Utah State University

DigitalCommons@USU
Reports

Utah Water Research Laboratory

January 1983

Effects of Cadmium on Streams and Irrigated Agriculture in the
Presence and Absence of Oil Shale Leachate
Douglas A. Selby
Jean M. Ihnat
Fredrick J. Post
Jay J. Messer

Follow this and additional works at: https://digitalcommons.usu.edu/water_rep
Part of the Civil and Environmental Engineering Commons, and the Water Resource Management
Commons

Recommended Citation
Selby, Douglas A.; Ihnat, Jean M.; Post, Fredrick J.; and Messer, Jay J., "Effects of Cadmium on Streams
and Irrigated Agriculture in the Presence and Absence of Oil Shale Leachate" (1983). Reports. Paper 110.
https://digitalcommons.usu.edu/water_rep/110

This Report is brought to you for free and open access by
the Utah Water Research Laboratory at
DigitalCommons@USU. It has been accepted for
inclusion in Reports by an authorized administrator of
DigitalCommons@USU. For more information, please
contact digitalcommons@usu.edu.

Effects of Cadmium on Streams and Irrigated Agriculture
in the Presence and Absence of Oil Shale Leachate
Douglas A. Selby, Jean M. Ihnat, Fredrick J. Post, Jay J. Messer
with contnDutions from
David Hancey, Thomas J. Hardy, Charles I. Liff Bruce S. Mok, Robert L. Parker

Utah Water Research Laboratory
Utah State University
Logan, Utah 84322
August 1983

WATER QUAUTY SERIES
UWRL/Q-83/08

EFFECTS OF CADMIUM ON STREAM AND IRRIGATED AGRICULTURE
IN THE PRESENCE AND ABSENCE OF OIL SHALE LEACHATE
by
Douglas A. Selby
Jean M. Ihnat
Fredrick J. Post
Jay J. Messer
with contributions from
David Hancey
Thomas J. Hardy
Charles 1. Liff
Bruce S. Mok
Robert L. Parker

The research on which this report is based was supported
in part by funds provided by the U. S. Department of
the Interior, as authorized by the Water Research and
Development Act of 1978 (P.L. 95-467).
Project No. B-214-UTAH, Contract No. 14-34-0001-1280

WATER QUALITY SERIES
UWRL/Q-83/08

Utah Water Research Laboratory
Utah State University
Logan. Utah 84322

August 1983

Contents of this publication do not necessarily reflect the views
and policies of the U. S. Department of the Interior nor does
mention of trade names or commercial products constitute their
endorsement or recommendation for use by the U. S. Government.

ABSTRACT
Artificial streams, soil perfusion columns, and potted
plants were exposed to 20 ug Cd/l in the presence and absence of
unretorted oil shale leachate.
High cadmium accumulations
occurred in the stream biota, but did not measurably affect
community structure or function. The presence of oil shale
leachate had no effect on bioaccumulation or ecosystem structure
or function.
Nitrification in soil columns was enhanced by the
presence of the organic fraction of oil shale leachate, but this
effect was not observed when cadmium was present. Crop accumulation of cadmium was somewhat higher in alfalfa and radishes
irrigated with leachate, but did not cause plant concentrations
that would be hazardous to livestock or human consumers.
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SUMMARY AND CONCLUSIONS

Purpose of Research

likely result of an accidental waste/
stream spill or an unusual hydrologic
event that caused leachate to actually
esc ape for a short time from an 0 il
shale pile that normally. would not be
expected to produce leachate.
In this
particular case, the shale exposure was
not expected to be sufficiently high to
cause significant metal binding capacity
by organic ligands.

The purpose of the research described here was to assess the likely
impact of a highly toxic heavy metal, in
this case, cadmium on a simulated
hardwa ter stream ecosys tem and a s imulated irrigated agricultural ecosystem,
both in the presence and absence of oil
shale leachate.
Anticipated impacts of
the leachate included synergism or
antagonism, either via metal binding by
organic ligands associated with the
leachate or by non-specific effects such
as toxicity or interference with chemoreception.
While the ultimate goal
of such research is to set standards for
water quality 1n streams sttbject to
contamination by low-level cadmium
Sources and/or leachate from piles of
crushed oil shale awaiting retorting,
the systems studied here did not attempt
to exactly simulate the oil shale mining
region of the Upper Colorado River
Basin.
Instead, they were designed to
study the fate and effects of cadmium
and oil shale leachate in complex
systems that allow phase partitioning
and ecological interactions to .occur
that are impossible to observe in
single-species
toxicity bioassays.
Results from experiments such as those
reported here provide guidance for
further studies in the field, and
suggest where important transfer pathways may occur and where otherwise
unforeseen problems might be expected.

Conclusions
Principal conclusions based on the
stream experiment indicated that:

1.
Despite the low levels of
cadmium applied to the streams (twice
current drinking water criteria values),
up to 1000 ]lg Cd/ g dry weight accumulated in the primary producers in the
ecosystem.
Because some life stages of
sport fish feed exclusively or incidentally on such material (aufwuchs).
this pathway could represent a considerably more important source of
cadmium exposure than through exposure
of the gill surfaces to low cadmium
concentrations 1n the water column.
2.
Cadmium conc entrat ions decreased with increasing trophic levels
in the animal communities in the
streams, being higher in filter and
detritus feeders that come in contact
with the "frosting" of cadmium adhering
to small particles, than in predators
that consume prey by piercing and
sucking internal contents of their
prey.

In the stream studies, cadmium
was applied at 20 ]lg/l, both in the
presence and absence of raw oil shale in
the mixing boxes above each stream, for
a 3 week exposure period. This exposure
was thought to simulate heavy metal and
shale leachate exposure of low intensity
and short duration that would be the

3.
Laboratory experiments suggest
that much of the cadmium uptake in both
aufwuch communities and animals occurs
by precipitation or adsorption to
external surfaces of organisms, rather
1

than by uptake into internal biomass
pools.

Because the high leve Is of cadmium or
oil shale leachate studied here would
not be expected to persist over an
entire growing season, these limited
data suggest that oil shale leachate is
not 1 ikely to present a problem to
irrigated agriculture downstream from
unretorted oil shale stockpiles.

4.
These observations are consistent with the fact that, although
bioaccumulation resulted in high cadmium
concentrations on a whole organism
basis, no effects were observed on
ecosystem structure or function, as
determined by standing crop biomass,
species diversity, multivariate analysis
of community composition, distribution
of photosynthetic pigments, or extent,
timing, or composition of invertebrate
drift.

Recommendations for Further
Research
1.
The present study indicated
that 3 weeks was insufficient to produce
ecosystem effects at the cadmium concentrations studied, despite bioaccumulation of the metal.
Further experiments should employ long term ('V 6
mo) exposures to cadmium at the levels
studied here to determine when and if
ecosystem responses would occur as a
result of chronic, low-level cadmium
exposure. Such experiments should cover
spring-summer and autumn-winter periods
in order to determine effects on different life stages, reproductive behavior,
responses triggered by photoperiod, etc.

5.
At the ultratrace levels of
exposure studied here, exposure to oil
shale, either in the presence or absence
of cadmium, did not have an effect on
either cadmium bioaccumulation or
community structure or function.
It is
inappropriate to extrapolate this
conclusion to exposure to oil shale that
would cause a measurable increase in
total organic carbon or total dissolved
solids levels in receiving stream.

2.
Additional studies should
be conducted using a range of cadmium
concentrations sufficient to determine
the threshold concentrations for ecosystem responses over short-term (e.g.,
3 week) exposures that might characterl.ze an accidental waste stream spill.

Agricultural ecosystem studies
involved exposure of perfusion columns
and potted plants to cadmium at 20 l1g/1
in the presence and absence of oil shale
leachate.
In thisc ase , the organic
carbon concentrations represent significant potential metal binding capacity.
Conclusions from these studies suggest
that:

3. The above two studies should be
extended to other toxic trace metals
such as Cu, Ni, and Pb.

1. High concentrations of desalted
oil shale leachate may enhance nitrification in soils, but 20 l1g/1 cadmium is
sufficient to counter this effect.
Cadmium alone did not affect nitrification in the soils studied.

4. The high cadmium concentrations
in the aufwuch communities may represent
an important exposure pathway to sport
fish. Additional work should be done to
clarify the potential importance of
cadmium transfer during feeding and
digestion.

2.
Oil shale leachate appeared
to enhance cadmium accumulation in
alfalfa roots, but levels of cadmium
hazardous to human or animal health did
not occur in the edible portions of
alfalfa or radish plants, either in the
presence or absence of oil shale leachate.

5.
High cadmium accumulations in
the algal and macrophyte components
of the streams suggest that biogenic
precipitation of CdC03 may be an important sink for cadmium in hard water
streams. Further work should investigate
2

It is recommended that similar studies
be done in facilities constructed on
an oil shale site at which access
to supplies of (preferably "natural")
oil shale pile leachates are abundantly
available.
"Purification" of oil shale
leachates (concentration, desalting) for
such experiments requires a dedicated
pilot-scale facility.

the importance of coprecipitation of
cadmium and other heavy metals in hard
water streams exposed to low cadmium
concentrations, in situ.
Aufwuch
communities may be valuable biomonitors
for short-term cadmium spills in remote
stream ecosystems.
6.
Additional work needs to be
performed to verify that" sorption to
external matrices and exoskeletons is
more important than bioassimilation in
situ.
Radioisotope stud ies would help
to clarify short-term kinetics and help
to solve problems in obtaining large
amounts of material needed for analysis
by conventional chemical techniques.

9. Because the soil nitrogen cycle
appeared to be unaffected by 20 ~g/l Cd,
the metal concentrations and/or duration
of exposure necessary to elicit a response remain unknown.
Further studies
should be conducted at higher cadmium
concentrations to identify toxic levels
of cadmium and other class B metals.
These investigations should be conducted
using lower ammonia nitrogen concent rations than were used in the present
stud ies bec ause ammonia toxicity to
Ni trobacter appe ared to af fec t the
experiment.

7.
Additional studies with model
ligands (e.g., succinate, NTA) would be
useful in eluc idating metal transport
processes in hard water streams in the
presence of. organic ligands associated
with oil shale leachates.

10.
The apparent enhanc ement 0 f
cadmium accumulation in the presence of
raw oil shale leachate by portions of
potted plants should be studied to
determine the mechanism by which such
enhancement might occur, and the extent
to which they occur in other species.

8.
The results of the stream
experiments demonstrated the difficulty
of performing studies requiring large
amounts of oil shale leachates off-site.
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INTRODUCTION

Slawson (1979) identified more than
two dozen potential water quality
impacts associated with development of a
shale oil industry in the Western United
States.
They include 1) releases
of high-molecular weight organics,
polycyclic aromatic hydrocarbons,
heavy metals, and other toxicants such
as ammonia, arsenic, and fluoride, 2)
increases in salinity and turbidity, and
3) alterations in previous hydrologic
regimes.
These impact s are of part icular concern because the Colorado River,
which drains the entire Western oil
shale region, supplies water for irrigation to some of the most intensive and
salt sensitive Western agriculture,
serves drinking water to major metropolitan areas, provides the sole refugium of many rare and endangered
species of fish (e.g., Hickman 1983),
and fills reservoirs with valuable
recreational amenities and complex
aquatic ecosystems, including Lake
Powell (Utah-Arizona) and Lake Mead
(Nevada-Arizona).

Approximately 500-700 ha of land
would be required for storing raw shale
for processing 1 million barrels per day
by surface retorting.
Most of the raw
oil shale would be stored in the open.
Size range classifications are primary
(> 25 cm) and secondary (1-25 cm)
crushed shale and fines less than 1
cm in diameter.
Most of the stored
shale would probably be primary crushed
shale typically stored for about 30 days
before retorting.
Finer crushing would
be more costly, would expose more
fresh-shale surface, and could potentially pose a larger pollution hazard.
Water percolating through stored
shale piles can leach pollutants and
transport them to streams.
The principal water sources are prec ipitation on
the stored shale, and water applied to
stored shale piles for dust control
during crushing operations.
The water
applied for dust control may be low
quality effluent from wet scrubbers
or better quality water from a primary
source.
Most of the water applied for
dust control probably evaporates leaving
a residue that can be leached during
subsequent storm event s.
Water usage
for dust control has been estimated at
604,000 m3 /yr for a 60,000 bbl/day
industry (USDI 1973).
Should a 1
million bbl/day industry develop,
10 million m3 /yr of water would be
applied to raw shale for dust control.
This amounts to about 0.3 percent
of the total annual flow of the White
Ri v e r ( 0 r O. 5 per c e n t 0 f the low
flows), the major water source for the
shale mining regions of Colorado and
Utah.

Known high-grade oil shale in the
Green River formation in the Upper
Colorado River Basin contains 600
billion barrels of oil in place, with 80
billion barrels recoverable by using
present technology (Redente et al.
1981) • Under proper market conditions,
an indust ry produc ing 1-20 mi 11 ion
barrels of oil per day is foreseeable.
Should surface retort ing be used, such
an industry would process 1.3 to 26
million metric tons (MMT == 10 9 kg) of
raw shale per day.
The alternative of
modified in situ (MIS) retorting would
still require that 20 to 30 percent of
the processing be done on the surface,
relegating the remainder to underground
retorts.

Precipitation falling on the stored
shale can redi sso 1ve the res idue from
the evaporated dust control water and

5

leach pollutants directly from the shale,
particu~arly the surfaces now exposed by

crushing.
Containment ponds are generally designed to contain runoff from
the 100-year storm. Larger events could
overflow the ponds and cause leachate
from shale piles to enter adjacent
surface streams.
Recent investigations have indicated that water soluble extracts
Or leachates from both raw and spent
shales and from shale oils can be
either phytotoxic or stimulatory to the
growth of algae under bioassay conditions (Cleave et a1. 1979, 1980; Griest
et al.
1981; Giddings and Washington
1981; Mok and Messer 1983).
Although
effects from inorganic nutrients or
toxicants could not be ruled out on the
basis of these experiments, shifts from
algal growth enhancement to toxicity
with increasing concentration is characteristic of the behavior of trace
metals in the presence of both natural
and synthetic organic ligands, both in
cell culture and in situ (e.g. Huntsman
and Sunda 1980).
Organic func t ional
groups capab Ie of binding heavy metals
have been found to be associated with
oil shale process waters (Hertz et al.
1980; Fish 1980; Stanley et a1. 1981;
and Leenheer et a!. 1982).
Also,
copper and cadmium complexation has been
found to be associated with raw and
spent shale leachates (Mok and Messer
1983).

In order to examine the formation
and effects of the types of metalorganic complexation likely to result
from oil shale retorting, this study
exposed a model stream ecosystem and two
model agroecosystems to unretorted oil
shale leachate, both in the presence and
absence of an added heavy metal.
The model ecosystems were monitored for
both bioaccumulation of the metal and
for changes in structure or function
suggest ing some form of st ress, e.g.,
changes in species abundance, productivity, pigment composition, etc.
Cadmium
was chosen for this study because it 1)
is highly toxic to animals and humans,
and 2) can be complexed by raw oil shale
leachate (Mok and Me sser 1983).
In
addition, the work of Giesy et a1.
(979) on cadmium applicat ion to a
softwater model stream offers an opportunity for comparison of the responses
of different types of stream communities.
The exposure used was of short
duration and subacute concentration
because the problem events were expected
to be transient results of accidents and
unusual meteorological events.
A number of factors considered l.n
formulating the study need to be kept in
mind in interpreting the results.
First, oil shale contains a broad range
of compounds.
The properties of the
leachate depend on highly variable
characteristics of the parent material,
the weathering history of the shale
following exposure, and the water
used for dust control. Unretorted shale
from the Mahogany Zone of the Green
River Formation was selected for this
study because a large amount of material
mined from the same location was available.
The samples had been excavated
from tract C-a of the Federal Prototype
Oil Shale Lease Program, approximately
1.5 years earl ier, and had been stored
in sealed 55 gallon drums.
Because
unweathered shale was used, it is not
known how weathering, including partial
pyrolysis of the kerogen caused by
heating of exposed shale as a result of
pyrite oxidation, would affect the
leachate.
The composition of oil shale

These findings suggest that development of the oil shale industry without proper environmental precautions
could lead to metal-organic complexation
that would affect both the transport and
availability of heavy metals to phytoplankton in Colorado River Basin reservoirs.
Sources for the organics could
inc lude leachate escaping from piles of
raw or spent shale, or accidental spills
or releases of process waters. In
addition to these same sources, heavy
metals may come from deposits originating from historical mining operations
and from natural geologic formations
within the basin.
6

such as a sediment particle or an
authigenic carbonate prec ipita te.
From
there, it may be ingested by a detritus
feeder, released into the gut under
'conditions of low pH, and subsequently
transported to a storage tissue or
detoxification site. Metals sequestered
into living biomass may be ingested by
grazers or carnivores, or the latter
organisms may absorb metals through
surfaces of the gills or integument.

varies both within and between geographic strata of the Mahogany zone.
The effects of this micro- and macrogeographic variation on the results reported here also are unknown.
A second consideration is the
background provided with respect to the
factors affecting the interaction
between metals and organic ligands
entering a receiving water.
Useful
reviews and explanations of such effects
can be found in volumes edited by Singer
(1973) and Christman and Gjessing (1983)
and in articles by Jackson et al.
(978), Elliot and Huang (979), Beveridge and Pickering (980), Hatton and
Pickering (1980), and Vuceta and Morgan
(978).
In general, the capacity of a
given concentrat ion of a part icul ar
ligand to bind a given metal is a
function of the metal concentration,
compet ing metal ion concentrations, pH,
ionic strength, and the concentration of
the ligand itself.
The last effect is
due to metal ion bridging between ligand
molecules, which increases specific
binding capacity, and to coagulation of
ligands, which decreases specific
binding capacity.
The degree of metal
binding is also affected by competing
ligands and negatively charged surfaces
such as aluminosilicates and algal
cells.
Metal binding also may affect
the tertiary molecular structure of the
ligand, as we 11 as its hydrophob ic i ty,
which in turn may affect its interactions with interfaces at the sediment
and water surfaces.
Simple examples of
ligand effects on metal solubility
as a function of pH are presented in
Chapter 2.

Redox potential also may affect
transport.
Reduction of valence
in response to low redox potential may
cause a complexed metal to be released
and subsequently assimilated by a
mic roorganism.
Low redox potent ia Is
typically occur in the hypolimnia of
Colorado River reservoirs and also may
occur in anoxic sediment strata in
pools, offstream storage reservoirs, or
the lower layers of periphyton communities during periods of high respiratory
activity, particularly in the early
hours before dawn.
Photooxidation may
also cause a bound metal to be released
from an organic ligand, either through a
change in oxidation state (Miles and
Brezonik 1981) or destruction of the
organic moiety.
Microbial oxidation in
soils or sediments may have similar
effects.
Development of a model to account
for all of the interactions contributing
to the fate and effects of a metal or
metal-ligand complex in a stream is
probably beyond the present capability
of environmental science. An empirical
approach was therefore adopted for this
study. Metal and metal-ligand complexes
were applied directly to a hard water
stream and to an Upper Colorado Basin
soil in order to screen for possible
environmental effects.
If such effects
were found, the next st ep would be
to search for factors that ameliorate or
exacerbate them.

Once a metal ion is complexed, its
fate and effects on biological communities vary.
It can be effectively
detoxified, as is the case for copper
bound to humic materials in the presence
of algae.
Alternatively, its availability may be enhanced, as is the case
for iron in the presence of EDTA in
algal culture (Huntsman and Sunda
1980). Also, the metal or metal-ligand
complex may be deposited on a surface,

It must be emphasized that research
into possible environmental impacts must
be considered preliminary when the
products of experimental or pilot-scale
7

the expe~imental stream facility;
Chapter 2 describes the stream facility
and experimental treatment design;
Chapter 3 describes the water chemistry
of cadmium; Chapter 4 describes the
results of treatments on the aufwuchs
communities; Chapter 5 describes the
results of treatment on the aquatic
invertebrates; Chapters 6 and 7 discuss
cadmium accumulations by the macrophytes
and sediments; Chapter 8 discusses the
results in the context of a complete
stream ecosystem. Chapters 3, 4, 5, and
6 are generally subdivided into a)
literature review oriented toward
cadmium interactions, b) experimental
methodology c) results of fate and
accumulation studies, d) effects on
community structure, and e) results of
benchtop experiments designed to test
hypotheses regarding interactions
between compartments.

technologies are used instead of shales
exposed by a fully developed industry in
place.
For thi s stud y, even exper imental products could not be obtained,
and probably much-Iess-potent raw shale
had to be used.
While the lack of
significant impacts of leachate from
this source could in no way be interpreted as suggesting that there was no
problem, the experiments still promised
some valuable insights on likely sources
and mechanisms of impact.
Finally, risk assessment is composed of identifying potential hazards,
quantifying dose-response relationships,
estimating the risk of exposure, and
comparing alternatives for risk management.
These experiments contribute
only to the first step of this assessment.
This report is organized into two
main sections.
Section I deals with
aquatic studies and Section I I with
agrosystem studies. Section I contains
eight in chapters, each devoted to a
specific ecosystem component of the
stream. Chapter 1 describes the design,
construction, and baseline studies of

Section I I presents chapters on Cd
accumulation by radish and alfalfa
plants in the presence and absence of
raw shale leachate and Cd and raw shale
leachate effects on nitrification in
soils.
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SECTION I
AQUATIC STUDIES

CHAPTER 1
EXPERIMENTAL STREAM FACILITY
The selection of a rate and method
for applying the oil shale leachate was
much more difficult.
Presently, there
is no estimate of the amount of leachate
likely to reach st reams.
The high
variability in shale characteristics
among geographic regions and among
strata within the same region further
complicates selection of an appropriate
leachate quali ty and predict ions of
impacts.
Furthermore, because there
is no existing industrial source of raw
shale leachate, leachate for experimental use must be prepared through
simulated leaching conditions and may
result in a produc t di fferent from that
produced in situ.

