier in this chapter where copper instead 
of zinc could be playing an important role in producing 
toxic effects. Levels of copper were 192 micrograms per 
liter in the spring and 508 micrograms per liter in the 
fall. (The laboratory had to use the method of standard 
addition to obtain the fall value.) Lion Creek is the 
only segment on Clear Creek for which the state has not 
adopted standards. However, the values of copper in Lion 
Creek can be compared to the copper standard for the West 
Fork of 23 micrograms per liter.

Upper Main Stem. Figures 4.7 and 4.8 show the 
percent mortalities of the stream stations from Quayle 
Creek to downstream of the West Fork for Ceriodaphnia and 
fathead minnows, respectively. This particular reach of 
stream has a more pronounced influence on Ceriodaphnia 
than fathead minnows which are hardly affected. Following 
the generally observed trend for the Clear Creek system, 
conditions were more toxic in the spring than the fall. 
There are two notable exceptions.

First, the toxicity to fathead minnows below Silver
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Plume (Station No. 26) is more noticeable in the fall.
This could be a result of the increased impact that the 
Burleigh Tunnel effluent has on the main stem of Clear 
Creek during low flow. The Burleigh Tunnel effluent 
contains fairly high levels of cadmium, 76 micrograms per 
liter in the fall. The level of cadmium instream below 
the effluent point increases nearly two-fold from spring 
to fall. It is possible that the fathead minnows are 
exhibiting their increased sensitivity to cadmium.

The second exception to the general trend of 
increased toxicity in the spring occurs at the sampling 
location above Georgetown (Station No. 24). The 100% 
mortality of Ceriodaphnia is suspicious since there are no 
apparent instream conditions to account for it - metal 
concentrations are generally low and hardness is high. 
Laboratory factors could be responsible.

Figure 4.9 depicts the LC 50 results from the 
definitive tests on the Rockford and Burleigh tunnels for 
both Ceriodaphnia and fathead minnows. As was found with 
other tunnel effluents in the Clear Creek system, the 
LC 50s did not change very much from the spring to the 
fall. Figure 4.10 shows the percent mortalities for both 
Ceriodaphnia and fathead minnows for three tributaries to 
the upper main stem of Clear Creek : Chicago Creek, Trail
Creek, and Fall River. No significant change in toxicity
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is noted from spring to fall. Chemical analyses of water 
from Chicago Creek and Fall River consistently reveal 
relatively low levels of metals in their waters, whereas, 
Trail Creek contains consistently high levels of metals. 
Fall River is the only stream segment, Segment No. 9, that 
was tested where stream standards are being exceeded yet 
no aquatic toxicity is exhibited. (It is possible that 
the same situation would exist for Mad Creek in Segment 
No. 6 , however, no toxicity testing was conducted on that 
tributary.) This is more a function of the strict table 
value standards that have been adopted for this segment 
than any chemical interaction. For example, the Fall 
River low flow acute standard for zinc is 19 micrograms 
per liter.

Lower Main Stem. Figures 4.11 and 4.12 show the 
relative percent mortalities of the stream stations 
through Idaho Springs for Ceriodaphnia and fathead 
minnows, respectively. In the spring, water from this 
section of stream is especially toxic to Ceriodaphnia, but 
not so toxic to fathead m innows. The main stem of Clear 
Creek through Idaho Springs was not as toxic in the fall 
as it was in the spring to Ceriodaphnia. The fathead 
minnow data does not follow this trend as closely in this 
stream r e a c h .

The slight toxicity exhibited below Chicago Creek was
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not expected since Chicago Creek itself is not t o x i c .
Mass and flow balances of Clear Creek indicate that this 
may be an area experiencing non-point source loading to 
surface water from ground water (Camp, Dresser, & McKee 
1990). The toxicity testing tends to support this 
conclusion.