The methodology of this research
was to apply leachates to artificial
streams at dosages that could reasonably
be expected in the streams and rivers of
an area with a developed oil shale
industry.
Since oil shale leachate is
not now reaching streams and interacting
with cadmium, some subjective decisions
had to be made in selecting the dosages.
The selected metal concentration
was 20 l1g cd/l as similar to existing
levels recorded in segments of the White
River flowing through the oil shale
region and as close to the currently
accepted federal criteria for drinking
water. Fox (1977) recorded up to 1411 g
Cd/l in the White River of Colorado
during periods of high runoff and
suspended sediment s.
The "Red Book"
criteria for drinking water suggests 10
l1g cd/l as an acceptable upper limit
(USEPA 1976a).

The first approach to applying
leachate to the experimental streams was
to attempt to elevate the organic
content (TOC) of the streams by a
measurable amount using only the organic
9

fraction of raw oil shale leachate.
This approach quantifies a required dose
of organic ligands and permits quantitative conclusions about the effects of
these ligands on cadmium toxicity in
stream communities.
Isolation of only
the organic fraction required desalting
the leachate to remove inorganic cations
and ligands which might obscure potentially subtle effects of organic ligands
and cadmium.
Mok and Messer (1983)
isolated the organic fraction using
ultrafiltration (UF), but the production
rate with available UF apparatus was too
low (0.5 ml/min) to provide sufficient
material for treating the stream
microcosms.
The alternative considered was
electrodialysis (ED) using a pilot-scale
system with a hydraulic capacity of 3
l/min.
For fractionation by this
procedure, approximately 48 kg of raw
oil shale was leached in a batch extract ion wi th doub Ie deionized water at
a 4:1 (w/w) ratio for 3 weeks with
periodic shaking. After separation of
phases by centrifugation, the leachate
was treated with ED (Stackpack,IM Ionics
Inc., Watertown, MA).
To prevent
electrolysis of the organics, the
applied potential was kept below 10 V,
which significantly extended the time
necessary for processing.
This procedure was effective in removing inorganic salts; but it also reduced the
already low Toe of the leachate (from
11.4 mg/l to 4.9 mg/I) , apparently due
to the passage of lower molecular weight
organics through the membranes and the
adsorption of organics to membrane
surfaces. The resulting organic content
was so low that thousands of liters
would be required to achieve the desired
increase in stream Toe.
Therefore,
the dialyzed leachate was concentrated
by us ing a pilot-scale reverse osmos is
(RO) unit (Saltech, El Paso, TX)
fitted with spiral wound celluloseacetate membranes.
The RO process
was successful in concentrating the
organic fraction, as well as the remaining inorganic salts left by ED, but the
concentration of the organic fraction

limited to about 10 mg TOe/l
avoid membrane fouling.

was

to

Leachate preparation by this method
was extremely time consuming and
the product may have been significantly
altered by electrolytic degradation,
high pressure, and selective removal of
organic constituents.
Product ion of 4
liters of purified leachate with
a Toe of 9 mg/l required about 6 hours
for the ED and RO steps.
To produce a
measurable increase of 0.1 mg/l Toe in
the artificial streams on a flow-through
basis would require 2,590 liters/stream/
day or a total of 217,730 liters for the
four streams designated by the experimental design to receive leachate for 21
days.
This amount would require crushing and leaching approximately 2,200
metric tons of shale.
Recirculation of
the stream water to conserve the leachate (thus reducing requirements) was not
considered feas ible because of problems
controlling water temperature, potential
nutrient limitations and the requirement
for drift to support filter-feeders and
provide a source of invertebrate recruitment.
Therefore, production of a
concentrated, dialyzed organic fraction
was abandoned as a treatment option.
The third option for increasing the
organic content was to treat the streams
with a reduced leve 1 of "whole" leachate
prepared on site.
The alternative
selected to provide oil shale leachate
to the streams was in situ leaching of
crushed oil shale.
Each stream des ignated to receive shale was exposed to
27.2 kg of raw shale administered in
4.54 kg lot s, changed at 3-day intervals.
This was close to the maximum
exposure possible given the capacity of
the stream dosing boxes and the volume
of available shale.
It was recognized
that these volumes would probably not
contribute significant metal binding
capacity to the streams and that levels
of inorganic toxicants would also be
very low; however, this approach would
provide an opportunity to explore the
effects of ultratrace levels of materials leached from raw oil shale on the
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dynamics of a stream community and to
examine their potential for synergistic
interaction with subacute levels of a
stressor substance like cadmium.
Treatments of this sort (i.e., low
levels of exposure for short periods)
may be more representative of probable
environmental impacts because state and
federal regulations limit higher exposures.
In the selected experimental
design, the eight stream microcosms
(in four pairs for examining reproducibility) were given the following
treatments:
STREAMS 1&2

20 ~g Cdll plus raw oil
shale

STREAMS 3&4

20 ~g cdll only

STREAMS 6&7

Raw oil shale only

STREAMS 5&8

Untreated controls

The solution used for applying
cadmium treatment was prepared by
dissolving 20 g of "mossy" cadmium metal
in concentrated HN03 and making an
appropriate dil ut ion wi th de ionized

water to furnish a stock of 800 mg cd/l.
A 25 Ii ter carboy of this solution was
sufficient to treat the four streams
designated to receive cadmium for a
24-hour period. The solution was pumped
by a four channel peristaltic pump
into the flow from the headbox weirs in
each of the streams to ensure complete
mixing before reaching the stream
channels.
Daily water samples were
taken from each stream to verify the
dose of cadmium.
The raw shale was crushed and
sieved to obtain particle diameters
between the 9.4 and 22.4 mm typical of
the size range stockpiled for retorting.
The shale t;hen was weighed out in 4.54
kg lots and placed into screened enclosures made from 4 Ii ter wide-mouth
Nalgene bottles which had their sides
replaced with stainless steel screen.
The enclosures were placed into the
bottoms of dosing chambers in the
streams within the zone of turbulent
mixing.
The shale was changed at
3-day intervals, so that by the end of
the 21 day treatment period, each stream
had been exposed to leachate from 27.2
kg of raw shale.
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CHAPTER 2
FACILITY DESCRIPTION

The objectives of this study
required that the test heavy metal
(Cd) and raw shale leachate be introduced into a complex ecosystem that
contained representative pathways for
physicochemical transport through phases
and phase interfaces, uptake of dissolved substances by biota, and metal
transfers through the food web via
predation and detrital processing, in
addition to possessing control mechanisms for regulating ecosystem structure
and function.
Ideally, one would apply
the metal and/or leachate to natural
ecosystems likely to be impacted by the
oil shale industry.
This approach, however, has major
technical and environmental obstacles.
Technically, a good experimental design
calls for controls and replicates
that verify the effects of treatment.
However, such controls and replicates
are virtually impossible to provide in a
natural stream.
Environmentally it
would be highly undesirable to degrade a
natural system.
To avoid these difficulties, the selected approach was to
use eight artificial stream m1crocosms
with two used as controls and two
replicates provided for each case. The
streams were constructed on the grounds
of the Utah Water Research Laboratory
(UWRL) at the mouth of Logan Canyon in
Logan, Utah.

economic limitations required some
compromise; however, several characteristics were judged essential in meeting
the project objectives:
1.

An ambient lighting regime.

2.
Shelter from severe
i.e., wind, hail and snow.

weather,

3.
Sufficient riffle and pool
habitat to support benthic populations at levels that would permit
periodic sampling without significantly affecting the microcosm community.
4.
Stream channels able to hold
substrates typical of those in native
streams (cobbles up to 20 cm diameter).
5. A flow velocity typical of low
order mountain streams, i.e., 10-30
em/sec.
6.
Water depths of approximately
10 cm in order to cover substrates.
7.
Quiescent pool condi t ions to
allow containment of up to 30 cm of
sediment, growth of macrophytes, and
some settling of particulate matter.
8.
Provision for
artificial substrates.

placement

of

9.
Provisions for chemical dosing
so that any amendment would be completely mixed with the incoming water before
entering the streams.

Design Criteria
The design goal was to produce
stream microcosms which would support
the organisms and biotic and abiotic
processes that occur naturally in low
(e .g., third) order streams in the
Intermountain West.
Technical and

10.
Flow-through operation to
prevent nutrient limitations and
thermal changes.
11 •
A h i gh
water source.
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qua Ii t y,

de pend a b 1 e

velocity required to satisfy objectives
5t 6 t and 7. The internal channel walls
are notched every 0.3 m for attachment
of artific ial substrates.
To provide
for chemical dosing t each stream has a
chamber 0.3 m square and 0.3 m deep at
its head end t above the upstream riffle
reach.
The water entering the chamber
from the common headbox thus is turbulently mixed with chemical additions
before it enters the upstream riffle.

12.
A source of biot ic input to
replace losses from the microcosms
due to emergence and out-drift t and to
provide a food source for filterfeeders.
13.

Low operating cost.

These characteristics tvere provided by
constructing a stream research facilitYt
hereafter referred to by the acronym
RIFFLE (Research Installation For Fate
and Effects in Lotic Environments).

Flow-through operation was provided
by disCharging each stream to a receiving box containing a removable standpipe.
The standpipe formed a reservoir
from which water could be pumped to the
head of the stream for recycling.

To provide natural photoperiods and
light intensity and to allow year-round
operation t RIFFLE is housed in a 6.1 x
18.3 m greenhouse (Figure 2.1).
The
greenhouse has workbenches t sinks t
running water, and 110 and 220 V electricity.
A heating and ventilation
system permits use of equipment with
temperature-restricted operating ranges.
Although ultraviolet wavelengths are
blocked by the semi-transparent skin of
the greenhouse, the resulting alteration
of the spectral quality of the incoming
light was felt to be justified by the
need for ice-free, year-round operations.
Because of space limitations,
the streams were oriented in a northsouth direction.
This is atypical of
western mountain streams t which predominately run east-west, but was not
expected to adversely impact the establishment of a natural stream ecosystem.

The final requirements of a high
qualitYt dependable water supply, biotic
input stand low operating cost are met
by using water from the Logan River.
The river flows into a small hydroelectric reservoir (retention time < 1
day) at the mouth of Logan Canyon, from
which it can be diverted into the piping
system of UWRL via a 1.2 m diameter
pipe.
The Logan River above this
reservoir is classified as an antidegradation drainage and a class 3A cold
water fishery (Utah Wastewater Disposal
Regulations Part II t Utah State Board of
Health 1965).
Water for RIFFLE is
supplied directly from the UWRL system
to a 0.3 m pvc diffuser pipe housed in a
16.9 m x 0.3 m x 0.3 m constant head
tank in the greenhouse. Water from the
constant head tank reaches the dosing
chambers of the streams via 90 degree
adjustable V-notch weirs (Figure
2.3).
The water supply is entirely
gravity fed and has proved to be
extremely dependable.
Flow rates from
the river to the facility are sufficiently high to allow drifting invertebrates and algae from the river to reach
the stream channels in viable condition
and to prevent heat ing of the water
while it is in the UWRL hydraulic system
or the stream channels.

Because a priori prediction of
invertebrate standing crop biomass
was impos s ib Ie (thus sat is fying objective 3), the stream microcosms were
sized to fit in the space allocated in
the greenhouse and to use standard sizes
of building materials t thus limiting the
number of joints and lowering construction costs.
Each stream contains
an upstream and downstream channel, 2.4
m long x 0.2 m wide x 0.2 m deep,
connected by a pool 0.6 m x 0.8 m x 0.6
m deep (Figure 2.2). A riffle width of
0.2 m was sufficient to accommodate
stream cobbles, and hydraulic calculations indicated that the design would
easily provide the depth and flow

Construction
The greenhouse was supplied in kit
form by the Nexus Corp., Denver, CO. It
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Figure 2.1.

Interior of the RIFFLE facility showing the eight stream microcosms
used in this study.
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,

Figure 2.2.

A single stream microcosm showing the supply weir, upstream channel,
pool, and downstream channel.
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has translucent fiberglass panels for
the walls and roof (Crystalite, Lasco
Industries, Anaheim, CA.) and was
erected on a concrete foundation adjacent to the northwest corner of the
UWRL.

Baseline Operation
RIFFLE began operation on 26
February 1982 with the placement
of substrates in the stream channels.
Natural cobble, 10 to 15 cm in diameter,
was selected from the Logan River to
encourage rapid development of a stream
biot ic community.
Substrates with
established aufwuchs were selected as
seed material.
These substrates were
collected by hand from the river bot tom
near UWRL and were transferred via
plastic buckets to the artificial
streams.
Damage to the aufwuchs from
dehydration was minimal because the
RIFFLE facility is less than 10 m from
the Logan River.
As a result, the
entire transfer of a substrate from
river to artificial stream took less
than 15 minutes.
Sand and grave 1 were
not added to the streams because they
are cleansed from the upper Logan River
by high current velocities, particularly
during spring runoff and summer spates.
The stable cobbles and boulders of swift
waters usually provide the mos t important habitat for biota (Hynes 1970),

Exterior grade 1.59 cm 0/8")
plywood was used for construction of the
microcosms,
The streams were assembled
using glue and wood screws and painted
with a 2-coat epoxy paint (RelPon 28 and
29, Reliance Universal Inc., Houston,
TX).
Preliminary laboratory tests, in
which painted surfaces were leached with
deionized water and exposed to standard
solutions of copper, indicated that this
paint did not adsorb or release trace
metals or metal-binding organic ligands.
All exterior surfaces were painted with
latex housepaint.
The streams and head
tank were supported by two-by-four
frame s, and the pools were supported by
concrete blocks (Figure 2.3),
Channel
slopes were adjusted to 0.0014 to
provide the desired water depth (10 cm)
and velocity (20 cm/s).
Weirs were
constructed of 0.32 cm (1/8") sheet
aluminum.
All metals in contact wi th
the water were either aluminum or
stainless steel.