Water quality for the entire main stem of Clear Creek 
based on dissolved zinc levels is most impacted by the 
Burleigh and Argo Tunnel effluents (Figure 4.13).
Recovery occurs to a limited degree below both of these 
discharges. The North and West Forks of Clear Creek have 
slight metal-loading contributions to the main stem.
These and the metal contributions from the Burleigh and 
Argo Tunnels mask those from other tributaries and mine 
tunnel effluents at the sensitivity of the water 
simulation model.
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Chapter 5

Development of Site-Specific Clean-up Goals 
From the discussion above, it is apparent that 

reducing the acutely toxic conditions that occur in the 
Clear Creek system should be an important goal for the 
clean-up of the Clear Creek/Central City Superfund site. 
Since these acute effects are most pronounced in the 
spring, the following discussion will concentrate on 
spring conditions. The development of an instream site- 
specific clean-up target will center around zinc because 
of its primary role in the toxic effects of the Clear 
Creek system and because any action taken to reduce zinc 
in the river system will remove most other metals that are 
contributing to the toxicity of the system.

Development of Toxicity Profiles
Mortality data from the toxicity tests were used to 

develop toxicity profiles. However, unlike the standard 
toxicity profiles normally seen in the literature, these 
profiles rely on the ionic form of zinc (Zn+ 2 ) as the 
independent variable. This is because Zn+2 is the form of 
metal which is toxicologically significant. For each 
sampling location, the necessary data were loaded into the 
MINTEQA2 model and a value of Zn+2 was obtained. These
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were plotted on the x-axis of the toxicity profile with 
the corresponding percent mortality value placed on the y- 
axis. Profiles were produced for both Ceriodaphnia and 
fathead minnows (Figures 5.1 and 5.2).

Excluded and Outlying Data. Certain data were not 
used in the development of the toxicity profiles. These 
were data which did not add any additional information to 
the profiles including mine tunnel discharge data where 
zinc concentrations were much above that which causes 100 

percent mortality or where the pH was low enough that pH, 
itself, could be affecting the toxicity.

Outlying data are noted on the figures. These data 
are from toxicity testing of the North F o r k . The North 
Fork was anomalous in that Ceriodaphnia toxicity was less 
than what was expected. Possible explanations were 
discussed in Chapter 4. They include the possibility that 
the North Fork water, being supersaturated with iron, 
undergoes a transformation during sample transport and 
subsequent testing, that is, metals are precipitating from 
the sample solution. This does not explain the higher 
than expected fathead minnow mortality rates in the North 
Fork samples since these sample solutions would be 
undergoing the same processes as the Ceriodaphnia 
solutions. A possible explanation is t h a t , in spite of 
any metal removal processes which may be occurring during
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sample transport, the North Fork has high enough cadmium 
levels to cause mortality in fathead minnows but not 
Ceriodaphnia. Cadmium is more toxic to the minnows than 
it is to Ceriodaphnia. Because of detection limit 
problems, this hypothesis could not be confirmed.

Discussion of the Toxicity Profiles. The toxicity 
profiles for Ceriodaphnia and fathead minnows exhibit the 
normal sigmoid curve, an S-shape, that would be expected 
from a normal toxicity profile. The slope of the 
Ceriodaphnia curve is much steeper than that of the 
fathead minnow curve. This indicates that the 
Ceriodaphnia will experience a greater response to a small 
change in conditions than the fathead minnows will for the 
same change in conditions.

Development of Site-Specific Clean-up Goals
The point of inflection on the toxicity profile 

curves represent the concentration of metal within the 
system which will kill 50 percent of the test organisms. 
This point is also called the median lethal concentration 
or LC 50. The median lethal concentration is regulatory 
important because it is used to develop the criteria 
maximum concentration (EPA 1991). The Clear Creek median 
lethal concentrations were determined graphically from the 
toxicity profiles (Figures 5.3 and 5.4). They are 1.75
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concentrations derived above by a factor of 0.3 gives 
site-specific equivalents to the criteria maximum 
concentration. The site-specific criteria maximum 
concentration for Ceriodaphnia is 38 micrograms dissolved 
zinc per liter a n d , for fathead minnows, 69 micrograms 
dissolved zinc per liter. Achieving these dissolved zinc 
levels instream would protect those resident aquatic 
species who are equally or less sensitive to dissolved 
zinc than the test organisms from zinc-related, acutely 
toxic effects.