The stream pools were filled to a
depth of 25 cm with sediments collected

~~~~~~~~~~71
60cm

21.6cm

Figure 2.3.

J

Schematic of a stream microcosm used in this study showing channels,
pool, water supply and water discharge systems (scale 1 cm = 244
cm) .
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from the White River, Rio Blanco Co.,
CO.
The sediments were placed in the
pools to provide a substrate for growth
of aquatic macrophytes and benthic
invertebrates and to act as a medium for
physicochemical reactions, such as
ion-exchange, adsorption, and redox.
Another reason for using White River
sediment is the suspected high content
of cadmium, zinc, copper, and other
metals from active and inactive mine
drainage and geologic formation in the
basin.
Fox (1977) reported concentrations of up to 14 ]..lg/l cadmium in the
White River near Rangely, CO, during
periods of high flow.
This metal was
apparently associated with suspended
sediments since filtered samples were
low in cadmium.
Analyses of the sediments used in the stream pools indicated
cadmium concentrations of 0.03 to 0.04
).1g/g dry weight.
In addition, these
sediments contain some of the biota and
chemical processing potential of the
White River, characteristics which might
contribute to meaningful extrapolation
of artificial stream findings to the
waters likely to be affected by the oil
shale industry.

Water quality

The Logan River, which serves as
the water supply to the experimental
streams, is a sixth order stream which
drains a watershed of 570 km 2 ranging
in elevation from 1460 m to 3040 m above
mean sea level.
The average annual
precipitation within this drainage is 55
to 99 cm, of which 60 to 90 percent
falls as snow (Rupp and Adams 1981).
Discharge remains relatively constant at
7 to 8 m3 /sec except during snowmelt
runoff, which typically occurs between
April and July.
The geologic strata
underlying the watershed are chiefly
limestones and serve as aquifers supply~
ing almost the entire base flow for the
summer months and conferring the major
chemical characteristics of the river
water quality.
The Logan River wa ters hed is
largely within the boundaries of
the Cache National Forest, which is
designated a mUltiple use area.
Grazing, hunting, fishing, camping and
firewood cutting are the major act~v~
ties.
Major human physical alterations wi thin the drainage are a state
highway along the river, three small
reservoirs, 86 summer homes, and several
Forest Service campgrounds and picnic
areas.
The highway (U.S. 89/91) is a
ma~n
east-west route between northern
Utah and southwestern Wyoming and
is used by both private and commercial
vehic les.
Because of its importance,
the road is kept open throughout the
winter by snowplows and applications of
sand and salt.
The three small reservoirs provide pondage for hydroelectric
power generation.
The reservoirs are
old and heavily silted and have very
short detention times, which limit
their effects on downstream water
quality.
The summer homes and campgrounds are used dur ing the spr ing,
summer, and early fall, but most remain
closed during the colder months.

Measurements were made to verify
that a11 eight streams had similar
hyd raulics, water quali ty, and biological characteristics.
These characteristics are summarized below.

Hydraulics
Following placement of substrates
in the stream channels, the weirs
were adjusted to provide 2.7 1/ s of flow
to each stream.
Flow measurements were
taken at eight upstream and eight
downstream locations in each stream
using a Marsh-McBirney flowmeter.
Current velocities ranged from 9 to 43
cm/sec with substrate placement.
Average velocities are presented in
Table 2.1. An ANOVA test indicated that
there was no significant difference
between the streams (FO.Ol 7 120 =
2.79) with respect to flow v'el'ocity.

Water quality in the Logan River
was examined by Rupp and Adams (1981).
18
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Table 2.1.
Stream

1
2
3
4
5
6
7
8

Average current velocity

~n

each RIFFLE

Mean velocity
cm/sec

m~crocosm.

Standard
deviation

17.7
24.4
24.1
19.5
19.2
22.6
220.1
19.5

4.6
8.5
8.8
6.4
6.1
7.0
7.3
10.9

n

16
16
16
16
16
16
16
16

1979-1980.
Major inorganic ion concentrat ions are presented in Figure 2.6.
As in the case of specific conductance,
a drop in alkalinity and total hardness
concentrations is seen corresponding to
snowmelt entering the river in late
April.
The range of alkalinity from
April through October was 145 to
184 mg CaC03/l.
Total hardness ranged
from 154 to 202 mg CaC03/l.

Their data indicate a relatively stable
chemistry during most of th.e year,
although changes occur during spring
runoff.
Data collected over a 6 month
period (April-October 1982) from the
river above the reservoir, the UWRL
supply pipe at the dam, and the RIFFLE
headbox show that the chemistry of the
water supply to RIFFLE is not measurably
different from that of the Logan River
(Table 2.2). Water quality data for the
6 months preceding treatment of the
stream microcosms are summarized below.
Analyt ical methods used are summarized
~n Table 2.3.

Nutrient levels were generally low,
except during spring runoff when some
increases occurred.
Total P increased
drama tic ally in Ma y ( Fig u r e 2. 7) as
snowmelt, probably carrying soil P,
entered the river.
Snow in the Logan
River watershed is low in phosphorus
(Messer et al. 1982). Approximately 30
percent of this high P concentration was
present as dissolved organic P and 20
percent as orthophosphate (0-P04)'
All phosphorus levels stabilized in
June.
Data from 1979-1980 also show
peak phosphorus inputs in the river
during runoff events (Rupp and Adams
1981) .
Ni trogen spec ies va r ied over a
somewhat narrower range (Figure 2.8).
Nitrate N ranged from 0.15 mg/l to 0.29
mg/l, with the highest value during
April runoff. The fluctuations of total
N did not appear to correlate to any
other parameter.
Ammonia and nitrite
remained below detectable concentrations
« 10 llg/l and < 2 llg/1, respectively)
throughout the 6 month period.

Wa ter temperat ure (Figure 2.4)
varied from a low of 4.2°C on April 20
to a summer high of 10°C on July 30.
Data from 1979-1980 indicate winter lows
in the river of 3°C and summer highs of
over 12°C (Rupp and Adams 1981).
Of the major dissolved chemical
species, dissolved oxygen was fairly
stable, generally staying near saturation values of between 9 and 10 mg/l
(Figure 2.4).
pH was also stable
(8.0-8.3) because of the high buffering
capacity of the water (Figure 2.5).
Specific conductance varied from 311 to
400 \lmhos/cm 2 at 25°C, with the lowest
values occurring during the spring
runoff period when snowmelt diluted
the base flow (Figure 2.5).
Rupp and
Adams (1981) reported a range of
214 to 420 llmhos/cm 2 in the nver for
19

Table 2.2.

Parameter

Characteristics of RIFFLE water supply at Logan River above the supply
reservoir, at the supply pipeline at the dam, and at the headbox weirs
feeding the stream microcosms (April 1982-0ctober 1982).

Date

Logan River

Location
Supply Reservoir

RIFFLE

Temperature
degrees C

April 7
May 4
June 8
July 6
July 30
October 7

4.8
8.5
8.5
8.0
10.0
6.5

5.0
8.5
8.5
8.0
10.0
6.5

5.0
8.5
8.5
8.0
10.0
7.0

Dissolved
Oxygen
mg/l

April 7
May 4
June 8
July 6
July 30
October 7

10.4
9.8
9.7
10.1
9.7
10.4

10 .0

9.7
9.8
10.2
10.0
9.9

9.4
9.6
9.9
9.8
9.3
10.0

pH

April 7
May 4
June 8
July 6
July 30
October 7

8.4
8.2
8.2
8.3
8.3
8.4

8.4
8.1
8.2
8.3
8.2
8.3

8.4
8.2
8.3
8.3
8.2
8.3

Alkalinity
mg CaC03/1

April 7
May 4
June 8
July 6
July 30
October 7

178
156
160
155
176
186

186
148
156
146
178
180

184
150
160
159
181
184

Total
Hardness
mg CaC03/1

April 7
May 4
June 8
July 6
July 30
October 7

200
165
167
158
177
200

193
163
163
161
175
204

193
164
164
161
175
202

Calcium
mg CaC03/1

April 7
May 4
June 8
July 6
July 30
October 7

138

140
120

148

110
115
a
119

114
a

131
148

144

aNot measured.
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117
116
a

122
134

·

- -
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Table 2.2.

Parameter

Continued.

Date

Logan River

Location
Supply Reservoir

RIFYLE

Magnesium
mg CaC03/1

April 7
May 4
June 8
July 6
July 30
October 7

62
55
·52
a
56
56

53
43
49
a
44
56

45
48
48
a
55
68

Total P
]lg/1

April 7
May 4
June 8
July 6
July 30
October 7

31
170
26
19
20
21

7
100
24
25
22
23

23
91
20
21
17
21

Dissolved P
)lg/1

April 7
May 4
June 8
July 6
July 30
October 7

a
47
a
a
13
17

a
50
a
a
10
21

a
46
a
a

April 7
May 4
June 8
July 6
July 30
October 7

33
14
14

5

5
14
9
14

O- P04
]lg/l

14
9
21
12
19

13

10
16

11

18

11

16

Total N
mg/1

April 7
May 4
June 8
July 6
July 30
October 7

0.3
·0.5
0.6
0.2
0.3
0.5

0.3
0.9
0.6
0.2
0.3
0.3

0.3
0.5
0.6
0.3
0.3
0.3

Dissolved N
mg/l

April 7
May 4
June 8
July 6
July 30
October 7

a
0.4
a
a
0.3
0.3

a
0.4
a
a
a
0.3

a
0.4
a
a
0.3
0.3

aNot measured.

21

Table 2.2.

Parameter
N02-N
l1g/l

Continued.

Date
April 7
May 4
June 8
July 6
July 30
October 7

Logan River
<2
<2
<2
<2
<2
<2

Location
Supply Reservoir
<2

<2
<2
<2

RIFFLE
<2
<2
<2
<2

<2

<2

<2

<2

NOr N
mg/l

April 7
May 4
June 8
July 6
July 30
October 7

0.2
0.3
0.1
0.2
0.2
0.2

0.2
0.3
0.2
0.2
0.2
0.2

0.2
0.3
0.2
0.2
0.3
0.2

TOC
mg/l

April 7
May 4
June 8
July 6
July 30
October 7

1.2
5.2
a
a
3
a

0
4.5
a
a
1.5
a

0
3.4
a
a
1.2
a

Dissolved
TOC
mg/l

April 7
May 4
June 8
July 6
July 30
October 7

a
5.1
a
a
1.0
a

a
2.9
a
a
0.9
a

a
2.7
a
a
0.8
a

Specific
Cond uc t anc e
llmhos/cm
@ 25°C

April 7
May 4
June 8
July 6
July 30
October 7

a
319
336
321
352
400

a
323
328
321
345
393

aNot measured.
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Temperature and dissolved oxygen in RIFFLE water supply for 6 months
prior to treatments.

Cadmium was not detected in the
Logan River water (5 ].!g/l detention
limits) during this period.
Selected
influent and effluent water quality
parameters were compared to verify the
similarity of inflow and outflow for
each stream.
Data collected on 20
Dc t 0 be r 19 82 s howe des sen t i all y no
intra-stream difference in influent and
effluent values, nor was there a difference between streams (Table 2.4). Small
observed variations fell largely within
the range of error for the analyses.
The absence of change between
upstream and downstream measurements

indicates that either 1) the stream
communities were not actively metabolizing, 2) biotically induced inputs
and removals were negligible in comparison to background concentrations, or 3)
physical-chemical processes were maintaining the chemical equilibrium.
Option 1 can be excluded immediately;
the streams contained large amounts of
algal biomass producing oxygen which
appeared as gas bubbles. Dense, actively feeding invertebrate populations were
also observed.
Option 2 furnishes a
ready explanation for nitrogen and
phosphorus stability; because of the
rapid flow of water and relat{vely short

23
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Table 2.3.

Procedures used in analyses of water samples.

Parameter

.j::-.

Table 2.4 •
Stream

1
2
3
4
5
6
7
8

APHA (1981) p. 395
APHA (1981) p. 402
APHA (1981) p. 253
APHA (1981) p. 194
APHA (1981) p. 185
APHA (1981) p. 413
APHA (1981) p. 420
Solorzano and Sharp (1980)
APHA (1981) p. 376
APHA (1981) p. 376
APHA (1981) p. 471
APHA (1981) p. 70

Membrane electrode
Glass electrode
Colorimetric
EDTA titrimetric
EDTA titrimetric
Persulfate digestion
Ascorbic acid
Persulfate digestion
Diazotization (automated)
Cadmium reduction (automated)
Combustion - infrared
Conductivity cell

Dissolved oxygen
pH
Alkalinity
Total hardness
Calcium
Total phosphorus
Orthophosphate
Total nitrogen
Nitrite nitrogen
Nitrate nitrogen
Total organic carbon
Specific conductance

N

Reference

Method

Water quality comparisons within and between RIFFLE streams on October 20.
N03-N mg/l

PTN mg/l a

1n

out

in

out

in

out

in

out

in

out

0.15
0.16
0.16
0.15
0.15
0.15
0.15
0.14

0.16
0.15
0.17
0.15
0.16
0.15
0.14
0.15

0.17
0.20
0.20
0.21
0.17
0.21
0.20
0.22

0.17
0.18
0.20
0.21
0.20
0.20
0.20
0.20

0.25
0.28
0.28
0.29
0.24
0.26
0.16
0.24

0.29
0.26
0.29
0.26
0.24
0.22
0.28
0.22

8.29
8.30
8.33
8.33
8.19
8.32
8.32
8.32

8.30
8.34
8.32
8.33
8.32
8.32
8.34
8.32

10.4
10.6
10.4
10.7
10.3
10 .3
10.3
10.3

10.8
10.6
10 .4
10.4
10.4
10 .3
10 .5
10 .8

apTN = particulate total nitrogen
b DTN = dissolved total nitrogen
CDO = dissolved oxygen

DTN mg/l b

DO mg/l c

pH

0-P04-P
J1giI
in
out
5.9
5.3
5.9
5.9
6.5
5.9
5.9
5.9

6.2
5.6
5.9
6.5
6.2
5.9
5.9
5.9

Temp. C
in

out

5.5
5.5
5.5
5.5
5.5
5.5
5.5
5.5

5.5
5.5
5.5
5.5
5.5
5.5
5.5
5.5
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Figure 2.5.

Specific conductance and pH of RIFFLE water supply for 6 months prior
to treatments.

stream detention times (approximately 70
seconds), the biota would only be able
to remove or add a very small percentage
of the nutrient measured in the passing
water.
In addition, some of the chemical species may not have been available
to the biotic community.
For example,
the part ic ul ate and d i sso lved tot al
nitrogen categories probably contained
forms not readily degradable.
.

very resistant to changes induced
biologically in pH.
In the photosynthesis reaction, hydrogen ions and C02
are consumed, lowering the alkalinity of
the growth medium while respiration
reverses the reaction.
In a wellbuffered water like the Logan River, the
loss and gain of alkalinity brought
about by metabolism is not sufficient to
alter the pH of the water.

The third option of equilibrium
maintained by physical chemical processes probably best accounts for the lack
of change in pH and dissolved oxygen,
al though consistency could also be
explained by option 2. The water supply
to RIFFLE is highly buffered by the
carbonate system; and as a result, it is

Dissolved oxygen was always near
saturation in the RIFFLE streams.
The oxygen content of turbulent streams
is generally maintained at or slightly
above saturat ion, except under conditions of heavy photosynthesis or respiration (Hynes 1970).
In the RIFFLE
stream microcosms neither photosynthesis
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Figure 2.6.

Major inorganic ion composition of RIFFLE water supply for 6 months
prior to treatments.

nor respiration was sufficient to cause
a detectable change in the dissolved
oxygen content because of the turbulent
flow patterns and short water detention
time.

similar depth and velocity to the RIFFLE
streams are adjacent to the river banks
where a canopy of tree s and shrub s
limits light penetration. Higher algal
productivity might also have been linked
to more stable flow conditions, lower
populations of invertebrate grazers, or
higher nutrient-to-surface ratios
relative to the Logan River.

Biota
The biological communltles which
developed in the artificial streams were
quite different in appearance from those
of the parent stream. In comparison to
the Logan River at the same time of
year, the stream microcosms were much
more productive. The higher productivity was probably due to less shading.
The locations in the Logan River of

The differences between the Logan
River and the microcosms were not
important in the context of this study.
It was only desired to meet the object ives set forth in the first paragraph of this chapter of establishing a
system wi th the physicochemical and
26
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Concentrations of phosphorus in RIFFLE water supply for 6 months prior
to treatments.

biological processes and pathways
typical of a stream ecosystem.
The
streams contained a high density of
photosynthetic biota including, pondweed
(Potamogeton), moss (Fontinalis), and
algae. Among the obvious algae were
filamentous greens (including Ulothrix),
diatoms (Cymbella, Fragilaria, Diatome lla, Scol iopleura, Gomphonema and
Synedra) and the blue-green, Nostoc.
Diatoms were abundant and gave a brownish appearance to the glass slides
placed in the streams as art ific ial
substrates.
Floating algal mats,
composed of filamentous algae which do
not 0 c cur in the r i v e r, tend edt 0
collect in channels and pools. The mats
were periodically removed to allow light

to reach the macrophytes in the pools
and the benthic algae in the channels.
Visual observations of benthic
invert eb rates in the streams showed
large, active populations of mayflies,
simulid larvae, and caddisfly larvae.
Seasonal emergence of larval forms was
observed, as was adult reproductive
activity within the greenhouse.
Recruitment of benthic invertebrates
through drift was a significant factor,
but adults emerging from the artificial
streams and the nearby Logan River also
contributed eggs to the system.
the
27

Fingerling trout found their way to
artificial streams through the
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Concentrations of nitrogen in RIFFLE water supply for 6 months prior
to treatments (NH3-N and N02-N were always below detection limits).

supply pipe, thus demonstrating the
availability of access for vertebrate
fauna as we 11 as large invertebrates.
No attempt was made to control entrance
or exit of the fish.
At one point an
effort was made to distribute fish
evenly among the stream pools to ensure
that any affect they may have had on the
microcosms would be uniform for the
eight streams.
However, the transient
nature of the fish population prevented
maintaining an even dist ribut ion so
further attempts were abandoned.

pools.
To provide a more even distribution of macrophytes, clumps of pondweed were taken from the streams wi th
heaviest growth and distributed among
all the pools approximately 4 weeks
prior to treatments.
Periphyton dynamics.
Quantitative
measurements of the stream periphyton
communities were made from May to July
1982, 5 months prior to the treatments.
Natural cobble 10-15 cm in diameter,
obtained from a dry port ion of the bed
of the Logan River, were scraped clean,
rinsed with river water, and autoclaved.
Five of these rocks were placed in the
upstream riffle portion of each of the
eight stream microcosms.
On a weekly

No discernible differences between
the eight stream biotic communities were
observed visually, except for sporadic
occurrence of macrophyte growth in the
28
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basis, three of the rocks were removed
at 2 week intervals.
An upward trend
according to a predetermined' random
was observed as algal growth accumulated
sampling plan. The periphytic growth on
on the rocks.
Total biomass fluctuated
each rock was scraped loose with a stiff
considerably and ranged from 18 to 1,219
nylon brush, rinsed from the rock with
g/m2.
Ash-free weight ranged from 2 to
distilled water, and analyzed for
137 g/m2.
Some of this fluctuation is
chlorophyll content and biomass.
attributable to sloughing of algae from
Chlorophyll a, b, and c were determined
rock surfaces.
Sloughing is a well
~.~l:>y~_tl1~tJ:'Jch~Q!Il~!.~<=. . . 1Il~tJ19~_.(APH1L198l2.~ ~known~componentof~~the~seasonaL-dynamics
Pheophytin ~ was also analyzed to
of filamentous algae (Parker and Drown
obtain accurate chlorophyll a measure1982) and was observed to be a common
ments.
The standing crop was measured
occurrence in the stream microcosms,
by gravimetric methods which included
where it contributed substantially to
the determination of total biomass dried
the biomass drift -from the streamS.
at 105°C and ash-free dry weight (AFW)
at 550°C.
Mean chlorophyll a and pheophytin a
values of the aufwuchs in the strea;
Colonization of the rocks was
channels is presented in Figure 2.9.
evaluated over an 11 week period
Average chlorophyll a ranged from
from 30 April to 13 July 1982.
During
1 to 47 mg/m 2 and showed a significant
this period, the rocks were exposed to
change with time, consistent with
12,900 to 108,000 lux of illumination
observat ions of biomass accumulated on
wi th natural photoperiods.
The wa ter
the rocks.
There was an initial rapid
temperature in the streams ranged from 7
increase in chlorophyll a between
to 10°C.
The dissolved oxygen content
weeks 2 and 5 of the study (Flgure 2.9).
ranged from 9.5 to 10.0 mg/l, and the pH
By the fifth week, the chlorophyll
ranged from 8.1 to 8.3.
The average
a concentrations stabilized but were
water velocity was 21 cm/sec.
oscillating, perhaps in response
to sloughing (Parker and Drown 1982).
Approximately 2 weeks after placement of the rocks, some short (2.5 cm),
Since the amounts of chlorophyll b
brownish, filamentous growth was noticeand c vary among algal groups, the
able on a few substrates. After 3 to 4
meas~rement of these pigments at the
we eks, longe r (15 to 20 cm) mediumsame time as chlorophyll a may provide
green, Ulothrix-like filamentous algae
additional information on-the composiwere visible on some rocks.
Some rocks
tion of the algal component of the
exhibited light brownish and yellowaufwuchs. Chlorophyll a is found in all
gold filamentous growth. After 7 weeks,
photosynthetic organisms including algae
there were rocks with: 1) light brown
and the blue-green bacteria where it is
spotty or contiguous scum-like algal
the sole chlorophyll.
In addition to
growth; 2) light brown growth plus
chlorophyll~, chlorophyll ~ is found in
golden-brown filamentous growth; 3)
higher plants, green algae, and euglealgal growth as in #2 plus some rednoids.
Chlorophyll c is present in
brown filamentous growth; and 4) some
brown a 19ae and di atoms (Rab inowi tch
balloon-like, yellow-green growths of
and Govindjee 1969).
Table 2.5 shows
Tetraspora.
Most of the long filathe percentages of chlorophyll a, b, and
mentous growth was gone by the end of
c found in the different channels~ The
the seventh week, however, long,
results suggest changes in algal comye llow-green-brown
filamentous
growth
munities during the observation period.
Chlorophyll a increased from week
was noticeable on the walls of the
4 to week 7 f;;'dicating an increase in
stream channels.
blue-greens during this period.
After the seventh week, the chlorophyll
Mean total and AFW biomass of the
a ratio appeared to stabilize.
After
periphyton communities were determined
29
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Figure 2.9.

Phytopigment concentrations in streams during an 11 week period prior
to treatments. Vertical lines represent standard deviations.

Drift.
Incoming drift was monitored to determine whether each stream
received the same input.
Monitoring of
outgoing drift was conducted to determine whether concentrations of various
taxa differed among streams and to
determine what taxa might be useful
indicators of sublethal effects of Cd
and oil shale leachate on benthic
invertebrate product ivi ty and behavior.
Nets were constructed by sewing 425 )Jm
( 4 0 • 6 me s h / in) Nit ex b 0 It i ng c lot h
(Weber 1973) to heavy wire frames
(33 x 33 cm) large enough to screen
either the inflow or outflow of each
stream.
Twenty-four hour drift samples
were collected at 2-week intervals

the sixth week, the chlorophyll c ratio
declined, indicating a reduction-in the
diatom component of the aufwuchs.
During the final week of the study,
two rocks were removed from each of the
eight channels, and comparisons were
made to determine if all the channels
had developed similar biomass and
pigments.
Table 2.6 shows the mean
chlorophyll a and AFW for each of the
eight channels at the end of the study.
Except for channel 6, the values were
similar. Organic weights were much more
variable between streams. This could be
due to sloughing of biomass during the
incubation period.
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Table 2.5.

Percent (%) of chlorophyll ~~ Q, and £ in periphyton communities
colonizing rock substrates in stream microcosm channels, 1982.
Numbers represent average values for three randomly selected streams.

Date
May

Chlorophyll
11

18
28
June 04
13

19
29
July 06
13

a

Table 2.6.

E.

Chlorophyll .£

63.8 a
60.0
73.3

7.1
12.6
5.0

29.1
27.4
21 7

52.7
56.3
70.8
64.5

17.3
14.8
10.4
10.3

30.0
28.9
18.8
25.2

69.0
67.8

11.0
10.6

20.0
21.6

chI a
chI a + chI b + chI c

%

Chlorophyll

~

x (100)

Average chlorophyll a and ash-free dry weight values of periphyton
communities colonizing rock substrates in stream microcosm channels on
July 13, 1982 (n=2).

Channel

1
2
3
4
5
6
7
8
Mean + SD

(mg/m )

Ash-free Dry We ight
(g/m2)

39.81
52.01
55.82
30.00
37.94
21. 76
51.30
58.48

17.69
50.65
76.97
27.72
73.63
27 .65
43.88
67.14

43.39 + 14.42

48 . 16 + 22.77

Chloroph~l1 ~
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beginning June 2, 1982.
Inflows of
streams 1, 3, 5, and 7, and outflows of
streams 2, 4, 6, and 8 were screened.
Drift rates increase at night for most
stream invertebrates (Muller 1974), and
so attention was focused on night drift.
Nets were put in place at 1800; and at
0530 the following morning, the invertebrates collected were removed from
the nets.
The organisms were placed in
polypropylene vials containing 70
percent ethanol for preservation.
Identification and counting was done
under 10 - 70x magnification using a
binocular microscope.
Numbers of individuals in the
incoming drift were very similar
among streams at each sampling period
for Baetis (mayfly) nymphs (Figure
2.10), Brachycentrus (caddisfly) larvae
(Figure 2.11), simuliid (blackfly)
larvae (Figure 2.12), chironomid (midge)
larvae (Figure 2.13), adul t and pupal
forms of diptera (Figure 2.14), and
copepods (Figure 2.15).
variability in
outflow drift can be attributed primarily to variability among drift. originating in the artificial stream channels.
In most cases the species composition of the outflow drift among the
streams was similar in termS of relative
abundance (Table 2.7), however, absolute
numbers of individuals were often quite
different from stream to stream.
The
difference in productivity of drift
between streams was especially obvious
in stream 8 during the first and second
sampling period when much lower numbers
of organisms were recorded compared to
streams 2, 4. and 6.
At the same time
the relative composition of the drift
from stream 8 was similar to that of the
other streams except for Brachycentrus
drift in period two.
At this time,
Brachycentrus contributed 42 percent of
the total drift in stream 8 but only 3,
7, and 13 percent of the drifts 1n
streams 2. 4, and 6, respec tive ly.
By
the final sampling period, the drift
productivity of stream 8 was similar to
the other streams.

Several trends were observed during
the 1 month sampling period. First, the
compos it ion of t he drift changed.
The
Baetis comprised a lesser proportion of
the d r i f t wh il e dip t era ad u 1 t sand
pupae, Brachycent rus and s imul idids
composed increasingly greater proportions (Table
Second, Baetis
in'flow drift matched outflow drift by
the third sampling period, indicating a
reduction in drift production within the
streams (Figure 2.10).
Inflow Baetis
drift remained constant for all three
sample periods. The reduction in Baetis
drift originating within the stream
mic rocosms may have been associ at ed
with emergence of this taxa.

2.n.

To determine which taxa might be
useful in later monitoring for effects
of cadmium and oil shale leachate, the
data were examined for organisms whose
outflow drift usually exceeded their
inflow drift.
Only organisms with
outflow drift exceeding inflow drift can
be used as monitors since the background
of inflow drift will be maintained as
a food resource for filter-feeding biota
during treatments.
This criterion
eliminates the copepods, which are
generally a lentic species. because
inflow and outflow drift overlapped
during all three sample periods.
Similarly, simuliid drift was eliminated from consideration.
For the remaining organisms, 90
percent confidence intervals were
calculated for estimates of the means of
the infl ow and out flow drift (Tab Ie
2.8). In this manner, organisms which
had overlapping inflow and outflow
confidence intervals (the difference in
means was not statistically significant)
were eliminated from cons ideration as
indicator species.
This criterion
retained the Baetis as a monitor, but
only during the first sample period.
Brachycentrus, however, had inflow and
outflow drift without overlapping
intervals for all three periods.
Diptera adult and pupal inflow and
outflow overlapped for the first two
32
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Figure 2.10.

Baetis nymph drift in stream microcosms dur ing the month of June.
(Sample period 1 - June 23, 1800-0530 hrs; sample period 2 - June
16-17, 1800-0530 hrs; sample period 3 - June 30-Ju1y 1, 1800 to 0530
hrs.)
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Figure 2.11.

Brachycentrus larvae drift in stream microcosms during the month of
June.
(Sample period 1 - June 23, 1800-0530 hrs; sample period 2 June 16-17, 1800-0530 hrs; sample period 3 - June 30-July 1, 1800 to
0530 hrs.)
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Figure 2.12.

Simuliid larvae drift in stream microcosms during the month of June.
(Sample period 1 - June 23, 1800-0530 hrs; sample period 2 - June
16-17, 1800-0530 hrs; sample period 3 - June 30-Ju1y 1, 1800 to 0530
hrs. )
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Figure 2.13.

Chironmid larvae drift in stream microcosms during the month of
June. (Sample period 1 - June 23, 1800-0530 hrs; sample period 2 June 16-11, 1800-0530 hrs; sample period 3 - June 30-July 1, 1800 to
0530 hrs.)
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Figure 2.14.

Adult and pupae diptera drift in stream microcosms during the month
of June. (Sample period 1 - June 23, 1800-0530 hrs; sample period 2
- June 16-17, 1800-0530 hrs; sample period 3 - June 30-Ju1y 1, 1800
to 0530 hrs.)
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Figure 2.15.

Copepod drift in stream microcosms during the month of June.
(Sample period 1 - June 23, 1800-0530 hrs; sample period 2 - June
16-17, 1800-0530 hrs; sample period 3 - June 30-Ju1y 1, 1800 to 0530
hrs.)
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Table 2.7.

Composition of outflow drift from stream microcosms during June 1982 expressed as a percentage of the total number of organisms collected.

Taxon
2

Baetis nymphs

June 2-3
Stream No.
4
6

8

2

June 16-17
Stream No.
4
6

June 30-July 1
Stream No.
8

2

4

6

8

73

81

78

66

19

23

39

21

14

8

22

16

1

2

3

6

3

7

13

42

7

8

12

24

15

11

13

20

56

33

41

30

43

71

58

49

Chirornnid larvae

6

2

2

6

15

29

4

5

25

9

3

8

Simul i id larvae

5

3

3

1

7

6

2

<1

11

5

6

3

Cope pods

1

2

<1

<1

1

2

1

2

1

<1

o

<1

Brachycentrus larvae
Diptera adults and
pupae

W
\0

Table 2.8.

Average numbers and associated confidence intervals (CI) of organisms collected
and outflow drift from stream microcosms during June 1982.
Sample period 1
mean
90% CI

Taxon

Sample period 2
mean
90% CI

in inflow

Sample period 3
mean
90% CI

Baetis

inflow
outflow

88
390

76.4 - 99.6
187 - 593

80
122

Brachycentrus

inflow
outflow

0.8
13

-1.0 - 2.6
8.4 - 17.6

54

15.5 - 92.5

40

21.4 - 59.0

Diptera adults
and pupae

inflow
outflow

36
70

14.8 - 57.2
45.3 - 94.7

82
194

74.4 - 88.6
82.0 - 306

54
205

33.3 - 73.7
73.7 -336.3

Chironomids

inflow
outflow

13
20

6.4 - 19.6
5.9 - 34.1

14
81

6.5 - 22.5
-33.5 -195.9

10
47

0.8 - 19.2
-8.2 -102.6

o

69.5 - 89.5
47.9 -195.1

o

58
48

o

37.7 - 79.3
35.6 - 60.4

o

t ion 0 f the d r i f t
control streams.

sample periods while chironomid inflow
and outflow overlapped for all sample
periods.

from un t rea ted

Benthic invertebrates.
Taxonomic
analysis of organisms collected from
artificial substrates just prior to
treatment of the streams provided
evidence that the stream invertebrate
communities were initially (in November)
similar in terms of both species composition and organism density (see
Chapter 5). These studies are discussed

The selection of a taxa to monitor
for effects from tested treatments is
difficult.
The data indicate a large
difference in drift productivity among
individual taxa in the stream microcosms
although the relative abundance of a
given taxa is usually similar from
stream to stream.
Drift also varied
with sampling period due to seasonal
changes in the benthic invertebrate
population.
Thus, the time of year may
also be important in selecting an
indicator organism.
A full year study
of drift in the stream microcosms would
be useful in d'eciding which organism to
monitor in any given season.

in detail in conjunction with invertebrate response to stream treatments
in Chapte r 5.
Summary
In summary, the stream microcosms
were found to be very similar in terms
of hydraulic character, water quality,
and population dynamics under pretreatment conditions.
Thus, t he following
desc riptions of post-treatment differences desc ribe effect s that are due to
the treatments and are not attributable to pre-existing conditions.

In addition to using Brachycentrus
and perhaps Baetis as indicator organisms, it might be useful to examine the
taxanomic compos it ion of d ri ft from
treated streams compared to the composi-
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CHAPTER 3
AQUATIC CHEMISTRY OF CADMIUM

The chemical speciation of heavy
metals is extremely important because of
the effect s of solubility on toxicity
(Luoma and Bryan 1979, Elliot and Huang
1979, Allen et al. 1980).
High total
metal concentrations in a water body do
not necessarily imply toxicity affecting
the biota because much of the metal may
be bound in biologically inert complexes.
For example, Snoeyink and
Jenkins (1980) discussed the general
observation of reduced copper toxicity
to fish in alkaline hard water.
They
showed that in the pH range of natural
waters with an alkalinity of 100 mg
CaC03 no more than 14 percent of the
total copper would be in the toxic, free
ionic form Cu 2+.
The remaining copper
exists as non-toxic carbonato- and
hydroxocopper complexes.
Sunda et al.
(1978) found that Cd toxicity in
the grass shrimp, Paleomonates pugio,
was dependent on t
concentrat ion
of the free Cd++ and was not affected
by complexed forms.

Case 1 (Inorganic Ligands)
Case 1 considers contamination of
Logan River water with only a low
concentration of cadmium such as might
occur from a small industrial discharge
or the mobilization of metals from
sediments.
Logan

River

water

characteristics

are:
Ca

140 mg CaC03/1

Mg

65 mg CaC03/1
180 mg CaC03/1
20 \l g Cd/l

Ionic strength

0.064 M

Temperature
For this case, the equations
in Table 3.1 (column a) were solved
at pH values between 7.4 and 8.6 by
REDEQL.EPAK on the Utah State University
VAX-II/780 system.
By plotting only
cadmium species on a pC-pH diagram, one
can picture the species distributions and concentrat ions.
These diagrams also illustrate the effects of pH
upon speciation.
For Case 1 at the
average winter pH of Logan River (8.2),
the solid CdC03 governs the system
(Figure 3.la).
Approximately, 60
percent of the cadmium added would
be expected to form this insoluble
precipitate, and the remaining 40
percent would remain in solution. This

With the aid of REDEQL.EPAK, the
importance of the effects of ligands and
pH on cadmium speciation can be demonstrated.
REDEQL.EPAK is a computer
program for the determina·tion of chemical speciat ion in water using thermodynamic da ta.
The fo llowi ng three
hypothetical cases illustrate the
importance of an inorganic ligand and a
weak and a strong organic ligand on Cd
speciation in Logan River water. These
simplified hypothetical cases are based
upon actual chemical data from the
river as background for later discussion
of experimental findings.
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Table 3.1.

Equilibrium equations and formation constants used by REDEQL.EPAK to calculate cadmium speciation in Logan River a) Logan River water, b) Logan River water plus glycine, and c) Logan
River water plus EDTA.

(b)

(a)
LH C0 ') :
2 3

~pco2

H+ + HC0 - ::: H2C03~
3

H+

+ Gly

+

t

HOly
->

16.23 ( 2)

2H

11.61 ( 3)

Ca 2+ + Gly ::: CaGly

H O
2
2
2
ea + + C0 - ::: eaC0 (s)
3
3
Ca 2+ + C0 2 CaC0 (aq)
3
3

14.00 ( 4)

Mg2+ + Gly

Ca 2+ + HC0 - ::: ca!lCo/
3
Ca2 + + 20H- ! Ca(OH)2(s)

10.59 ( 7)

2
Cd + + 2Gly

-24.13 ( 8)

t

2
Cd + + 3Gly

-12.93 ( 9)

H+ + CO/H+ + OH-

t

HC0 3

t

t

.j;:--

( 1)

ea 2+ + OH-

N

Ca(OH)-

Mg2+ + co/- ::. MgC0 (s)
3
Mg2+ + co/-

!

MgC0 (aq)
3

+ HC0 3

t

MgHC0 +
3

t

Mg2+ + 20HMg2+ + OH-

t

Mg(OH)2(s)
Mg(OH) +

t

4Ml+ + 40H-

7.64 ( 5)
2.44 ( 6)

6.74 (10)
2.14 (11)
10.59 (12)
-17.18 (13)
-11.63 (14)

Ms (OH) 4 4+ -39.81 (15)
4

Cd 2+ + Co 2 - ::: CdC0 (.)
3
3
Cd 2+ + co/CdC0 (aq)
3
Cd 2+ + HC0 2 CdHC0 +
3
3
Cd 2+ + 20HCd(OH)2(s)

t

t

t

13.04 (16)
4.64 (17)
11.49 (18)
-15.04 (19)

Cd 2 + + OH- ::: Cd(OH) +

-10.33 (20)

2
Cd + + 2011- :::: Cd(OH) z<aq)

-20.58 (21)

Cd2+ + 30H-

t

HCd0 - +H 0
2
2

-33.44 (22)

Cd 2+ + 4011-

t

2Cd 2+ + OH-

t

CdO/-+ 2H 0 -47.11 (23)
2
Cd 0H+3
- 9.25 (24)
2

4Cd 2+ + 4OH-

t

Cd (OH)!"
4

-32 .61 (25)

Mg

+ Gly + H G1y
2

2+

t

MgGly

9.65 (26)
12.54 (27)

t

H EDTA2 2

10.50 (34)
17.27 (35)

22.10 07}

6.83 (30)

Ca2+ + EDTA4- ::: caEDTi-

11.09 (38)

4.42 (31)

:t Cd G1Y2

8.09 (32)

Cd GlY3

2H+ + EDTA4 -

3.52 (29)

Cd Gly

!

11+ + EDTA4 - ::: H EDTA3 -

3H+ + EDTA4 - ::: H EDTA3
4
4H+ + EDTA - ! H4EDTA

1. 02 (28)

->

+ 2Gly + MgGlY2

ci+ + Gly

(c)

10.54 (33)

4
2Ca2+ + EDTA - ::: Ca EDTA
2
4
Mg2+ + EDTA MgEDTA2 -

t

Mg2+ + HEDTA3 Cd 2+ + EDTA 4 -

!

CdEDTA2 -

!

Cd 2 + + !lEDTA3-

MgHEDTA-

!

CdHEDTA-

20.05 (36)

14.06 (39)
7.59 (40)
11.76 (41)
16.69 (42)
19.66 (43)

J

6.0

7.0

CdCOS(II;

8.0 ....- - - 0 - - - - < > - - - 0 - - - - 0 - - - - < > - - - - - 0
8.0

'.0

·X·

9.0
10,0

"0
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Figure 3.1.
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U

(c)

Speciation of 20 ~g Cd/l in Logan River water as a function of pH a) with the major inorganic
ligands present in the Logan River, b) with 10- 1 M glycine, and c) with 10- 8 M EDTA. Temperature 7°C, ionic strength = 0.064 M.
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40 percent is apportioned among free
metal (37.3 percent), CdC03(aq) (2.3
percent), and various hydroxy and
carbonato species (0.4 percent).
According to these percentages, less
than 8.0 of the original 20.0 llg/l of
cadmium will remain as potentially
toxic, free cadmium ion at this pH.
Note that dissolution of the precipitated CdC03 occurs with any lowering
of pH, so that this form should be
considered potentially available.
If
the pH should drop to 7.8, REDEQL
predicts complete dissolution of CdC03.
Even though the Logan River is heavily
buffered this pH is approached during
peak runoff periods (Rupp and Adams
1981) and may also occur in microzones
within the aufwuchs where metabolic
activity (respiration) may lower pH.

Cd-EDTA2- has a stability constant
of 16.69 which even at a low concentration causes it to significantly alter
the aqueous concentration of cadmium.
At the pH of Logan River, REDEQL predicts a species distribution of 59.2
percent Cd 2+, 2.4 percent CdC03(aq),
32.7 percent CdC03(S), and 5.4 percent
Cd-HEDTA (Figure 3.lc). As an effect of
the EDTA, 13.4 llg/l of the original 20
Jlg/l of cadmium remains in solution as
compared to only 8 Jlg/l for Cases I
and 2. From a toxicological standpoint,
Cd-EDTA generally has little effect on
organisms so the important bioavailable
cadmium concentration would be more like
12.4 llg/l.
Figure 3.lc shows that in
the pH range of 7.4 to 8.6, Cd-EDTA is
not affected by pH. This effect carries
through to higher pH values and can
cause the traditional hydroxide precipitation treatment of heavy metal industrial wastes to be ineffective (U.S. EPA
1980) .

Case 2 (Weak Organic Ligand)
In this case an amino acid, glycine, was added at 10- 8 M, a typical
concentration reported for a Swiss Lake
(Stumm and Morgan 1981). In addition to
the equations required for Case 1,
reactions involving glycine complexes
must also be considered (Table 3.1,
column b).
Glycine has very little
effect on the speciation of cadmium
because of its relatively low stability
constant (log K = 4.42) and its low
concentrat ion (10- 8 M).
At the pH of
the Logan River, it binds only 10- 12 . 26
M of cadmium (Figure 3.1b), an insignificant portion (less than 0.001 percent)
of the inorganic cadmium species.

These examples are subject to the
assumptions contained within REDEQL,
which include a system at chemical
equilibrium, complete constituent
analyses, and accurate thermodynamic
values and ionic strength corrections.
The assumption of equilibrium is probably valid for these examples because
the compounds formed are relatively
simple and no biological activity
is present to modify their chemistry.
For these examples, it has been assumed
t hat the wa t e r c hem i s try has bee n
completely characterized, but in a
natural water, the occurrence of organic
ligands from biological activity would
necessi tate compound ident ificat ion for
absolute accuracy in modeling. However,
even without organic characterization,
the results may be valid if the organic
is present in a low concentration
or has a minor effect relative to
the inorganic ligands as in Case 2
above.
The thermodynamic data used by
REDEQL.EPAK is consistent with generally accepted values, and the ionic
strength corrections using the Davies

Case 3 (Strong Organic Ligand)
With a much stronger organic
ligand, one capab Ie of chelating cadmium, a dramatic effect was seen.
for
this study, the Logan River water of the
previously defined character was amended
with 10- 8 M EDTA.
In addition to the
equations used for Case 1, the reactions
listed in column c of Table 3.1 involving EDTA were considered.
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equation should be accurate for the
ionic strength of these examples.
These three examples illustrate the
potential extremes for cadmium speciation in the presence of raw oil shale
leachates.
If the leachate should
contain organics only capable of forming
weak complexes with cadmium, a large

concentration of them would be required
to affect the overall distribution of
cadmium. This would be similar to Case
2 where glycine was the ligand. On the
other hand, if organic ligands with
stability constants similar to those of
EDTA were present in the leachate, only
small quantities would be required to
increase soluble cadmium concentrations.
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CHAPTER 4
AUFWUCHS
Introduction

some information is available on the
effects of cadmium on the separate
components of .the aufwuchs community.
Those holistic studies that do exist are
forced by experimental conditions to be
quite specific to a particular community.
Differences in physicochemical
parameters lead to di fferent aufwuchs
species compositions, which may in turn
respond differently to cadmium and
complexing organics.
The components
likely to be of greatest importance
in the Logan River aufwuchs are the
bacteria, periphyton (algae), and
microinvertebrates. Fungi probably also
exist as part of the Logan River community, but none were identified during
stream microcosm sampling.
The following literature review emphasizes bacterial, algal, and microinvertebrate
responses to cadmium and cadmium-organic
complexes.

Stream benthic communities are
composed of periphytic algae, bacteria,
fungi, and an as sortment of micro- and
macro invertebrates •
Most lotic species
live in a sessile community assemblage
known by the German term "aufwuchs."
Although "periphyton" is used in reference to the same community, strictly
speaking, the periphyton is only the
biomass growing upon macrophytic plants
(Ruttner 1963).
The aufwuchs occurs as
an attached film clinging to rocks and
boulders in flowing water. This aufwuchs
community is a natural monitor of water
quality, because it accumulates and
magnifies pollutant effects which might
otherwise be missed in routine water
sampling (Rodgers and Harvey 1976). For
example, a chemical spill of short
duration would only be detected by water
sampling conducted during the spill, but
its effects on the benthic community
could be detected for extended periods
afterwards.

Bacteria
Uptake of cadmium by bacteria
involves both intracellular accumulation and extracellular adsorption.
In
experiments with E. coli the observed
distribution of cadmium was 56 percent
in cell walls, 13 percent in membranes,
and 31 percent in cytoplasm for cells
acclimated to a cadmium contaminated
environment (Ashida 1965).
In nonacclimated cells, membrane accumulation
was higher (62 percent) while reductions
in wall accumulation (2 percent) and
cytoplasmic accumulation (23 percent)
were observed.
Khazaeli and Mitra
(1981) found cadmium accumulations as
high as 80 percent in h coli.
It
appears that cadmium resistance is
related to cell permeability (Sterritt
and Lester 1980, Remacle et al. 1982)

Ecologically, theaufwuch is one of
the most important communities of swift
flowing waters of intermountain streams
because it provides a source of in situ
productivity that may often be more
important than allochthonous inputs as a
source of organic carbon (McConnell and
Sigler 1959).
Therefore, the response
of the aufwuchs to heavy metal and
organic contamination can have important
consequences for the entire stream
ecosystem.
Literature Review
There are few holistic studies of
aufwuchs response to cadmium.
However,
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and that cell permeability is, in turn,
affected by growth in a cadmium containing medium.
In a mixed cuI ture, approximately
90 percent of cadmium immobilized by
bacteria was associated with the cell
wall and cell membrane fraction.
Remacle et al.
(1982) showed that
cultures properly acclimated to cadmium
could reach concentrations of 1540 mg
Cd/kg dry weight bacteria.
Duszota et
ala (982) compared adsorption in dead
versus live cells, because in standard
bioassays mainly live cells are presumed
to be present, while in a natural system
dead bacterial cells may far outnumber
living cells.
They found adsorption to
be significantly greater in dead cells;
84 percent versus 73 percent of available cadmium was sorbed to bacteria from
river sediments and 67 percent versus 40
percent for bacteria from the water
column.
Kurek et al. (1982) found that
dead bacterial cells sorbed much more
cadmium than either sand or montmorillonite clay when all were present
at equal weights.
Cadmium is a toxic and non-essential element. Thus it is not surprising
that a cadmium specific transport
mechanism has never been identified in
bacteria.
However, cadmium is actively
taken up by transport systems intended
for essential nutrient uptake.
For
example, Perry and Silver (1981) found
cadmium to be a competitive inhibitor
for the manganese uptake system of
sensitive strains of Staphylococcus
aureus (Mn/Km = 0.95 ].1M; Cd/Km = 0.20
].1M). The zinc transport system also
appears to function in cadmium accumulation in E. coli (Mitra et a1. 1975).
I t was discovered by Mitra that the lag
phase of growth of ~ coli was increased
in 3x10- 6 M Cd solution, but the lag
phase could be reduced by the addition
of 10- 6 M Zn.
Similar results have
been observed in yeast (Failla et a1.
1976) •

has been transported across the cell
membrane.