Comparison of Site-Specific Goals to Existing Stream 
Standards. The site-specific criteria maximum 
concentrations suggested above are low and, as clean-up 
g o a l s , would be ambitious. These levels are generally not 
being achieved anywhere in the Clear Creek river system, 
the exceptions being a few tributaries and at headwaters. 
These site-specific criteria are below the majority of the 
stream standards which have been adopted for Clear Creek. 
The Ceriodaphnia criteria is below the no effect 
concentration of 4 7 micrograms zinc per liter recommended 
by the Colorado Division of Wildlife for the protection of 
Clear Creek's aquatic ecosystem (Lehnertz 1990). It is 
also below the federal ambient water quality criterion for 
zinc of 45 micrograms zinc per liter.
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The Effects of pH on Toxicity of the Clear Creek System
The effects of pH on the toxicity of zinc to 

organisms in the Clear Creek system were considered. A 
comparison of pH to the percentage of zinc in the free 
form, Zn+ 2 , reveals a smooth curvilinear relationship 
(Figure 5.6). This leads one to conclude that by 
adjusting the pH levels instream, the amount of zinc in 
its free ionic form would be altered a n d , in t u r n , toxic 
effects might be significantly reduced (Figure 5.7).

Referring to the toxicity profiles (Figures 5.3 and 
5.4), a Zn+2 concentration of 2 micromoles per liter 
roughly corresponds to a high mortality, 70%, for 
Ceriodaphnia, but a low mortality rate, less than 10%, for 
fathead minnows. This means that a concentration of 
2 micromoles Zn+2 per liter would be protective of species 
with equal or less sensitivity to Zn+2 than that of 
fathead minnows. It would not be protective of species 
with equal or less sensitivity to Zn+2 than Ceriodaphnia.

Let us assume that a decision was made to protect 
species similar to Ceriodaphnia but not those species 
similar to fathead minnows. T h e n , referring again to 
Figure 5.7, at 2 micromoles Zn+2 per liter, the allowable 
dissolved zinc concentration could range from 125 
micrograms dissolved zinc per liter at a pH of 6.0 to 500 
micrograms dissolved zinc per liter if the pH were
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adjusted to 8.5. Of course, a pH of 8.5 in the system 
would not necessarily be desirable nor could it be 
achieved without significant chemical alteration. This 
example is used only to suggest the importance of pH in 
terms of toxicity in the Clear Creek system.

This exercise could be repeated at any concentration 
of Zn+2 determined to be allowable. For example, a 
concentration of 3 micromoles Zn4"2 per liter would not 
protect either Ceriodaphnia nor fathead minnows. However, 
a concentration of 1 micromole Zn+2 per liter would be 
protective of both Ceriodaphnia and fathead minnows.
Other species which exhibit similar or less sensitivity to 
Zn+2 would also be protected from the acute effects of 
zinc at that concentration. A pH-dependent, dissolved 
zinc concentration corresponding to the allowable Zn+ 2 

concentration of 1 micromole per liter could then be 
determined.
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Chapter 6 

Conclusions
Congress enacted the Superfund law in 1980 to address 

the nation's abandoned or uncontrolled hazardous waste 
sites. The EPA was charged with identifying the worst of 
the hazardous waste sites and determining the means by 
which those sites would be cleaned up. The Clear 
Creek/Central City Superfund site was placed on the 
National Priorities List in 1983 because of the impacts 
that past mining activities have had and are continuing to 
have on the Clear Creek river system. The Superfund law 
requires that EPA select clean-up goals for Superfund 
sites that are protective of the environment. An 
objective of this thesis was to suggest clean-up goals for 
the Clear Creek/Central City Superfund site which would 
protect sensitive aquatic species from the acute effects 
of zinc. A second objective of this thesis was to explore 
how pH changes affects zinc levels in the Clear Creek 
system.

The first objective was accomplished by using the 
results of aquatic toxicity testing on waters collected 
from Clear Creek. Two test species were used in the 
toxicity t e s t s , Ceriodaphnia dubia and Pimephales 
promelasf fathead minnows. The aquatic toxicity testing
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showed that there are acutely toxic conditions in Clear 
Creek especially during high flow conditions. In general, 
the Ceriodaphnia were more sensitive to the conditions in 
Clear Creek than the fathead minnows. Anomalous 
conditions existed in the North Fork of Clear Creek where 
Ceriodaphnia were less sensitive than fathead minnows to 
stream conditions.

Statistical analyses showed that zinc is a dominant 
metal in terms of toxicity. Other important metals are 
cadmium, copper, aluminum, and manganese. Dissolved 
metals are more significant than total me t a l s . With the 
exception of South Clear Creek and Chicago C r eek, zinc 
standards were exceeded during both high and low flow 
periods throughout the b a s i n . There were occasional 
exceedances of cadmium, copper, iron, lead, manganese, 
nickel, silver, and pH. Clustering analyses of the 
chemical data results indicated that mine tunnel effluents 
and highly contaminated tributaries had similar 
characteristics. Aquatic toxicity testing of water from 
these locations generally showed complete toxicity to the 
test organisms. Relatively clean tributaries showed 
little or no toxicity. They often were grouped together 
during the clustering analyses.

Basin-wide toxicity profiles were produced for each 
of the test species showing the relationship between
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percent mortality and Zn+2 concentration. Zn+2 

concentrations were predicted using chemical analysis 
results for dissolved zinc and MINTEQA2, a metal 
spéciation model.

The median lethal concentration, the concentration 
causing 50 percent mortality, was graphically determined 
from each of the toxicity profiles. The criteria maximum 
concentration for each test species was calculated from 
the median lethal concentration by applying an appropriate 
safety factor (0.3). This concentration is equivalent to 
an LC 1 and will provide acute protection to the aquatic 
species of concern. The criteria maximum concentrations 
for Clear Creek are 69 micrograms dissolved zinc per liter 
and 38 micrograms dissolved zinc per liter for fathead 
minnows and Ceriodaphnia, respectively.

Reducing the zinc levels in Clear Creek to below 69 
micrograms dissolved zinc per liter would provide acute 
protection from the toxic effects of zinc to those aquatic 
species which are equally or less sensitive to dissolved 
zinc as Pimephales promelas. Reducing the instream 
concentration of zinc to 38 micrograms dissolved zinc per 
liter would provide acute protection from the toxic 
effects of zinc to those aquatic species which are equally 
or less sensitive to dissolved zinc as Ceriodaphnia.
These levels are low. They represent ambitious clean-up
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goals for the Clear Creek/Central City Superfund site. 
These values bracket the federal ambient water quality 
criteria for zinc - 45 micrograms dissolved zinc per liter 
- and are more conservative than most of the promulgated 
state stream standards for zinc in Clear C r eek, which in 
one stream reach is as high as 500 micrograms dissolved 
zinc per liter.

The goals are expressed in terms of dissolved zinc, 
but it is the free ionic form of zinc , Z n + 2 r that is 
toxicologically significant. The pH is a dominant factor 
in the amount of Zn+2 present in the system because pH 
affects chemical processes such as adsorption, 
precipitation, coprecipitation, desorption, and 
resolution. A relationship exists between Z n + 2 , dissolved 
zinc, and pH. Raising pH reduces Zn+2 levels, or the 
portion of dissolved zinc which is biologically available. 
Therefore, another goal for the clean-up of the Clear 
Creek/Central City Superfund site would be to raise the pH 
in the Clear Creek system.
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APPENDIX A

Regression Analyses of Test Results

Simple Regression Analyses of Cadmium Data
A portion of the cadmium data for this study had to 

be disregarded because the laboratory detection limit for 
the metal was not low enough to be toxicologically 
significant. The cadmium data that were significant were 
regressed against several other metals to determine if 
another metal could be used as an indicator for cadmium.

The highest value obtained for the square of the 
correlation coefficient (R2 ) was for dissolved zinc using 
spring data followed by dissolved zinc using fall data.
The results were as follows :
Spring dissolved zinc R 2 = .968, n = 2 0 , Y = 1264X + 215 
Fall dissolved zinc R 2 = .904, n=25, Y = 2330X + 205

Simple Regression Analysis of Toxicity Data
Camp Dresser & McKee attempted to correlate aquatic 

toxicity test results with metal concentrations through a 
series of regression analyses. A summary is provided 
h e r e . More detail can be found in Chapter 11 of the Clear 
Creek Phase II Remedial Investigation (Camp, Dresser, & 
McKee 1990).