A strain of Pseudomonas from
Chesapeake Bay was reported to volatilize a methylated form of cadmium
which could allow it to excrete cadmium
in a similar manner to bacteria which
excrete methylmercury (Huey et a1. 1975,
Iverson and Brinckman 1978). The report
of methylated Cd is suspicious, however,
because dimethy1cadmium, as well as
other organometallic Cd forms, are oils
that decompose in water. In the case of
dimethyl cadmium, this decomposition is
an explosive reaction.
Gauthier and
Flatau (1977) identified a cadmium
meta1lothionein in the cytoplasm of the
marine bacteria Vibrio, and Khazaeli and
Mitra (1981) found an inducible cadmiumbinding prot ein in E. coli
Meta110thioneins are known t o
e sequestering
agents for heavy metals in mammalian
cells (Anderson et ala 1978),
The specificity of transport
systems and sequestering and excretion
of cadmium seem to confer a significant
tolerance of c"admium to most bacteria.
Babich and Stotzky 0977c) showed that
gram negative-bacteria are more cadmiumtolerant than gram-positive species.
This observation is supported by Tripp
et a1. (983) in their enumeration of
soil bacteria from sludge-amended soils.
Bacillus is one obvious exception to
this generality.
It is gram positive
but is as tolerant of cadmium as many
gram-negative bacteria.
Doyle et a1.
(1975) grew gram negative E. coli and B.
cerasus at 40 to 80 mg-Cd/l, while
gram-positive Staphylococcus aureus and
Streptococcus faecalis were inhibited.
Physiological effects of cadmium in
bacterial cultures include growth
reduction, growth cessation, and effects
on oxidative metabolism. Bacillus
subtilus demonstrated a reduced growth
rate at 100 ].lg Cd/l and death at 10,000
].Ig Cd/l (Titus and Pfister 1981).
The
growth of the most sensitive strain of
bacteria isolated from an estuary of the
Weser River in Germany was completely
inhibited by 200 ].I g Cd/I (Thormann
1975).
Mills and Colwell 097?) found

Some bacteria appear to be able to
avoid toxic effects of Cd, even after it
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10 mg Cd/l to inhibit oxidation of
glucose by 84 percent in water bacteria
and 59 percent in sediment species.
In
a treatment of soft water streams with 5
and 10 )1 g Cd/l, Giesy (1978) demonstrated inhibi tion of leaf decompos ition, which he attributed to the cadmium
toxicity to fungal and bacterial decomposers.

subacute levels of cadmium on mixed
populations of bacteria under natural
conditions.
This gap in the literature
is not limited to bacterial studies but
also extends to other organisms comprising the aufwuchs.
Algae
Studies of cadmium effects on algae
have generally been less refined than
studies of effects on bacteria.
The
bul k of the stud ies have emphas ized
identification of toxic levels of a
single metal in monoculture
bioassays.
Little has been done to identify chronic
effects of low level metal exposure.
Wong et al. (1980) reviewed the literature for toxic effects of cadmium on
algae and bacteria and concluded that
"very Ii ttle is known about interact ions
between different metals, environmental
factors, and algae in ecosystems."
Houba and Remacle (1982) also criticized
bioassay studies because "the relative
effect s of di fferent chemical forms 0 f
the toxic substance studied are rarely
evaluated, and criteria for extrapolating the results of bioassays in
artificial media to the real environment
are often uncertain." Even studies l.n
the field settings usually fail to
account for the chemical form of the
metal, and as a result, comparisons of
effects of metals on the biota of
po 11 u ted wa ters cannot be made b etwe en
different environments.

The phenomenon of acclimation to
cadmium has been mentioned in connection
with sorption to bacteria.
Cadmium
resistant populations appear to readily
develop wi th prolonged exposure.
Titus
and Pfister (1982) reported an increase
of cadmium resistant bacteria from less
than 10 percent to 90 percent of total
population over 10 weeks exposure to
3000 ).lg Cd/1.
The compos it ion of the
acclimated community was similar to that
from contaminated river sediments.
The
genera Pseudomonas and Bacillus contained most of the resistant species.
Tripp et al. (1983) demonstrated that
soil bacterial communl.tl.es exposed to
sewage sludge containing cadmium had a
more diverse cadmium-tolerant species
list than soils which had no sludge
treatment. In the sedimentation pond of
a zinc-copper processing plant with a
cadmium concentration of 2 mg/l, 54.2
percent of the bacteria were able to
survive on media amended with 100 mg/l
cadmium.
River Meuse bacteria associated with contaminated moss had a
population in which 34 percent of the
species were resistant to 100 mg Cd/l,
while bacteria from non-contaminated
moss had a population with only 16
percent of the species able to survive
100 mg Cd/I. Resistant species belonged
primarily to Pseudomonas (Houba and
Remac1e 1980).

Observed responses of algae to
cad m i urn in b i 0 ass a y s i n c 1 ud e g r 0 wt h
inhibition (Sparling 1968, Moshe et al.
1972), reduction in primary productivity
(Pietilainen 1975), death (Hutchinson
and Czyrska (1975), and morphological
changes (Adshead-Simonsen et al.
1981).
The cadmium concentrations at
wh i c h the s e r e s po n s e s o c cur h a v e
litt Ie meaning in the context of predicting effects in natural systems
for the reasons cited in the preceding
paragraph.
The only valuable results,
from an environmental effects viewpoint,
are those that demonstrate toxicity at
levels of less than 100 ).lg Cd/I, since

In summary, most bacteria appear to
be relatively tolerant to cadmium,
although most studies do not discuss
cadmium speciation which could influence
toxic i ty.
The genera Pseudomonas and
Bacillus are among the most resistant
strains in both laboratory and natural
systems . Finally, there is a definite
lack of studies examining the effects of
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this concentration is seldom exceeded,
except in heavily polluted waters
(Forstner and Wittmann 1981).
Unfortunately, low level cadmium studies are
rare.
They are very difficult to
conduct due to loss of metal from
solution by sorption to surfaces,
contaminat ion, and measuring-instrument
sens it ivi ty.
Also such experiment s
often do not exhibit the dramatic
results of milligram per liter levels
of cadmium.

munity (primarily crayfish (Cambrus»
which had controlled the populations of
algal grazers.
With a reduction in
predators, the grazer population of
Chironomidae and Ceratopogonidae increased, resulting in a decrease in
algal populations.
Such a result would
not have been predicted from a monoculture study of algal toxicity.
Marshall and Mellinger (1980) speculated
on a similar effect in ELA Lake 223,
where a reduction in cadmium sensitive
herbivorous zooplankton at 10 ~g Cd/I
stimulated primary production.

Conway (1978) found 2 ~g Cd/I
reduced the growth of a freshwater
diatom, Asterionella formosa, by one
order of magnitude, wi th growth cessation at 10 ~g Cd/I.
Klass (1974)
demonstrated significant inhibition of
growth in Scenedesmus quadricauda at 6.1
~ Cd/I.
Bringmann and Kuhn (1980)
found reduced cell multiplication at 31
J,lg Cd/I.
The primary productivity of
this same species was reduced by 70
percent by 20 ~g Cd/I (Burnison et al.
1975).
Mok and Messer (983) reported
an ECSO for S. capricornutum of 3.9 ~g
Cd/I, in AAP-medium, modified by removing the EDTA and trace metal constituents.

Pollution of natural waters with
heavy metals often results in changes in
the algal community structure.
When
cadmium is present in water or sediment
it is usually accompanied by metals such
as zi nc, copper, 1 ead, mercury, and
other metals in much higher concentrations.
As a result, observations of
changes in algal communl.tl.es in these
waters may not be the result of cadmium
alone, but that of another metal or
combination of metals.
Still, these
observations have value in a broad sense
for analyzing algal responses to metal
pollution.
In Thomas Lake (Canada),
where mine tailings contaminated a
portion of the lake with a variety of
heavy metals, epipelic algae experienced
a reduc t ion in species divers ity and a
50 percent reduction in standing crop
over non-contaminated areas (Moore
1981) .
Patrick (1978) reported shifts
in relative abundance of algae in
microcosms treated wi th metals.
Periphyton from two cadmium and zinc contaminated Indiana lakes was dominated by
the diatoms Navicula, Fragilaria, and
Synedra and green filamentous genera
including
Pseudoulvel1a,
Ulothrix,
and St igeoc Ionium.
At tached d ia tom
samples and water samples from Uintah
Basin streams in Utah were analyzed
using niche center gradient analysis,
which related occurrence of diatom
species to heavy metals (Rushforth et
ala 1981).
Several diatoms were sensitive to cadmium, including two species
of Achananthes, three species of Cymbella and Diatoma vulgare.
Gomph~

In natural systems, low levels of
cadmium may have significant effects on
the overall aquatic ecology by affecting
photosynthes is.
In Lake A1pnach in
Switzerland, 56.2 ~g Cd/I inhibited mean
annual photosynthesis by 40 percent, and
the same level in Lake Lucerne reduced
photosynthesis by 50 percent (Gauchter
1976) .
Studies in Lake Michigan found
reductions in phytoplankton photosynthesis and primary productivity with
only 0.2 ~g Cd/I (Marshall and Mellinger
1980) .
In art if ic ial streams wi th
natural assemblages of algae dominated
by Chlorophyta and Cyanophyta, 5 ~g Cd/I
was sufficient to reduce the chlorophyll
a:carotenoid pigment ratio from about
1.5 in control channels to 0.5 in the 5
~g Cd/I treatment (Giesy
et al. 1979).
At the same time, an overall reduction
in algal standing crop occurred,
which Giesy attributed to cadmium
toxicity affecting the predator com50

parvulum, however, was positively'
correlated with high cadmium concentrations (1 to 6 jlg/l).
The effect of complexation by
naturally occurring organics on cadmium
toxicity has been the subject of several
studies.
In general, dissolved organic
compounds measurably reduce toxicity
and accumulation of cadmium in algae.
Natural exudates from Cricosphaera
elongata, a marine phytoplankter,
reduced cadmium accumulatio~s in the
bioassay population (Hardstedt-Romeo and
Gnassia-Barelli 1980).
Uncharacterized
dissolved organic carbon reduced cadmium
toxicity for several marine diatoms
(Fi sher and Frood 1980).
Cadmium
complexation was verified as being
responsible by organic degradation with
UV photolysis which resulted in increased toxicity.

Houba and Remacle (1982) compared
cadmium accumulation in the ciliate,
Tetrahymena pyriformis, via ingestion of
contaminated bacteria and enviromnental
exposure to soluble cadmium.
The
quantity of metal entering by ingestion
was small relative to that entering in
the soluble form.
Soluble cadmium toxicity is dependent upon the degree of metal
chelation by the medium. For a cadmium
concentration of 100 l1g/1, a 12.8
percent reduction in growth of T.
pyriformis occurred in water witho~
significant concentrations of complexing
ligands, while only a 7 percent reduction occurred in polluted water
containing elevated organic carbon,
nitrogen, phosphorus, and inorganic
ligands (Houba and Remacle 1982).
Chapman and Dunlop (1981) demonstrated
reduced toxicity in this same speCLes Ln
the presence of Ca and Mg ions.
Without C~ and Mg, an 8 hour LC50 of
less than 1 mg Cd/l was measured
while at 500 mg/l Ca plus Mg, an LD50
of 19 mg Cd/l was measured. By contrast, cysteine increases total cadmium
accumulation in the amoeba, Amoeba
proteus (Al-Atia 1980). Cadmium-binding
proteins similar to those found in algae
and vertebrates were also identified in
A. proteus. Other investigators have
measured cadmium tolerance of 1:...:. pyriformis wi th varying results.
Houba et
al. ( 1981) reported 5.0 mg Cd/l as
lethal, 2.6 mg Cd/l as reducing growth
by 50 percent, and less than 1.5
mg Cd/l as having no effect on growth
rate, cell volume, cell dry weight, mean
cell protein content, respiration rate,
or yield. In distilled water, a 96 hour
LD50 of 0.84 mg Cd/l was measured by
Carter and Cameron (1973).

Protozoa
The microinvertebrate community of
the aufwuchs is composed primarily of
protozoans, rot ifers, copepods, and
invertebrate larvae.
Invertebrate
larvae responses to cadmium are reviewed
in Chapter 5.
The following review is
oriented primarily toward protozoans
because they have been the most studied
of the microinvertebrates.
Giesy et al. (1979) found that most
studies of protozoa reported in the
literature were conducted with high
metal concentrations and single species
cultures.
In contrast, Giesy et al.
(1979) studied protozoa, platyhelminthes, aschelminthes and arthropoda from
sponge samplers exposed to 5 and 10 11 g
Cd/l in artificial streams.
They
reported a decrease in diversity and
evenness indices relative to untreated
streams.
They speculated that this
reduction in diversity was due to
indirect effects; the microinvertebrates were responding to changes in
algal and macrophytic populations,
not to the cadmium treatments.

Some protozoans are very sensitive
to cadmium.
For example, the flagellate, Entosiphon sulcatum, experienced a
toxic response to 11 l1g Cd/l as measured
by the cell multiplication inhibition
test (Bringmann and Kuhn 1980). AI-Atia
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(1980) reported only 90 percent survival
of.!:.... proteus exposed to 1.1 11g Cd/I for
24 hours.

ni tric ac id and hyd rogen peroxide.
A
1.2 ml volume of nitric acid (Ultrex, J.
T. Baker Co.) was added, and the vials
were capped and shaken to wet all
surfaces.
The vials then were uncapped
and heated in a water bath at 80°C for 2
hours wi th intermittent shaking.
They
we re t hen cooled, and 0.6 ml 0 f 30
percent hydrogen peroxide (Ultrex, J. T.
Baker Co.) was added.
The vials were
reheated for 45 minutes after which 100
III of 10 percent NH20H' HCl was added
to reduce ferric species which otherwise
would interfere with anodic stripping
voltammetry (ASV) analyses (EG&G Princeton Appl. Note w-l).
Heat ing was
continued an additional 15 minutes. The
samples were cooled and transferred to 5
ml volume tric flasks and diluted to 5.0
ml with double deionized water.

In summary, little is known of the
effects of cadmium on protozoa under
natural conditions.
In bioassays
protozoa demonstrate a varying response
to cadmium which depends upon species
cadmium concentration, degree of cadmium
complexation, and ability of the organism to sequester the metal.
Experimental Procedure

Stream accumulation study
Cadmium accumulation by the aufwuchs community was measured from
BIllounts of growth accumulated on artificial substrates placed on racks
wi thin the stream channels.
The substrates were 6.4 mm diameter glass
tubes, 7.5 cm in length, which had been
acid washed for 48 hours in 50 percent
HN03.
Glass tubes (rather than glass
slides) were used because they were
easily supported in racks among the
stream cobble, and could be eas ily
stored in individual vials until analyzed.
The tubes were supported vertically across the width of the channels
on epoxy-coated metal racks designed to
fit notches in the stream walls.
Four racks, with six substrates each,
were placed at the head and foot of the
upstream and downstreBill reaches of every
stream.
At the end of the 3 week
treatment period, 12 substrates (three
from each rack) were harvested from each
channel and placed into acid-leached
polypropylene vials. The vials containing the substrates were left uncapped
and lyophilized for 72 hours.
The
lyophilized substrates then were weighed
to the nearest 0.1 mg and acid digested.
Following the digestion procedure, the
glass tube substrates were dried and
reweighed to determine the biomass
extracted.
The digestion procedure was carried
out in polypropylene vials using hot

The data from each pair of streams
receiving the same treatment were

Analyses were made using ASV on an
EG&G Princeton Applied Research Model
384 Polarographic Analyzer wi th a model
303 Stationary Mercury Drop Electrode
(SMDE).
A standard curve was prepared
using digestion reagents and sequent ial
spikes of 1 mg/1 cadmium stock, sufficient to produce standards of 2, 10, and
50 11g/l cadmium. The resulting standard
curve, including a reagent blank, was
stored on diskette in the Model 384, and
used to determine analyate concentrations. The electrolyte used in analysis
of samples was 0.1 M citric acid
solution brought to pH 3.0 with NH40H.
The standard procedure involved spiking
100 111 of sample into 5.0 ml of buffer
for anal ys is, us i ng a 100 111 Eppendorf
pipette with a disposable tip.
Pertinent. instrument

settings

were:
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Depos it ion time

100 seconds

Deposition potential

-0.800 V

Scan rate

6 mv/sec

Drop size

medium

--"

combined for comparison to the other
treatments.

shale leachates on aufwuchs biomass and
photosynthetic pigment ratios.

Phytopigments and biomass

Laboratory evaluations of
metal uptake

Six standard microscope slides were
suspended in the pool portion of each
stream approximately 3 weeks prior to
the start of treatments. At the beginning and end of the 2l-day treatment,
three slides from each stream were
removed and frozen.
Slides were thawed
and the periphytic growth scraped into a
teflon tissue grinder (Thomas Co.,
Philadelphia, PA) using 90 percent (v/v)
aqueous acetone as a rinse.
The material was macerated for 30 seconds and
quantitatively transferred to glass
centrifuge tubes.
The grinder tube was
rinsed with acetone, and the rinsing
also added to the centrifuge" tube.
Samples were extracted for 24 hours in a
dark refrigerator, centrifuged for 5
minutes at 600 x g and absorbances of
the supernatant read on a Bausch and
Lomb Spectronic 70 (Bausch and Lomb
Inc., USA) following procedures outlined
in Standard Methods (APHA 1981).
Pheophytin corrections were made by
ac idi fica ti on 0 f s ampl es wi th HC!.

Prior to treatment of the streams,
a laboratory experiment was conducted to
examine the effects of selected complexing agents on metal accumulation and
the relative ratio of metal adsorbed to
the cell wall to that inside the cell
membrane.
The distribution of accumulated metal between cell wall and
cytoplasm is frequently ignored in algal
toxicity studies.
As will be shown
below, ignoring this distribution
factor inflates estimates of apparent
metal tolerances in algae.
Glass tube substrates were allowed
to colonize in the stream microcosms for
several months, at which time an apparent equilibrium thickness of algae had
accumulated. These substrates t hen were
removed to plexiglass chambers (Figure
4.1), where they were exposed to the
following treatments:

Following pigment measurements, the
acetone extracts and associated solids
were trans ferred to pre-fired cruc ibles
and the acetone was allowed to evaporate.
The residue was then dried for 24
hours or more at 103°C, weighed, ashed
at 550°C, and reweighed to determine
organic cont en t •

Filtered Logan River water + 20

~g/l

Cd

Filtered Logan River water + 20
+ 127 ~g/l EDTA

~g/l

Cd

Filtered Logan River water + 20
+ 1000 ~g/l NTA

~g/l

Cd

The concent ra t ions of EDTA and NTA
necessary to complex all the cadmium
~n solution were determined using the
REDEQL.EPAK equilibrium chemistry
model.

Results and Discussion
The three following sections
discuss the accumulation and effects of
cadmium and oil shale leachate on the
au fwuchs community. The first section
reports results of a laboratory study
that demonstrates the potential importance of organic ligands in metal
accumulation by aufwuchs.
The second
reports metal accumulation measurements
~n aufwuchs from the treated stream
m~crocosms.
The final section evaluates
the effects of the treatments with oil

Incubation continued for 9 days at
10.5°C, 24 hour photoperiod, and continuous stirring at 300 rpm to simulate
lotic conditions.
Substrates were
removed for metal analyses on days 0, 5,
and 9.
Background me as urement for
cadmium were made at the start of the
experiment (day 0) by digesting three
substrates.
On day 5, two substrates
from each treatment were removed.
One
of these was soaked in a strong EDTA
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Figure 4.1.

Stirred cell chamber used for aufwuchs cadmitun accumulation study.
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solution (4.5 gIl) for 5 minutes to
release metal adsorbed to cell surfaces
(Sarsfield and Mancy 1977). The remaining substrate was digested wi thout the
EDTA soak.
On day 9, three substrates
were removed. One was treated with the
EDTA soak, and the remaining two were
digested without the EDTA soak.
The
digestion procedure was the same as used
in the earlier stream accumulation
study.
The digested samples then were
analyzed for cadmium following the
procedures outlined in the methods
section of this chapter, except that the
tubes were ashed at 550°C to determine
ash free dry weight (AFW) prior to
extraction.

during the first 5 days of treatment.
After 9 days, 94 percent, 99 percent,
and 75 percent of the cadmium from the
NTA, EDTA, and controls were removed by
the EDTA soak (Table 4.1).
The reduction in surface adsorption
evident in the presence of NTA and EDTA
(Table 4.1) may be due to a reduction in·
CdC03 precipitation on the algal cell
walls.
Thermodynamic calculations
indicate that over 60 percent of the
cadmium added to bulk Logan River
water should precipitate as CdC03
(Chapter 3).
It, therefore, is reasonable to assume that much of this precipitate would be caused by photosynthetic elevation of the pH in microsites
by the algal component of the periphyton
community. The presence of EDTA and NTA
would reduce precipitation by successfully competing with carbonate for
cadmium.

The results (Table 4.0 indicate
that cadmium accumulation by the aufwuchs occurs via two mechanisms, 1)
surface, or extracellular, uptake and 2)
cytoplasmic, or intracellular, uptake.
In these experiments extracellular
accumulation was the dominant mechanism.
After 5 days of exposure, communities
incubated in NTA and EDTA solutions had
lower total cadmium accumulations than
did the controls. Totals of 82 percent,
96 percent, and 82 percent of the
cadmium were associated with the aufwuchs surface for NTA, EDTA, and controIs, respect ively.
After 9 days of
exposure, total accumulations of cadmium had changed very little, indicating that most of the uptake occurred

Table 4.1.

Sites of cadmium accumulation in periphyton from laboratory studies.

Exposure
period
(days)

5
5
5
9
9
9

Intracellular accumulations of
cadmium were much lower in the NTA
and EDTA treatments than in the control
(Figure 4.2).
This finding is in
agreement wi th earlier studies of the
detoxifying effects of NTA and EDTA on
metals in algal bioassays (e.g., Guy and
Kean 1980, Swallow et al. 1978).
The
cause(s) for the rise and subsequent
decline of the NTA and EDTA treatments
from day 5 to day 9 is not clear.
One
possible explanation is that a more

Treatment

Total Cd

Residual Cd
after EDTA soak
11g/g AFW

11 gl g AFW

Control
NTA
EDTA
Control
NTA
EDTA

426
294
241
410
242
261

78
48
10
104

13
3
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% Cd absorbed
to cell
surfaces

81.7
83.7
96.0
74.6
94.5
98.8

150

25.4%

100

Legend
IZ2l Control
_ NTA

CSSJ EDTA

50

o

.....L..._ _ _ _..L..L....'-'-'

5

9
Days of Exposure
Figure 4.2.

Intracellular cadmium accumulation by aufwuchs in the presence of
synthetic organic chelators showing the percentage of the total
cadmium burden associated with the intracellular phase.

(Cd-EDTA log K=16.36 and Cd-NTA log
K=9.78 according to Nriagu 1980) and
thus would have the lowest equilibrium
concentration of free Cd.
The difference in binding strength would explain
the higher intracellular accumulations
of cadmium in the NTA treatments where
free cadmium would be present at
higher equilibrium concentrations.
Had
another ligand with a lower formation
constant been used, such as humic acid
or oil shale leachate, one would predict
intracellular
metal
concentrations
between those observed in the Cd-NTA
treatment and the control.

resistant flora developed during the
incubation period, a process observed to
occur in bacterial cultures.
Diatoms,
which accounted for most of the periphyton, have generation times as short
as 24 hours, so some selection of more
tolerant species may have occurred over
the 9-day exposure period (Patrick
1978).
These results bring out the importance of organic ligands in reducing
intracellular accumulations of heavy
metals.
Of the two ligands, EDTA has
the stronger affinity for cadmium
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Another explanation for higher Cd
in the NTA treatment is that Cd held as
an NTA complex was more availab Ie than
cadmium held as an EDTA complex.
Sarsfield and Mancy (1977) and Guy and
Kean (1980) speculated on exchange
reactions at the algal cell membrane
interface which could account for the
observed uptake.
In this scheme a
Cd-NTA c ompl ex at t he cell membrane
might encounter a membrane permeable
algal ligand with a higher formation
constant for cadmium. The cadmium would
be exchanged between ligands and could
subsequently enter the cell.
No exchange would occur if t he forma t ion
constant of the algal ligand were less
than the initial Cd-ligand complex, as
might be the case for a strong ligand
like EDTA.

1.
Cd accumulated in all the Cd
treated streams but was not detected in
the shale or control treatments.

2.
Metal accumulation by the
aufwuchs appeared to be inversely
correlated with biomass.
3.
The presence of oil shale did
not measurably affect cadmium accumulations.
The metal accumulation data for the
aufwuchs communH1es showed high cadmium uptake in the streams exposed to
cadmium and cadmium plus oil shale
(Table 4.2). No cadmium was detected in
the aufwuchs in the control streams or
1n those exposed only to oil shale.
There was no measurable cadmium in
the water supply to the streams « 0.5
jJg/U, and so the lack of cadmium
ac cumul a t ion in control streamS wa s
anticipated.
All the pool sediments
from the White River contained low
levels of cadmium (Chapter
but no
cadmium accumulations in aufwuchs
occurred in the channels below the
pools.
This observation suggests that.
the sediment cadmium was immobile and
unavailable.

The work of McKnight and Morel
(1979, 1980) confirm the presence
of "carrier" molecules, siderophores, in
blue-green algae and their role in iron
uptake.
Siderophores form complexes
with many heavy metals, but their
primary role is to scavenge iron.
Interestingly, the iron-siderophore
complex is the only one permeable to the
ce 11 membrane.

n,

The kinetics of metal accumulation
were not evaluated in detail in the
chamber studies, but the observations
indicate that most uptake occurs in the
first few days of exposure.
In the
control chamber, 76 percent of the 9-day
accumulation occurred within the first
5 days (Figure 4.2).
Table 4.1 indicates that after day 5 total accumulation (surface adsorption + intracellular) reached an "equilibrium."
This
observation is in agreement with bacterial studies which indicate a rapid
adsorptive uptake of metals by cell
walls, followed by a slower active
transport to the cytoplasm.

Initial examination of the data
from cadmium treatments indicated that
there was no significant difference
between the Cd only and the Cd-shale
treatments (t=0.62, df·43, p=O.l).
These treatments were grouped for
subsequent analyses (Table 4.2).
Lower biomass resulted from heavy
shading of the substrates by dense algal
mats which became es tablished in portions of the channels during the experiment.
These samples with lower biomass
seemed to accumulate more metal.
To
evaluate this effect, the samples were
separated into two catagories, those
above 10 mg dry wt (0.47 mg/sq cm) and
those below 10 mg dry wt (0.47 mg/sq
cm) (Table 4.2).
The higher concentrations observed in the low biomass

Stream accumulation study
Three major findings resulted from
the cadmium accumulation study.
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Table 4.2.

Cadmium concentrations and concentration factors for stream microcosm periphyton communities.

Treatment

Mean
(llgCd/ g)

Standard
Deviation

Coefficient
of variation
%

n

Cd-Shale
Cd
Shale
Control

1020
997
nd a

846
652

82.6
65.4

22
23
23
23

Biomass >10 mg

dr~

358
219

57.4
32.3

15
13

34000
30000

974
798

51.8
56.5

7
10

94000
72000

Cd-Shale
Cd
Shale
Control
VI
00

nd

Degrees of
freedom

43

"t"
value

0.62b

Concentration
factor
51000
49850

wt.

624
678
nd
nd

Biomass <10 mg

dr~

Cd-Shale
Cd
Shale
Control

1880
1410
nd
nd

wt.

and = below detection limit.
bnot significant at ~ = 0.10.

Because surface accumulation
might be the dominant phenomenon and
analyzing on the basis of biomass might
be obscuring some subtle effects of the
treatments, a further analysis of the
data was based upon surface area. A
two-t ail ed t-tes t comparing cadmium
only to cadmium-shale treatment found no
significant difference, although cadmium-shale treatment appears to have
accumulated slightly more cadmium on an
areal basis (Table 4.3).

samples (average 1645 \.Ig Cd/g dry
weight) may have been due to a greater
exposed surface area for metal adsorption.
In the higher biomass samples,
the external algae of the periphytic mat
were probably responsible for most metal
accumulation and at the same time acted
as a barrier to metal movement into the
mat.
The concept of upper layers of
biofilms acting as barriers to diffusion
has been discussed in the wastewater
Ii terature.
Sanders (1966) referred to
a "critical film depth" in biofilms to
identify the point of depth at which
nutrient or oxygen limitations are
responsib Ie for inact ivation of lower
layers.
LaMotta (1976) used ATP to
illustrate reduced viability of biofilms
beyond a thickness of 320 \.1m. Heavy
metals, like nutrients, also may be
limited by diffusion to only the upper
layer of the aufwuchs.

Twelve upstream substrates (above
pool) also were compared to 12 downstream substrates (below pool) for each
metal treatment using a two-tail t-test.
The results show essentially no difference in accumulation for one of the
cadmium-shale treatments.
However,
highly significant differences were
found for cadmium a lone and for the
remaining cadmium-shale treatments with
much more cadmium accumulating in the
upstream reach (Table 4.3). A possible
explanation is that the formation of
insoluble cadmium carbonate at the algal
surface may have removed cadmium rapidly
in the upstream reach and pool, leaving
lower available concentrations for the
downstream reaches.

The reduced metal content with
increased biomass may indicate a
lack of metal cycling within the aufwuchs. Although studies examining metal
cycling within biofilms are not reported
in the 1 iterature, cyc ling could occur
via metabolically induced changes in the
chemical environment.
For example,
during the day, the algae of the aufwuchs are actively photosynthesizing,
leading to biogenic precipitation of
metal carbonates.
Biogenic precipitation of CaC03 is known to occur in the
Logan River (Rupp and Adams 1981).
Because CdC03 will spontaneously precipitate in the Logan River (Chapter
3), photosynthetic activity might
enhance the reaction and lead to surface
accumulations of CdC03.
At night,
respiration of algae and other aufwuchs
components could reduce the pH at the
biofilm surface and solubilize CdC03.
Free cadmium would then be availab Ie for
possible diffusive transport into
the film or uptake by motile aufwuchs
components (i. e., protozoans) which
could move and transport cadmium into
the lower layers of the film.

Concentration factors (CF's) have
been used in the literature to relate
accumulated metal to environmental metal
concentrations.
In a literature review
of these values, Giesy (1979) found
fac tors of 500 to 80,000, wi th the
highest values occurring in mixed algal
cuI t ures •
In cadmium t rea ted stream
microcosms, Gie~y found CF's for the
aufWuchs of 5800 at 10 ppb exposure and
7100 at 5 ppb exposure.
The values
reported in the present study of 30,000
to 94,000 are on the high end of the
reported ranges, especially for lower
biomass samples CTable 4.2).
Direct comparisons of CF's are most
meaningful if the metal speciation and
environmental conditions are the same.
Unfortunately, these data are not always
furnished along with CF' s, and there is
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Table 4.3.

Areal cadmium accumulation comparisons in stream

Treatment

Cd
ST
ST
ST
ST
Cd
Cd

(J'\

o

and Cd-Shale
1 Cd only
2 Cd only
3 Cd-shale
4 Cd-shale
only
- shale

Comaprison

All shale vs. All Cd
Up vs. down
Up vs. down
Up vs. down
Up vs. down
All up vs. all down
All up vs. all down

J

I

m~crocosms.

Mean Cd concentrations (~g/substrate)

two-tail
t value

Shale=2660 Cd=2280
Up=2950 down=3l40
Up=2830 down=1730
Up=2400 down=1590
Up=3270 down=1800
Up=2890 down=2440
Up=2840 down=1680

1.44
-0.41
3.02
2.01
3.49
1.30
3.70

leve 1 of
significance
0.157
0.689
0.013
0.072
0.007
0.208
0.001

Degrees of
freedom
45
10
10
10
9
22
21

i

j

~

a dearth of literature regarding metal
accumulation in hardwater, lotic
periphyton communities.
The work of
Giesy et al. (1979) was conducted
in soft water, and with slower current
velocity, longer exposure period, and
lower pH.
Also the thickness of the
aufwuchs mat which reported ly reached
"several cent imeters" on channel walls
may have led to a lower cadmium concentration factor due to the previously
hypothesized cadmium gradient within the
algal mats.

Biomass
. At the time treatment began, the
microscope slides were well colonized
with periphyton.
Mean biomass for all
eight streams, expressed as ash free
weight (AFW) , was 86.5 mg/cm 2 (n=8).
There was a significant stream-to-stream
variation (coefficient of variation
(CV)=50.9%) in biomass which can only be
accounted for by natural variability
in initial colonization rates because
all exposure conditions were identical
(i.e., water temperature, water chemistry, position in pool, and incubation
period). Baseline studies of periphyton
colonization rates indicated that
accumulation of biomass on natural
substrates was also highly variable in
the stream microcosms (Chapter 2).
By
the final day of treatment, the biomass
had increased in all streams (Figure
4.3).
The final average biomass of
275.4 mg/cm 2 (n=8) is similar to that
o b s e rv e d b Y T r i s k a e t a 1. (1 9 8 3 ) in
heavily shaded artificial channels.

In conclusion, high levels of
cadmium were present in the aufwuchs
communities exposed to cadmium, with oil
shale having no measurable effect on
metal accumulations.
Higher observed
accumulations 1.n the lower biomass
samples serve as an indirect indication
of the influence of biofilm thickness on
metal concentrations.
Also, higher
cadmium concentrations were noted in the
upstream than in the downstream populations, thus indicating greater uptake or
availability of cadmium in the upstream
channels.

The results of this experiment seem
to show at first glance that the treatments reduced algal growth, especially
the shale treatments (Figure 4.3).
Figure 4.3 contains average values
for
paired treatments.
Replicates
from
treated streams overlap the control
streams, indicating that there is
probably no real difference in algal
growth.

Pigment and biomass responses
The amounts and distributions of
phytopigments indicate ·the physiological
health of the algae. Relative ratios of
the chlorophyll pigments can also
indicate changes in algal population
structure since some pigments are unique
to particular algal groups. Chlorophyll
a (chI a) is found in all photosynthetic
organisms, chlorophyll b (chI b) is
found in all green algae -(Chlorophyta)
and chlorophyll c (chI c) is found in
diatoms and brown algae.- In addi t ion,
the biomass (chI ~) ratio or autotrophic
index (AI) is a means of relating
changes in community composition to
changes in water quality.
Normal AI
values range from 50 to 200 while values
above 200 are indicative of poor water
quality and a heterotrophically dominated community (APHA 1981).

Phytopigments
The phytopigment results can be
examined in two ways.
First changes
which occurred in each stream after
treatment to pretreatment conditions can
be compared by looking for differential
changes among the var1.OUS treatments.
This technique does not depend upon the
similarity of the streams before treatment since it 1.S a comparison of
changes and not absolute values.
Second, treatments and controls can be
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Figure 4.3.

Aufwuchs biomass accumulations on glass slides in stream microcosm
pools before (day 1) and after (day 22) treatments (2 slides per
treatment) •

compared at the end of the experiment,
an examination which assumes identical
pretreatment conditions for all streams.

7.2 percent in chlorophyll a and decreased 6.6 percent in chlorophyll b.
These were the largest changes in any of
the treatments.
This effect could be
explained by a reduction in green algae
and an increase in blue-greens. The
cadmium-shale treated streams decreased
in chlorophyll b and increased in
chlorophyll c indicating a possible
shift in popu~tion structure from green
algae toward diatoms.

Trends in pigment ratios.
The
control streams showed little overall
change in pigment ratios over 3-week
study period (Table 4.4). Chlorophyll ~
decreased by 3.1 percent, a possible
indication of a reduced Chlorophyte
population. The cadmium treated streams
showed an apparent increase in chI c and
a small decrease in chI b. However~ the
standard deviations f~ these ratios
overlap so there may be no real difference.
The shale treatments increased

Variat ions in data demonstrated by
the standard deviation make it difficult
to conc lude that any of the treatments
affected normal successional changes in
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Table 4.4.

Relative pigment
treatment.

Treatment

rat ios

% chI a

1.n

,[

I

periphyton

Standard
Deviation

from

n

% chI b

slides

1.n

Standard
Deviation

stream m1.crocosms before

n

% chI c

-

Standard
Deviation

and

n

before
after

60.6
59.6

7.8

2
6

18.8
16.9

4.6

2
6

20.6
23.5

4.5

2
6

Cadmium
plus shale

before
after

61.6
61.3

4.8

2
6

18.4
15.6

3.4

2
6

20.0
23.1

2.1

2
6

Shale

before
after

56.9
64.1

2.5

2
6

19.4
12.8

1.6

2
6

23.7
23.1

2.8

2
6

before
after

59.1
61.1

3.7

2
6

17.6
14.5

2.7

2
6

23.3
24.3

2.0

2
6

Cadmium

Control
Q"\

W

%=

chI x
chI a + chI b

+ chI c

-

(100)

after

I
I,

algal populations over the 3 week
experiment.
The only consistent change
exhibited in all treatments and controls
was the reduction in percent chlorophyll
b.
This change could correspond
to a decline in the green algae brought
about by lowered water temperatures and
reduced photoperiod and light intensity
during the experiment. A decline in
Chlorophyta under conditions of reduced
temperature and light is consistent with
observations in natural streams (Rynes
1970) .

concluded that the treatments did not
induce any detectable changes in the
propo rt io ns 0 f ch lorophytes, cyanophytes, or diatoms.
Autotrophic indices (AI) for the
slides indicate that the AI was below
150 for all treatments signifying a
"heal thy" sys tem dominated by photosynthetic organisms (APRA 1981).
Changes in AI indicate that the shale
and the cadmium treatments had the
greatest effects (Figure 4.4).
These
treatments apparently inc reased the AI
denot ing a reduct ion in the photosynthetic potential of the stream community.
The control streams under~ent a decrease
in AI while the cadmium-shale streams
showed small increases.
Unfortunately,
the AI is a ratio of two highly variable
ratios (mg AFW/cm 2 and mg chlorophyll
a/cm 2 ).
As a result, any conclusions
regarding effects of treatments would be
highly suspect (Green 1979).
In this
context, AI is not a good parameter
for comparison of streams.

Stream-to stream comparisons.
There was no clear difference among the
pigment ratios for the treatments at the
end of three weeks (Table 4.4).
Based
upon these data, neither oil shale,
cadmium or oil shale plus cadmium
amendments had any measurable effect on
phytopigment ratios at the levels of
treatment administered.
Since these
ratios can be directly related to major
algal divisions, it can further be
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Figure 4.4

Autotrophic indices (mg AFW/mc chI a) for aufwuchs growing on glass
slides in stream microcosms before (day 1) and after (day 22) experimental treatments.
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CHAPTER 5
INVERTEBRATES
under study.
In this review, the focus
is on microcosm studies, which generally
emphas ize transport pathways and sublethal effects of cadmium under lowlevel, chronic exposures, and on studies
specifically aimed at defining the
effects of metal speciation on toxicity
to invertebrates.
Furthermore, because
each heavy metal behaves uniquely
wi th respect to both speciat ion and
toxicity, studies involving cadmium
spec
ally will be emphasized, except
for a few cases in which the results
from other heavy metal studies appear to
have potential applicability to cadmium
toxicity or accumulation.

Literature Review
Cadmium accumulation and toxicity
1n aquatic invertebrates have received
considerable attention in the past
decade owing to the extreme toxicity of
cadmium to aquatic life and to its
po ten t i a 1 for c au sing "i t a i - ita i "
disease in man when consumed in sufficient amounts in seafood.
Phillips
(1980) provides a critical review of
cadmium tox1C1ty to marine organisms,
and Wong et al. (1980) discuss cadmium
interactions with predominantly freshwater microbial communities.
Also, the
reviews of Nriagu (1980), Murphy et al.
(1981, 1982), and Buikema et al. 0981,
1982) contain a great deal of information on cadmium-invertebrate interactions.

With respect to bioaccumulation of
cadmium by macroinvertebrates, it is
useful to think of uptake (as contrasted
to assimilation) as occurring through
three functionally distinct pathways:
absorption through body surfaces,
adsorption onto body surfaces, and
ingestion. Absorption may occur through
the integument at any point on the
organism, but is probably most efficient
at the gills, due to the large surface
area and vascularization of the exposed
tissue.
Adsorption may occur at any
body surface, but rates are affected by
the surface chemistry of the shell,
case, or exoskeleton.
Ingestion is
taken here to include any pathway by
which cadmium enters the gut, including
drinking, predation (including piercing
and sucking), filter-feeding, grazing,
and detritus processing.

The available literature can be
divided into the three categories
of toxicological studies employing
bioassays, field studies of polluted
env ironment s, and mic rocosm expos ure to
various cadmium dosages or concent rations. The first group, or toxicological studies, generally aims at determining lethal concentrations, physiological
effects at sublethal exposures, and the
effects of enhancing or mitigating
factors on toxicity. These experiments
are usually conducted (because of time
limitations) at relatively high cadmium
concentrations that are seldom encountered in environmental settings.
The second or field group of experiments
are conducted in a more realistic
environment, but interpretation of them
suffers from lack of control or knowledge of all the inter.act ing environmental variables, including the mobility
and avoidance behavior of the organisms

This categorization 1S different
from that of Phillips (1977), who
separates three uptake pathways into
dissolved (absorption and drinking),
organic (food), and inorganic particulate forms. The reason for the categor67

ization chosen here is that each uptake
pathway is affected differently by
cadmium spec iat ion.
Adsorption depends
mostly on the speciation of cadmium in
the bulk water, although surface
effects (nuc leat ion) may be important
(George and Coombs 1977). Absorption is
affected not only by speciation of
cadmium in the bulk milieux, but also by
the transport propert s of cell membranes, involving membrane-bound transferases, lipid-mediated absorption,
and pinocytos is (George and Coombs
1977).
Finally, ingestion, whether
of organic material alone, water, or
detritus with its organic "frosting," results in cadmium being subjected
to a chemical regime that is dominated
by the digestive physiology of the
organism, rather than the water from
Which it originated. Because speciation
of cadmium was of particular interest in
the present study, this categorization
is particularly useful.

free cadmium controls.
Diethyldithiocarbamate, however, increased the uptake
of cadmium, and Poldowski hypothesized
that complexation caused the lipophilic
complex to be readily transported across
the gill surface.
Cadmium was found to
interfere with metal accumulation, but
sodium salts had no effect.
Mussels
(Mytilus) also take up complexed· cadmium, although in the case of the
latter, even EDTA was found to accelerate uptake from seawater (George and
Coombs 1977).
More recently, however,
Hung (1982) found that EDTA reduced
cadmium toxicity to the oyster, Crassostera virginica. Dressing et al. (1982)
found no influence of complexation by
NTA on the uptake of cadmium by the
caddisfly larvae (Hydropsyche).
It is very difficult to generalize
from observed effects of binding by
organic ligands on cadmium uptake and
toxicity across the spectrum of aquatic
invertebrates.
Even less is known
regarding the effects of binding by
inorganic ligands.
Magnuson et al.
(1979) determined that Cu-carbonato
complexes were non-toxic to Daphnia in a
series of bioassays, and that Cu-hydroxo
species were considerably less toxic
than free copper ion.
Dodge and Theis
(1979) found that Cu-hydroxo species
were toxic to midge larvae (Chironomus),
but not copper bound to glycine or NTA.
It is not known whether similar relationships might occur with Cd-hydroxo
and -carbonato species.
Clearly, the
state of the art is far from determining
the biologically available fraction of
a total cadmium concentration by analytical means in the sense proposed
by Whitfield and Turner (1979).

Effects of complexation on
metal toxicity
Several workers have studied the
effect of cadmium complexation or
speciation on its toxicity to invertebrates.
Giesy et al. (1977) found that
humic material isolated from a softwater
pond reduced the toxicity of free
cadmium ion to the daphnid, SimocephaIus, but not to the minnow, Gambusia.
The detoxifying ligand in the humic acid
was restricted to the higher molecular
we i g h t s i z e f r act ion s ret a i ned b y
a UM05 membrane filter (nominal molecular wt > 500 amu).
Uptake was not
related in a simple way to the free
cadmium ion concentration determined
using a cadmium ion-selective electrode.
Cadmium uptake increased with increasing
temperature and decreased in harder
water or water containing part iculates.

Ecosystem effects
Ecosystem effects include both
direct effects of low-level cadmium
exposures « 20 ~g/l) on zooplankton and
other invertebrate communities and