A simple regression analysis of total and dissolved
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metals using both fall and spring data collectively 
against percent mortality for fathead minnows showed that 
both total and dissolved forms of zinc and cadmium and 
total lead had the highest correlation to fathead minnow 
toxicity. Ceriodaphnia mortality was correlated to total 
and dissolved zinc and cadmium and total aluminum.

The following metals, total and dissolved, were used 
in the statistical analysis : zinc, copper, cadmium, lead,
manganese, iron, and aluminum. To conduct the 
correlations, the metal concentrations were transformed 
using the natural log. Toxicity data were not transformed 
since they were normally distributed. For each 
regression, a t-test was run to determine if the null 
hypothesis could be rejected meaning that the slope of the 
regression line was significantly greater than zero.

The highest values obtained for the square of the 
correlation coefficient (R 2 ) were:

Fathead Minnows :
R 2 .753 Dissolved cadmium
R 2 = .740 Total lead
R 2 = . 641 Total cadmium
R 2 = . 599 Dissolved zinc
'Ceriodaphnia 1 :
R 2 = .509 Total cadmium
R 2 = .427 Dissolved zinc
R 2 = .426 Total aluminum
R 2 = .412 Dissolved cadmium
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Camp, Dresser, & McKee did not report regression 
equations for these analyses.

Multiple Regression Analysis of Toxicity Data
Much greater correlations were revealed during a 

multivariate regression of different metal combinations 
with aquatic toxicity test results. First a principle 
component analysis was used to provide a set of parameters 
to be included in the statistical regressions. The 
component analysis revealed that the greatest percentage 
of Ceriodaphnia and fathead minnow toxicity could be 
explained by total and dissolved zinc and cadmium.
However, the analysis showed that other metals were also 
significant contributors to the toxicity so the following 
set of metals was included for the multiple regression 
tests: total and dissolved zinc, copper, cadmium,
manganese, iron, and aluminum. As with the simple 
regressions, the metal concentrations were transformed 
using the natural log. The toxicity data was not 
transformed.

Using different combinations of metals against 
Ceriodaphnia toxicity, it was determined that dissolved 
metals correlate better to toxicity than total metals.
The entire set of metals in the dissolved form produced an 

= .78. The best results were obtained with the



T - 3 8 14 1 09

combination of dissolved zinc, cadmium, and aluminum, 
r2 = .956. Although the combination of dissolved zinc, 
cadmium, aluminum, and manganese had a higher correlation 
coefficient, R 2 = .958, the standard of error was 
minimized without the addition of manganese to the 
equation. The regression equation reported for 
Ceriodaphnia is :

%Ceriodaphnia mortality = 4. 753(In Zn ) + 18.3(In C d )
+ 7.37(In Al)

As with the Ceriodaphnia multiple regression 
analysis, dissolved metals correlated better to fathead 
minnow toxicity than total metals. The combination of 
metals which had the highest correlation coefficient yet 
minimized the standard error was the set of all metals in 
the dissolved form. This group produced an R 2 = .93.
The reported regression equation was:

%Fathead mortality = 278.5 + 69.0(In Cd ) -
31.3(In Zn) + 9.98(ln C u )
+ 5 . 4 ( In Al) 4- 1 . 3 ( In Fe )
- 16.8(In M n )

Cautions
The results of the regression analysis discussed 

above should be used with some cautions in mind. The 
analysis does not include other important factors 
affecting toxicity in the Clear Creek system, and toxicity 
in g eneral. These include pH, hardness, and alkalinity.
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Other cautions are more pertinent to regression 
analyses than to test factors. High correlations do not 
always mean causation. Sometimes for simple regressions 
the correlations are fortuitous. Other times the 
independent variable is having an effect, but is not the 
sole cause of the effect. For both single and multiple 
regressions, the variables may be affected by some other 
underlying cause that was not considered in the regression 
analysis (Croxton 1953).
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APPENDIX B

Cluster Analyses of Test Results 
Clustering analysis of the data was conducted to 

determine if certain sampling stations could be grouped 
based upon similar data characteristics. The following 
combinations of chemistry data were employed : (1 ) fall
data for dissolved copper, manganese, and zinc, total 
aluminum and zinc, hardness and alkalinity; (2 ) spring 
data for the same constituents as (1); (3) fall data for 
dissolved manganese and zinc, total aluminum and zinc, and 
hardness ; and (4) spring data for manganese and zinc, 
total zinc, hardness, and total dissolved solids. The 
first two combinations (1 and 2 ) maximized the number of 
parameters considered without significantly reducing the 
number of stations. The second two combinations (3 and 4) 
maximized the number of stations considered without 
significantly reducing the number of parameters.

The clustering was done by first determining the 
similarity or dissimilarity measures for various 
combinations of the chemistry d a t a . Six different 
correlation coefficients or measures of distance were used 
to determine the similarity or dissimilarity. These were 
Spearman rank order, Pearson product moment, Euclidean, 
normalized Euclidean, Manhattan metric, and Canaberra
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m e t r i c .
The results of the similarity and dissimilarity 

calculations were used in the clustering analysis. Four 
different forms of linkage clustering were employed.
These were the unweighted and weighted pair group methods 
and the unweighted and weighted centroid methods. A total 
of 56 analyses were conducted. Dendrograms were 
constructed for a portion of the clustering analysis 
outputs and a representative dendrogram is attached.

After searching the literature for advice, two 
similarity measures, the normal Euclidean and the Spearman 
rank order, were chosen as providing the simplest 
representation of the data. Sneath and Sokal suggest that 
the choice is "based upon {the} worker's preference in 
terms of conceptualization of the similarity measure." 
Scale is important. They state that one should employ an 
"intuitive assessment” when making the choice of a 
similarity measure and caution that other authors who 
provide recommendations do so based upon their experience 
with their particular data sets a n d , therefore, these 
recommendations may not be universally applicable. Zupan 
also suggests that different distance functions be tried 
in order to evaluate their suitability.

Of the six different correlation coefficients 
examined for the Clear Creek data sets, the normal
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euclidian measure and the spearman rank order provided the 
least cumbersome, most manageable, results to deal with in 
terms of constructing dendrograms. The others either had 
negative numbers or unwieldy scales.

There is a disagreement in the literature when it 
comes to the selection of linkage methods. Sneath and 
Sokal (1973) say that weighted measures distort results 
but suggest that weighting could have an application if 
the data set contains a sparsely represented sample.
Zupan (1982), on the other hand, recommends the use of 
weighted measures because weighting compensates for the 
fact that the linkage center or centroid falls nearer the 
large group so that the smaller group loses significance. 
Anderberg (1973) suggests that weighted methods are 
appropriately used when the units of measure in the sample 
set are different. Hartigan (1975) supports this 
statement.

The Clear Creek data sets were easiest to interpret 
using the Spearman rank order and Normal Euclidean 
measures. The data sets were not markedly different from 
each other when clustered by the weighted and unweighted 
linkages. Also, using the pair group method versus the 
centroid method also had little impact on the clustering 
results. For these reasons, dendrograms were constructed 
for both the Spearman rank order and the Normal Euclidean
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measures and using each of the linkages. A representative 
dendrogram is presented as Figure B .1 .

The Clear Creek data had one clearly similar group - 
the tunnel effluent discharges and a few highly 
contaminated tributaries such as Gregory G u lch, Chase 
G u l c h , Trail Creek, Lion Creek and Woods Creek.
Relatively clean tributaries formed another group. These 
tributaries included South Clear Creek and Chicago Creek. 
Often West Clear Creek above Woods Creek was clustered 
with these tributaries. In nearly every analysis, Lion 
Creek was paired closely with the Rockford Tunnel 
effluent. However, the clustering analysis seemed to 
indicate that Lion Creek had little effect on the West 
Clear Creek because the stations above and below Lion 
Creek were often p aired. The clustering analyses often 
paired the Woods Creek station with the station on the 
West Fork below the confluence with Woods Creek. This is 
an indication that Woods Creek where it joins the West 
Fork tends to dominate the West Fork. In general, West 
Fork stations tended to cluster together. This was not 
always the case for North Fork and main stem stations. 
Other clusters were not as evident.
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