indirect effects (e.g., food web and
recycling pathway) on invertebrate
populations.
Few of the experiments
discussed below considered speciation of

Poldowski (1979) found that humic
acid, pyrophosphate, and aminopolycarboxyl ic acids (e. g., NTA) were all
effective in reducing the steady-state
concentration of cadmium in Daphnia in
Lake Superior water, relative to ligand-
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the applied cadmium, bu't most were
conducted in soft waters, and thus ionic
cadmium concentrations are probably
similar to reported total cadmium
concentrations.

species (e. g., Bosmina and Daphnia
retrocurva) actua
y increased in
population density, relative to the
controls, at cadmium exposures of
1.5-2.5 ]lg/l. Depression of zooplankton
biomass and community respiration were
higher in light enclosures than 1.n
opaque contoIs, suggesting that the
mechanism of s tanding stock depression
was linked to inhibition of photosynthesis.
In similar experiments in
Experimental Lake 382 (Canada), exposure
to 1 ]lg/l Cd was sufficient to virtually
eliminate the growth of the cladocerans
Diaphanosoma and HoI edium, but not
other species of c
ra or copepods
(Marshall et al. 1981a,b).
In all of
the experiments reported by Mellinger
and co-workers, exposure to as little as
1 Jlg/l Cd in soft water lakes is sufficient to cause a detectable change in
the compos 1.t 1.on of the zoopl ankton
community, which may have resulted from
differential toxicity of cadmium to
different species of zooplankton and
phytoplankton, with subsequent indirect
effects on grazing and predation on the
remaining community structure.

Thorp et al. (1979) exposed crayfish (Cambarus) to 0.02, 5, and 10 ]lg
Cd/I in flow-through chambers for 5
months.
Cadmium uptake increased with
increasing concentrations, ranging from
1.6 to 22 ]lg/g dry weight.
Although
mortality was significantly correlated
to cadmium exposure, neither growth nor
thermal tolerance were affected, although thermal stress was applied
gradually and after (rather than during)
cadmium exposure.
Thorp et al. (1979)
note that stress integration, the
phenomenon in which one stress reduces
the ability of the organism to respond
appropriately to other stressors, is
apparently absent or too weak to be
detected.
Kettle et a1. (1980) provide
similar results for two species of
cl adoceran zoopl ankton, Daphnia and
Simocephalus.
Exposure to 5 or 10 ]Jg
Cd/I resulted in increased respiration
rate in
hnia, but reproduction in
field exper ents was not affected.
Similar exposure of Simocephalus resulted in little increase in oxygen
consumption, but virtually halted
reproduction.
Laboratory exposure of
Daphnia to 5 ]lg/l did depress respiration.
This experiment also highlights
the problems with extrapolations from
single species responses to taxonomically similar species.

Hendrix et al. (1982) provide the
result s of experiments in which lent ic
microcosms were exposed to 0, la, and
100 ]lg Cd/I for 119 to 286 days.
Exposure to 10 ]lg Cd/l decreased the
total standing stock of zooplankton
(ostracods, cladocerans, and copepods)
in all cases and resulted in depression
of photosynthetically-related variables
due to decreased grazing.
Microcosms
which received higher phosphorus additions were less affected than were
low-phosphorus controls.
Overall,
exposure to Cd appeared to decrease the
importance of the grazing food chain,
relative to that of the detrital pathways.
In lot ic mic rocosm experiment s ,
exposure to 5 and 10 ]lg Cd/l resulted in
differential effects on the invertebrate
community structure (Giesy et al. 1979).
Some protozoan, crustacean, and insect
taxa were completely eliminated from the
streams receiving cadmium, while the
popul;"tions of many other species,
particularly macroinvertebrate
insect

The differential response of
zooplankton communities to cadmium
stress was further illustrated in a
series of enclosure experiments by
Marshall and Mellinger (1980) and
Marshall et al. (198la,b).
Exposure
of zooplankton to cadmium concentrations
ranging from 0.2 to 5 ]lg/l in Lake
Michigan water resulted in a net decrease of the total zooplankton density
over 20-day exposures wi th an EC50 of
approximately 3.5 ]lg/l. However, some
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taxa, increased.
In most cases, such
changes were accounted for by the
increased macrophyte and periphyton
habi tat brought about by depres sion of
the crayfish population in the cadmiumtreated streams.
Crayfish normally
control the availability of such habitat
through grazing.
In general,' exposure
to cadmium resulted in an increase in
dominant species (e.g., chironomids) at
the expense of the biomass of rarer
species in the streams.

Three samplers were suspended in
each pool just above the sediment
surface with monofilament nylon line.
Three samplers were also placed in each
riffle, for a total of nine samplers per
stream.
Riffle samplers were initially
placed among stream cobbles in sections
1, 4, and 8 (upper channel, mid-channel,
and lower channel, respectively).
Samplers from sections 1 and 8 were
later (1 1/2 months before treatment)
moved into section 4 of each riffle to
eliminate variability which might be
associated with sampler location.

Methods
When stream invertebrates are
disturbed, they are often released
from the substrate and drift downstream.
To avoid such losses, when removing
samplers for invertebrate collection,
the samplers were enclosed in heavy
plastic bags or beakers before being
removed from the streams.
The sampler
and contents of the bag or beaker were
placed in a drift net, and the sampler
disassembled and scrubbed by hand.
The
sample then was rinsed with tap water to
remove sediment and preserved wi th 70
percent ethanol.

Collection of samples for
taxonomic analysis
Drift.
Twenty-four hour drift
samples were collected in November
from the ef fluent s of all streams,
following procedures outlined in
Chapter 2, to monitor for changes in
species composition in response to
tr eatment s.
Co llect ions were made
immediately following every other
oil shale change on days 1, 7, 13, and
21 of treatments.
For the first
24-hour sample, the inflows of streams
1, 3, 5, and 7 were also screened.
Drift samples were preserved in 70
percent ethanol (APHA 1981).

Three samplers (one from each
riffle and pool) were removed from each
stream just before cadmium and oil shale
inputs were begun.
An additional set
was removed at the end of the treatment
period.
Organisms collected from the
samplers were sorted and identified.

In between collect ions for taxonomic data, the nets were left in place
beneath the effluents.
Composite
samples for November 2-7, 8-13, and
14-21 were accumulated and stored frozen
in polyethylene bottles.
They were
later lyophilized, weighed, ashed at
550°C, and re-we ighed after rehydrat ion
and drying to constant weight.

Collection and preparation of
samples for cadmium analysis
Most invertebrates used for cadmium
analysis were collected on the day
following termination of cadmium inputs.
The few that were collected on the
previous day were analyzed separately.
Stainless steel forceps were used to
remove individual organisms from rocks,
moss, and the sides and bottom of the
streams. It was necessary to sample the
rocks in the streams quantitatively to
collect as many individuals as possible
for metals analysis.

Benthos.
Hester-Dendy type samplers (APHA 1981), consisting of three
double-spaced and S1X single-spaced
circular plates, were placed in the
streams three months before cadmium and
shale inputs were begun.
The surface
area of each sampler is approximately
1000 cm 2 , including the edges of the
plates and spacers.
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digestions had not been complete in some
cases.
Aliquots 0.0 ml) of the original digestates were placed in porcelain
crucibles and redigested with 3.0 ml
concentrated RN03 until nitrogen evolution ceased.
Perchloric acid (1.5 ml)
was then added and the solutions heated
unti 1 dense white fumes evolved.
They
were then covered and heated until
completely clear (up to 2 hours).
Solutions were diluted as indicated
above.
The remaining invertebrate
samples (not previously digested) were
digested by the nitric-perchloric acid
method.
A pair of reagent blanks was
also carried through the digestion
process.

All containers and glassware used
for metals samples were soaked for 48 hr
in 10 percent HN03, or for several hours
in 50 percent HN03' Collected organisms
were placed in clean polypropylene vials
and later transferred to large petri
dishes filled with double-deionized
water.
Invertebrates in the petri
dishes then were sorted and placed
in clean vials containing deionized
water.
Samples were frozen and later
lyophilized in a Virtis "freeze mobile"
(model 10-1415 MR-BA, Virtis Inc.,
Gardner, NY) until a constant dry weight
was attained (2 days).
Lyophilized
invertebrates were stored in a dessicator for at least 48 hr and weighed on an
analyt ical balance to the nearest 0.05
mg.

Laboratory study of cadmium uptake
by Brachycentrus sp. pupae

Individual invertebrates were
placed in 5-ml volumetric flasks for
digestion following the methods of Giesy
et al. (979).
After adding 0.6 ml of
ultra-pure nitric acid (Ultrex, J. T.
Baker Co.), the samples were heated in a
water bath at 70 - 80°C. When nitrogen
evolution had ceased and samples were
clear or clear yellow, 0.2 ml of 30
percent hydrogen peroxide (Ultrex, J. T.
Baker Co.) was added, and the samples
heated for an additional hour.
During
the final 15 minutes of digestion
0.1 ml NH20H.RCl was added to prevent
interference from iron in the ASV
analysis.
The digestates then were
cooled to room temperature and diluted
to 5.0 ml with double deionized water.

Caddisfly larvae (Brachycentrus
sp.), which had sealed their cases
for pupation, were collected from the
Logan River on August 12 and 13,
1982.
River temperature at that time
varied from 9°C (night) to 12°C (day).
Larvae (or pupae) were held in the
laboratory for 3 days in I-gallon
polyethylene wide-mouth bottles containing aerated Logan River. water. Ambient
Logan River temperature (12°C) was
maintained in the bottles by placing
them in a water bath cooled by a refrigeration unit.
A 25-watt incandescent lamp was suspended over the
water surface.
A timer was used to
maintain ambient photoperiod (14 hr
light, 10 hr dark).
At the end of the
third day, river water was replaced with
"simulated Logan River water," which
consisted of double-deionized water to
which appropriate amounts of chemical
compounds had been added in order to
simulate the inorganic water quality of
the Logan River (see Appendix).
Oil
shale leachate (preparation of which
is described below) was amended with
inorganic salts so that the resulting
solution was similar in inorganic
constituents to Logan River water.
Four liters of each treatment solution
we r e p rep are d .
The con t r 0 1 tan k
contained simulated Logan River water.

The digestate was analyzed by the
method of standard additions using the
ASV technique discussed in the preceding
chapter. Some color and an oily residue
remained in many sampl es.
Three individuals of every major taxon for which
three or more were available were
digested by the above method and analyzed by ASV.
Initial results indicated
that some of the samples were not
completely digested so aliquots of a few
of the samples were redigested using a
more intensive nitric and perchloric
acid technique (APHA 1981).
These
redigestions revealed that the initial
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The 20 ]l gIl cadmium treatment solutions
were prepared with atomic absorption
certified cadmium standard (Fisher
Scientific) 1n simulated Logan River
water and in oil shale leachate.

soaking them in 10 percent nitric acid
for 2 days and then rinsing thoroughly
with double-deionized water.
The shale extraction was performed
using an oil shale to de ionized water
ratio of 1:4 (w/w) in 20 liter borosilicate bottles' stored in the dark, with
frequent mixing, over a 3-week period.
The leachate was centrifuged in I-liter
polyethylene bottles at 2750 x g for 15
minutes in an lEC Model DPR-6000 centrifuge (Damon/lEC, Needham Hts, MA) at
room temperature.
The result ing supernatant was filtered through a Millipore
type HA sterilized 0.45 Jlm membrane
filter immediately after centrifugation.
The filtrate was then transferred to a
polyethylene carboy, stored at 4°C in
the dark, and later analyzed for
TOC (total organic carbon), and major
anions and cations (Table 5.1).

oil shale leachate preparation
followed the methods of Mok and Messer
(1983). The leachate was prepared using
raw oil shale obtained from site C-a
(mined from the oil-rich Mahogany zone)
in Colorado.
Extract ion of the shale
was performed using the "Proposed
Methods for Leaching of Waste Materials," developed by ASTM Committee
D-9 on Water (Gulledge and Webster
1981).
The shale was crushed so
that more than 85 percent of the crushed
material passed through a standard
32-mesh sieve (0.5 mm).
All glassware
and polyethylene containers were leached
free of trace metals and organics by

Table 5.1.

Selected chemical characteristics of raw oil shale leachate used
in Brach~centrus bioassays before and after processing by electrodialysis ED) and reverse osmosis (RO).

Constituent

TOC (mg/l)
Alkalinity (mg CaC03/l)
Hardness (mg CaC03/l)
Ca++ (mg CaC03/l)
Mg++ (mg CaC03/l)
Na+ (mg/I)
K+ (mg/I)
Cl- (mg/I)
S04= (mg/l)
Total P (Jlg/l)
0-P0 4 (Jlg/l)
NHrN (mg/l)
N02-N (mg/I)
NOrN (mg/I)
Total N (mg/I)

Untreated
Leachate

ED Treated
Leachate

11.4
71
172
117
55
32
2.0
3.0
92
28
9
2.0
2.5
2.0
6.5

4.9
<1.0
*
3.0
*
*
*
*
*
*
*
0.04
0.03
0.3
3.2

*Not measured.
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ED + RO
Treated
Leachate

8.9
20
46
33
13
7.4
0.2
5.1
4.7
42
15
0.02
0.10
0.1
0.4

were placed ~n separate polypropylene
vial s containing doub Ie deionized water
and frozen.
Ten percent of these
initial samples were still in larval
form, but all cases had been sealed.
Insects began emerging on August 19.
Adul t s, exuvia, and eggs were col lee ted
daily, placed in double deionized water
in polypropylene vials, and frozen. The
final sampling was conducted on September 2 (day 16 of treatment).
Adults
were collected and stored frozen.
All
remaining pupae were separated from
their cases as described above and
stored frozen for subsequent analysis.
Samples were lyophilized to constant dry
weight. Individual pupae and cases were
weighed to the nearest 0.01 mg on a Cahn
model 4100 electrobalance (Cahn/Ventron
Corp, Paramount, CA), digested by the
nitric-perchloric ac id method desc ribed
above, and analyzed by ASV.

Electrodialysis (ED) and reverse
osmosis (RO) were used to isolate the
organic fract ion of the raw oil shale
leachate. A Chemomat~ Stackpack (Ionics
Inc., Watertown, MA) pilot-scale ED unit
was used to desalinate the shale leachate.
The ED stack was assembled using
Ionics cation- and anion-transfer
membranes and the leachate treated in a
batch process by recycling until the
specific conductance had dropped
to about 50 llmhos/cm at 25°C. To limit
elec tro lys is of organics in the leachate, the applied potent ial was maintained below 10 V.
The desalted
leachate was found to have a reduced TOC
because of loss of smaller organic
molecules (membrane cutoff approx. 10 to
100 Angstroms) and possib Ie adsorption
o.f organics to the ED transfer membranes., To restore the organic concentration to a level suitable for experimental use, t he desalted leachate was
treated wi th a pilot-scale RO unit
(Saltech, El Paso, TX). The RO unit was
fitted with 18 spiral-wound cellulose
acetate membrane modules manifolded for
series flow.
The leachate was passed
through this unit twice to achieve the
desired results.
The effect of this
processing scheme on the leachate is
presented in Table 5.1.

Results and Discussion
Cadmium accumulation by stream
invertebrates
Cadmium accumulation was first
examined in each species of stream
invertebrates to determine whether
organisms from streams receiving replicate treatments accumulated the same
amounts of cadmium. No differences (p <
0.05) were detected between any pair of
replicate streams for any species.
No
cadmium was detected in any organisms
from streams which did not receive
cadmium input s.
Cadmium concent rat ions (].1 g Cd/ g dry we ight) in invertebrates from streams 3 and 4 (cadmium
alone) were then compared wi th concentrations in organisms from streams 1 and
2 (cadmium/oil shale) for each of five
major taxa (Table 5.2).
Analysis of
variance (ANOVA) indicated no significant differences (p < 0.05) between the
two treatments for any species.

Acclimation water was replaced by
treatment solutions (3 Q, in each container) at the end of the fifth day of
holding the organisms in the laboratory
(August 17). The sides of the jugs were
lined with stainless steel screen to
provide a substrate for emerging insects.
A total of 350 pupae and
larvae were placed in each of the four
jugs, which were then covered with
fiberglass screen secured by rubber
bands.
An additional 300 individuals
we r e r e s e r v e d for mea sur em en t 0 f
background cadmium levels.
Larvae or
pupae were removed from their cases as
follows.
Stainless steel forceps were
used to remove the plate sealing the
wide end of the case. The pupa or larva
was forced partially out of its case by
gentle finger pressure on the case, and
removed wi th forceps.
Cases and pupae

Since no di fferences in invertebrate cadmium accumulation among
streams receiving cadmium inputs were
detected, samples from streams 1
through 4 were lumped for comparisons
73
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Table 5.2.

J

I

Cadmium concentrations- in benthic invertebrates from stream m1crocosms.

Taxa
( trophic
status)

Treatment

l.ig Cd/ g dry wt
.± standard
deviation

Range
low

high

Number of
Organisms
Analyzed

Number
with no
detectab Ie
cadmium

Caddi sfl ies
Brach~centrus

( grazer)

Control
Shale
Cd
Cd-Shale
Control
Shale
Cd
Cd-Shale

-....j

~

Mayflies
E)2hemerella
(particulate
gatherer)
Stoneflies
Hesl2eroperla
(predator)

Isoperla

Skwala

Control
Shale
Cd
Cd-Shale
Control
Shale
Cd
Cd-Shale

252
284

4
4
7
9

4
4
0
0

100
152

2
1
6
8

2
1
0
0

274
203

6
6
9
11

6
6
I
0
4
4

31

4
4
2
5

nd
nd

156 + 54
157 "+ 67.

86
39

nd
nd

69 + 20
72 + 40

51
28

nd
nd

113 + 80
106 + 48

0
48

nd
nd
nd

14 + 14

Control
Shale
Cd
Cd-Shale

nm

Control
Shale
Cd
Cd-Shale

nm

0

0
0
0
2

nm
nm
nd
nd
144
nm

0
2
76

213

2

0

2
2

2

0
0

'.
I

Table 5.2.

Cont inued.

Taxa
(trophic
st atus)

Diptera
Atherix
(predator)

Snail
Physa

-.I

\JI

nd

r:m

= not

detected
not measured

~g

Treatment

Control
Shale
Cd
Cd-Shale
Control
Shale
Cd
Cd-Shale

Cd/ g dry wt
standard
deviation

±

nd
nd
nd
3 + 8

Range
low

0

high

20

nd
nd

84
165

64

103

Number of
Organisms
Analyzed

Number
with no
detectable
cadmium

6
6
6
6

6
6
6
5

3
1
2
2

3
1
0
0

among species.
Brachycentrus sp.
accumulated more cadmium (156.5 ]..Ig/g)
than did any of the other four species
examined, but the mean is not s ignificantly higher than that of Ephemerella
sp. (109.5 ]..Ig/g) (Figure 5.1). The mean
for the free-living caddisfly larva
Arctopsyche sp. (70.5 ]..Ig/g) is significantly lower than that for Brachyc e n t r u ssp •
All t h r e e 0 f t he above
species accumulated more cadmium than
did either the diptera larva Atherix sp.
(1.5 ]..Ig/g) or the stonefly larva
roperla sp. (7.0 ]..!g/g).
Cadmium accumulation data for snails (Physa), stoneflies (Skwala) and Isoperla are included
in Table 5.2, but the lack of replication precludes any statistical analysis.

We iss et al. (1981) ci te several
studies which found low metal leve Is in
carnivorous species.
In the present
study, neither Hesperoperla sp. nor
Atherix sp., both predators, accumulated
high amounts of cadmium (Figure 5.1).
The species which accumulated the
most cadmium (Brachycentrus) is primarily herbivorous.
Larvae are capab Ie of
both filter-feeding and grazing and both
modes of feeding were observed in the
artificial streams.
Diatoms are mos t
prevalent in the diet of final instars
(Mecom and Cummins 1964), but carnivory
has also been observed in this genus
(Wallace and Merritt 1980).
Larvae which grazed on periphyton
1n this study had the opportunity
to ingest high concentrations of cadmium.
Periphyton accumul ated an
average of over 1000 ]..I g Cd/ g dry we ight
(Table 5.2).
The mayfly nymph, Ephemerella sp., is primarily a collector
Mer
tt and Cummins 1980) and most
likely fed upon fragments of algae and
detritus.
Arctopsyche sp., a freeliving hydropsychid caddisfly larva,
spins a net which traps suspended
part icles of animal and plant material
and sediment.
Nets were observed on
both natural and artificial substrates
in the stream channels.
Materials
ingested by these organisms were
probably similar to those ingested by
Ephemerella, although a greater amount
of sediment and animal matter may have
been taken in by Arctopsyche.

To put these values in perspective,
in a 28-day laboratory study, the
stonefly, Pteronarcys dorsata accumulated approximately 40 ]..Ig/g at an
exposure level of 20 ]..Ig Cd/I (Spehar et
al. 1978).
The caddisfl y Hydropsyche
betteni accumulated approximately 200
]..Ig/ g at the same exposure level, and the
gastropod, Physa integra accumulated
125 ]..Ig/g (Spehar et al.
1978).
Ephemeropterans exposed to 10 ]..I g Cd/I in a
South Carolina stream microcosm experiment accumulated a mean of 176 ]..Ig
Cd/g dry weight (Giesy et al. 1979).
Factors which may be responsible
for the differing degrees of cadmium
accumulation among species in this study
include exposure time, feeding habits,
and surface to volume ratios.
Most
organisms analyzed were absent from or
very rare in the incoming drift (Chapter
2).
There is a chance, however, that
some of the smaller individuals may not
have lived in the streams for the entire
treatment period.
This would, of
course, increase variability in cadmium
concentrations observed. No cadmium was
detected 1n one (of 20 individuals
analyzed) specimen of Ephemerella sp.
from cadmium-treated streams, which
suggests that it may have entered the
stream late in the study.

Dressing et a1. (1982) compared
cadmium accumulation in specimens
of Hydropsyche betteni, which were
killed prior to cadmium exposure, with
that in living individuals to determine
to what extent cadmium was adsorbed on.
the body surface.
Cadmium accumulation
by dead larvae was approximately 60
percent that of living ones, indicating
that surface adsorption was one of the
primary modes of uptake.
Weiss et al.
(198!) found that small Hydropsyche
larvae accumulated more cadmium than did
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Ephemerella

Arctopsyche
Taxon

Cadmium concent rations and 95 percent confidence limits
from all stream microcosms receiving cadmium.

Hesperoperia

•
Atherix

for dominant benthic invertebrates

larger individuals.
Ahsanulla et al.
(19 81) f 0 un d the sam e r e 1 at ion s hip
for shrimp, Callianassa australiensis
(Dana) In a l4-day acute lethality
study.

cases were analyzed separately for
cadmium.
Cadmium was detected in only
one of the 12 pupae samples (from either
Cd or Cd-leachate treatment s) anal yzed.
Mean accumulation on Brachycentrus
cases was 20.8 ~g/g (cadmium alone) and
21.5 ~g/g (Cd-leachate) (Table 5.3). In
the stream study, Brachycentrus Individuals were in larval form, and
actively feeding.
Thus, it is likely
that at least two modes of uptake,
ingestion of Cd-contaminated food and
surface adsorption, functioned In
cadmium uptake by t hi s spec ies.
The
extent to which cadmium uptake occurred
by diffusion through gills, body surface, or drinking was not determined for
any of the organisms studied.

Neither Weiss et al. (1981) nor
Giesy et al. (1979) found a relationship
between size and cadmium accumulation in
chironomids.
Relationships between
organism size and cadmium accumulation
were investigated for Brachycentrus,
Arctopsyche, and Ephemerella by linear
regression.
The highest r2 was 0.3,
for Brachycentrus (Figure 5.2). Arctopsyche and Atherix spec imens were very
similar in both size and weight, but
cadmium accumulation was significantly
higher in Arctopsyche.

Emergence of Brachycentrus was
unaffected by any of the treatments.
No significant differences among treatme n t s we r e s e en for e i the r rat e 0 f
emergence or total number of individuals
which emerged during the study (Figure

Laboratory uptake of cadmium
by Brachycentrus
In the laboratory study of cadmium
uptake by Brachycentrus pupae, the

Table 5.3.

Cadmium accumulation by Brachycentrus cases and pupae from laboratory
study.

Number
of
Sampl es

Treatment

Mean
Cd/g
dry wt)

(~g

Standard
Devi at ion

95%
Confidence
Interval

Control
Cases
Pupae

6
6

7.58
nd

1.02

7 - 9

Leachate
Cases
Pupae

4
3

3.78
nd

0.56

0-5

Cadmium
Cases
Pupae

6
6

20.82
nd

1.27

20 -22

Cadmium/Leachate
Cases
Pupae

6
6

21.52
0.62

2.41
1. 51

-1 - 2

nd

= not

detected
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Figure 5.2.

5.3). These results are consistent with
the results of the cadmium analyses,
which revealed no cadmium accumulation
in pupae.

ment were ephemeropterans (primarily
Baetis sp.), chironomids, trichopterans
(primarily Brachycentrus sp.), plecopterans (primarily Capnia sp.), and
s imuliids (Table 5.4).
Simuliids were
not found in the pools, but the relative
abundance of t he other four groups was
approximately the same as in the
riffles.
Oligochaetes were present in
riffles and pools of most streams.
Gastropods were found in most pools, and
in the riffles of streams 2 and 8.

Treatment effects on invertebrate
density and drift
Behavioral effects of cadmium
exposure and accumulation were evaluated
in the stream study by examining species
composition and densities on artificial
substrates and in drift samples before
and after the treatment period.

Cluster analysis was performed 1n
an attempt to detect any changes in
species composition or density that may
have occurred in response to any of the
treatments.
The initial analysis

Benthos.
Major taxa (in order of
abundance) present on the art ific ial
substrates in the riffles before treat-
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Rate of emergence of Brachycentrus in the presence of cadmium and oil
shale leachate in laboratory exper~ments.

compared the individual sample locations
within each stream to determine if
stream locality had an effect on either
the distribution or density of the
stream invertebrate community.
No
grouping by location was observed.
In
the second analysis, upstream and downstream riffle locations were combined
within each stream to compare distributions of organisms among streams.
Again, no consistent clustering was
observed.

streams.
When upstream and downstream
riffle locations were combined, streams
1, 4, and 2 (cadmium treatments) grouped
together.
Stream 3 (cadmium treatment)
grouped with 7, and 6 grouped with 2 and
4.
No consistent grouping according to
treatment was observed for pool communities.
Although the cluster analyses did
not show any distinct differences
between riffle and pool communities,
Some taxa we re mo re ab unda nt in the
pools, and some riffle organisms we re
not found in the pools.
Separate
distributions were tabulated for riffle
and pool organisms. The total number of
organisms were used as a basis for
calculating the relative abundance of
major taxa as a percentage of the total

The third analysis combined all
three locations within each stream.
No
differences in distributions of organisms among streams were evident in the
pre-t reatment samples.
Some grouping
among Cd-treated streams was evident,
but it was not consistent for all four

80
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Table 5.4.

Density of stream invertebrates (number per square meter) on artificial substrates.

Control
(5 and 8)

(X)

I--"

Riffles Pools
Ej!hemeroEtera
320
260
EEhemerella a
20
3
EEhemerella b
7
55
Baetis a
283
130
Baetis b
10
10
ParaleEtoEhlebia 0
20
HeEtageniidae
17
25
PlecoEtera
70
35
Capnia
53
25
Nemoura
17
0
IsoEerla
0
10
HesEeroEerla
0
0
Trichop tera
373
115
Brachxcentrus
370
80
0
RhXacoEhila
0
Micrasema
30
0
Ochrotrichia
0
5
3
ArctoEsxche
Diptera
213
135
Chironomidae
200
130
Atherix sE
0
5
Simuliidae
13
0
Oligochae~
37
40
GastroEoda
10
0
Copepoda
25
0
Hldracarina
3
5
Ostracoda
0
5

BEFORE TREATMENT
Cadmium
Shale
(6 and 7)
(3 and 4)
Riffles Pools
344
270
5
0
13
15
195
185
8
10
10
5
18
50
51
60
38
55
10
0
3
5
0
0
248
85
240
70
0
0
3
10
0
5
5
0
205
146
133
200
0
5
0
13
58
30
15
0
0
0
0
5
0
0

Riffles Pools
120
252
8
5
18
15
210
90
5
0
3
5
8
5
88
40
70
40
5
0
13
0
0
0
74
45
63
40
0
0
3
5
3
0
5
0
226
55
218
50
0
5
8
0
48
20
15
0
3
5
0
0
3
10

Cadmium/Shale
(l and 2)

Control
(5 and 8)

Riffles Pools
156
ISO
5
25
15
10
105
60
3
15
20
5
23
20
63
50
35
50
23
0
5
0
0
0
153
35
145
25
0
0
10
5
3
0
0
0
254
85
238
85
3
0
13
0
0
0
3
15
0
5
3
0
0
0

Riffles Pools
411
20
27
0
9
5
15
333
17
5
12
0
13
5
68
25
48
35
15
0
0
0
5
0
853
110
684
55
137
0
23
50
9
5
0
0
849
185
782
180
0
5
67
0
13
20
67
4
13
110
4
0
25
0

AFTER TREATMENT
Shale
(6 and 7)
Riffles Pools
70
100
10
0
13
0
58
60
8
0
8
10
3
0
49
38
38
35
5
3
8
0
0
0
247
85
228
35
0
0
8
30
8
20
3
0
471
340
385
325
8
15
80
0
3
50
15
5
3
35
10
3
0
80

Cadmium
(3 and 4)
Riffles Pools
58
135
0
15
10
15
43
65
5
5
0
30
5
0
65
119
108
55
0
10
3
0
0
0
109
60
100
30
0
0
15
3
10
3
3
5
455
386
310
415
40
3
83
0
3
153
5
30
80
3
5
0
3
85

Cadmium/Shale
(l and 2)
Riffles Pools
107
175
3
15
18
15
78
120
8
10
0
15
0
0
76
20
48
20
20
0
5
0
3
0
194
70
180
10
0
3
8
30
30
3
0
0
1110
365
835
340
5
25
270
0
0
300
0
20
50
10
13
5
0
70

sampler population.
Samples from pairs
of streams (i.e., those rece1v1ng the
same treatment) were lumped in order
to obtain better average density estimates.
After treatment, Chironomidae
became the dominant group in both
riffles and pools of all treatments
except the control stream riffles where
trichoptera dominated the population
(Figures 5.4 and 5.5).
The shift from
mayflies (ephemeroptera) to chironomidae
is a recognized response to stream
pollution (Hynes 1970).
Here, however,
it is apparently a seasonal response
since the change also occurred in the
control streamS although to a lesser
extent. Oligochaetes were more abundant
in pools of streams 1 through 4 (Cd and

Drift.
Drift was monitored during
the study to examine possible behavioral
responses of invertebrates to the
cadmium and shale inputs.
During the
first sampling period, all outflows plus
the inflows of four of the streams were
screened in order to examine drift from
the established stream channels, determine the proportion of the incoming

Riffles -- Before Treatment

....
~

Cd-shale streams) both before and after
treatment (Figure 5.5).
Fewer oligochaetes were present in riffles than in
pools, since 0 ligochaetes are sediment
burrowing organisms and riffles tend to
be cleansed of sediment by the fas ter
flow.
No treatment effect on oligochaetes was evident in the riffles.
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Control

Shale
Cd
Treatment

Cd/Shale

Relative frequency of invertebrate taxa on artificial substrates in
microcosm riffles before and after treatments.
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Table 5.5.

Numbers and relative frequencies of organisms collected as drift from stream microcosms during
the first day of treatments. Inflow and outflows were screened for streams 1, 3, 5, and 7 (net
outflow) while only the outflow was screened on streams 2, 4, 6, and 8 (gross outflow).
% of
Total

15

16

48

32

24

32

4

3

3

16

11

11

79

59

55

60

56

38

2

3

2

6

7

4

11

11

12

13

9

33

17

21

16

Brachycentrus

3

2

10

5

5

Diptera adults
and pupae

74

54

87

46

4

Baetis

Simuliids

00
LV

Control
(8)

Shale

Control
(5)a

(7)

Total

(3)

Total

(1)

Cd-Shale

16

14

43

20

15

4

4

5

2

24

32

58

51

89

42

3

2

3

3

3

10

5

13

9

9

12

16

14

22

10

4

4

9

4

12

11

33

16

18

13

14

7

15

Cope pods

10

7

25

13

2

2

2

4

3

01 igochaetes

18

13

16

8

9

0

0

8

5

134

92

137

189

aStream numbers are given in parentheses.

% of
Total

% of
Total

Chironomids

Total

Shale
(6)

Total

% of
Total

Taxa

149

4
75

5

113

(2)
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Control

Shale
Cd
Treatment

Cd/Shale

Relative frequency of invertebrate taxa on artificial substrates 1.n
microcosm pools before and after treatments.

drift that normally passed through
without becoming established in the
streams, and to determine whether the
normal patterns changed over time
1.n response to cadmium or shale impacts.

Gross outflow drift was collected
from all eight streams in three subsequent sampl i ng periods.
Average
numbers of t he major taxa found in the
four pairs of replicate streams are
shown in Figure 5.6.
In the control
streams, Baetis larvae, diptera adults
and pupae, and chironomid larvae were
the predominant drift organisms.
Numbers of these three groups generally
declined in the second or third sampling
period and increased during the fourth
period.
Brachycentrus drift was
fairly constant, and simuliid drift was
constant until the fourth sampling
period, when it increased. In the shale
treatments, trends were similar to those
of the control streams, except that
diptera adult and pupae drift was
highest in the second sampling period in

In 12 of 28 cases, t he amount of
drift produced from within a stream (net
drift) exceeded the gross outflow drift
(net drift plus drift contained in incoming water) of its paired treatment
stream (Table 5.5). Since this provides
the only estimate of "normal" gross vs.
net outflow and no consistent trend was
observed, it is impossible to attribute
a treatment effect.
An examination
based upon relative frequency of occurrence indicates t hat a greater proportion of the net drift is composed of
diptera adults and pupae.
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Sampling Period
Sampling Period
Average gross outflow drift of stream invertebrates from microcosms Iduring 3 week treatment
period.

the shale streams.
Baetis drift was
higher in sampling periods 2 and 3 in
cadmium-treated streams than it was in
control and shale streams during the
same time periods.
Simuliid drift
reached higher levels at the end of the
study in control and shale streams than
in cadmium-treated streams.
No pronounced acute (first day) or chronic
(last day) effects as reflected by
increased drift were observed.

each st ream, and cluster analysis was
employed to determine whether treated
streams differed from control streams .in
terms of the magnitude and species
composition of the drift. No consistent
grouping of treatment effects was
observed.
Composite export from streams
The total amount of material
(algae, invertebrates, and detritus)
exported as drift during the treatment
period is reported in Table 5.6 for

Outflow drift data for all four
sampling periods were combined for
Table 5.6.

Material exported from stream microcosms during treatments with Cd and
oil shale.

Period

Treatment

Nov.
2-7

Control
Shale
Cd
Cd-Shale

Nov.
3-13

Control
Shale
Cd
Cd-Shale

Nov.
14-21

Cont rol
Shale

Stream

Cd-Shale

Total Ash
Weight (mg)

Ash Free
Dry Weight (mg)

5a
8
6
7
3
4
1
2

1234
992
1412
2147
1789
1552
892
1826

527
488
691
955
858
731
441
1019

707
504
721
1192
931
821
451
807

5
8
6
7
3
4
1
2

701
1849
640
733
828
728
715
592

266
1521
267
287
314
327
273
239

435
1328
373
446
514
400
442
354

5
8
6

1180
918
1728
2110
1874
2212
701
2235

388
365
817
676
558
969
172
880

792
553
911
1434
1316
1243
529
1355

7

Cd

Total Export
(mg Dry Weight)

3
4
1
2

aExport from this stream was collected for only 4 days.
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Percent
Organic

54
54
52
48
54
60
58
61
64
60
63
68

three periods during the experiment.
This material inc ludes both algae and
invertebrates with the greatest biomass
cont ributed by t he algae.
Except for
streams I and 8 (Cd-shale and control),
total material export rates decreased by
approximately 50 percent between the
first and second sampling period and
returned to approximately the same
levels in the third period. None of the
changes in export could be attributed to

the treatments and extreme values are
probably the result of the sloughing of
an unusually large algal mat.
An increase in the percent organic
matter of the export material was noted
for each subsequent sampling period.
Again the increase could not be attributed to the treatments because similar
increases were observed in the controls
as well as the treatments.
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CHAPTER 6
MACROPHYTES
Literature Review
The term "aquatic macrophyte"
refers to submerged and emergent aquatic
plant s which may be either vascular or
merel y mac rophyt ic growt h forms ofcolonial algae.
For the purposes of
this study, the term was only applied to
submerged macrophytic growths of
primarily vascular plants.
The accumulation of cadmium and
other heavy metals by submerged aquatic
macrophytes is widely reported (Table
6.1). Values range from less than 1 ~g
Cd/g dry wt in unpolluted water (Mudroch
and Capobianco 1979) to over 1000 ~g
Cd/g dry wt in the roots of plants from
artificial streams (Giesy et a1. 1979).
Vascular aquatic plant s accumulate
heavy metals from both sediment and
water phases.
Mayes et a1. (1977)
demonstrated the two pathways by examining Elodea grown 1n uncontaminated
sediments and cadmium contaminated water
and Elodea grown in contaminated
sediment s but uncontaminated wa ter.
In
both cases, cadmium was accumulated by
the plants.

compounds in the sediments. while the
stream microcosm study of Giesy et al.
(1979) took place in a soft water
system.
The lack of information on the
biologically available forms of cadmium
in sediments is a major stumbling block
to comparing macrophyte accumulations of
metals from different environments.
Accumulations of cadmium in the
above ground portions of aquatic
plants occur via surface adsorption and
cellular uptake.
Patrick and Loutit
(1977) discovered that 15 to 50 percent
of the heavy metals in Alisma platagoaquat ica were associated wi th epiphyt ic
bacteria and algae. They concluded that
often used vigorous rinsing in running
water does not remove this epiphytic
growth and subsequently leads to erroneous measured values for plant me tals.
To compare the relative importance of
uptake via leaves and stems with uptake
via roots, a study must account for
epiphytic growth, availability of
sediment metals, and variations among
plant species. Such studies are largely
absent from the present literature.
The effects of cadmium upon aquatic
macrophytes have not been examined, but
much is known about effects on terrestrial crops.
Reported effects include
chI 0 r 0 sis ( Fo yet a 1. 19 78), un us u a 1
pigments (Chaney et a1. 1976), and
decreased yield (Haghiri 1973). Similar
effects can be expected in aquatic
plants.

Plants accumulate cadmium from
contaminated sediments via their
root systems at rates dependent on the
availability of sediment-bound cadmium.
In Palestine Lake and Foundary Cove,
where high sediment cadmium levels
were recorded, plant uptake of the metal
was generally less than in the artificial stream microcosms (McIntosh et al.
1978, Hazen and Kneip 1980) (Table
6-1). Palestine Lake is a hardwater lake
which contributes to the formation of
insoluble and unavailable cadmium

Methods
Above ground leaves and stems of
macrophytes (Potemegeton sp.) were
collected from each pool of the eight
89
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Table 6.1.

Some reported cadmium concentrations in submerged aquatic macrophytes.

Species

Potamogeton
crispus
-11-11

P. richardsonii

\,0

0

Cd in plant
(llg/g dry wt)
0.66
44.8
17.4
3.08
3.2

Cd in sediment
(llg/g dry wt)

Cd in water
(llg/1)

Location

2.54-7.53
518 - 805
300 - 362
118 - 164

0.5-2.5
0.5-2.5
0.5-2.5
0.5-2.5

Palestine Lake,
Palestine Lake,
Palestine Lake,
Palestine Lake,
Saginaw Bay, MI

Reference

IN
IN
IN
IN

McIntosh
McIntosh
McIntosh
McIntosh
Wells et

et a1. 1978
et a1. 1978
et al. 1978
et al. 1978
a1. 1980

Potamogeton sp.

243.6

0.49

21.5

Stream microcosms
Cd-shale

Present study

Potamogeton sp.

220.5

0.28

23.5

Stream microcosms
Cd

Present study

Center Lake, IL
Canadian lakes

Mayes et al. 1977
Mudroch & Capobianco
1979

Elodea
canadensis

5.66-16.27
2.1 - 3.4

Elodea
canadensis

5.7

Saginaw Bay, MI

Wells et a1. 1980

Potederia
cordata

0.2

Canadian lakes

Mudroch & Capobianco
1979

Potederia
cordata

5.4

Saginaw Bay, MI

Wells et al. 1980

0.5-1.4

Canadian lakes

Mudroch & Capobianco
1979

M,lrioph,lllum
verticillatum
M. Sp.

213
22
26
36

0.5-6.0

26-100
420
180
14

Foundary
Foundary
Foundary
Foundary

Cove,
Cove,
Cove,
Cove,

N.Y.
N.Y.
N.Y.
N.Y.

Hazen
Hazen
Hazen
Hazen

& Kneip
& Kneip
& Kneip
& Kneip

1980
1980
1980
1980

streams, rinsed in stream water, and
frozen in polypropelene bottles.
The
bottles were later uncapped and lyophilized for a 92 hour period. The lyophilized material was then ground to a fine
powder using a mortar and pestle
and dried an additional 2 hours at
103°C.
Aliquots of approximately
50 mg of plant material were weighed out
on a Cahn 4100 electrobalance (Cahn/
Ventron Corp., Paramount, CA) to the
nearest 0.01 mg.

220.5 1-Ig Cd/g dry wt (n=6).
In streams
receiving cadmium-shale treatment, it
was 243.6 1-Ig Cd/g dry wt (n=6).
The
higher accumulation noted in the cadmium-shale treatment was statistically
significant at p=0.05 (two-tailed
t-test, t=2.65 DF=lO).
Cadmium was not
detected in the macrophytes from the
control or leachate treated streams.
Since the only di fference between
the two treatments was the presence
of raw shale in one, it might be assumed
that the shale leachate had a direct
effect on metal uptake by the plant s.
However, the sediment analyses showed a
difference in sediment cadmium extractable by DTPA (Chapter 7).
While the
dat~ were too sparse to show this
difference to be statistically significant, the higher available sediment
cadmium in the cadmium-shale treatments
coincides with higher cadmium levels in
macrophytes from these same streams.
Aquatic plants accumulate heavy metals
both from water via leaves and stems and
from sediments via roots (Mayes et al.
1977).
In the present study, root
uptake appears to be at least partially
responsible for the difference in
cadmium accumulation by Potamogeton.
Further studies will be necessary to
determine if the observed inc reases can
be attributed directly to oil shale
leachates and the mechanisms responsible.

Digestion of the plant material
followed a modification of procedure
used for metal determinations in sludges
(APHA 1981).
The weighed material was
placed into acid washed porcelain
crucibles and treated with 3 ml of
ultrapure HN03 (Instra-analyzed, J. T.
Baker).
The samples then were heated
until foaming subsided and most of the
plant material was dissolved.
At this
point, 1.5 ml of HCl04 was added
and heating continued until dense white
fumes were produced.
The crucible was
then cove red wi th a wa tchg lass and the
solution heated to maintain a gentle
boiling action until completely clear (1
to 2 hours). The digested sample was
cooled and trans ferred to a 5.0 ml
volumetric flask and brought up to
volume with double deionized water.
A blank was prepared under the same
conditions and sequentially spiked wi th
doses of cadmium stock solution to
obtain a standard curve for analysis of
the digested plant samples.
This curve
was stored internally in the Model 384.
The detection limit of approximately
0.4 1-Ig Cd/g dry wt was determined by
spiking a digested control sample until
a cadmium peak appeared on the ASV
plot.

The metal concentrations in the
macrophytes of all the streams receiving
cadmium were very high in comparison to
concentrations reported in other studies
(Table 6.1).
I t is difficult to make
direct comparisons, however, because
mos t inve s tiga tors fa i 1 to ment ion
important characteristics of the environment.
Aqueous and sediment
metal concentrations, their chemical
form s, and res u 1 tan t a v ail a b iIi t y
to plant s are of primary importance in
making comparisons between reported
accumulations.

Results and Discussion
The results provide useful information on the potential for cadmium
accumulation by macrophytes in a hardwater mountain stream. The mean cadmium
level for macrophytes in microcosm
streams treated only with cadmium was

The high accumulations in the
present study may be the result of
biogenic precipitation of CdC03,
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Locally high pH within the boundary
layer brought about by photosynthesis
may have enhanced precipitation of
CdC03 to the leaves and stems of the
plants.
The high accumulations might
also have resulted from epiphytic growth
on the plants which was not removed by
rinsing when the plants were collected.
Earlier data have shown high accumulations in the aufwuchs of cadmium-treated
streams (Table 4.2).
The presence of
even sparse aufwuchs on the Potamogeton
could have led to the relatively high
concentrations.

inasmuch as macrophytes in carbonate
waters may cause calcium carbonate to
precipitate on the leaf surface through
photosynthesis.
Rupp and Adams (1981)
showed that periphytic algae in the
Logan River could induce CaC03 precipitation on a seasonal basis.
In a
similar manner, photosynthesis in the
stream microcosm macrophytes may have
caused sur fac e prec i pi ta t ion of CdC03'
Thermodynamic calculations indicate that
CdC03 should spontaneously precipitate
in the Logan River with more precipitation at higher pH values (Chapter 3).
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CHAPTER 7
SEDIMENT

Literature Review
Cadmium in sediments may occur in
many forms with varying biological
availability.
Khalid (980) identified
six cadmium phases in sediments as
exchangeab 1 e, carbonate, red uc ib Ie,
organic, sulfide, and crystalline
lattice.
Exchangeable phase

where Ml and M2 refer to the competing
species in aqueous equilibrium and
adsorbed to a unit of clay, respectively.
In studies of calcium and cadmium
competition for exchange sites on clays,
K values of 1.0 were recorded and
indicate a more or less equal affinity
for each cation (Bittel and Miller
1974).
As a result, a high calcium
water with micromolar amounts of cadmium
discourages cadmium adsorbtion.

Cadmium in the exchangeab Ie phase
occurs in surface ion-exchange sites and
is made readily available by changes in
physico-chemical
parameters
including
concentrat ion gradients.
Clays act as
ion exchangers bearing a negative
surface charge balanced by positive
counter-ions.
In a hard water, these
counter-ions may be mainly calcium and
magnesium. The exchange reaction occurs
when cadmium or another cation displaces
the counter-ion and adsorbs to the
clay itself.
The rate of exchange depends upon the speciation and concentration of the cadmium, the ion selectivity of the clay, and the pH of the water
Pickering (1980).

yielding a 7868:1 calcium to cadmium
rat io on the clay.
Of course thi s
adsorption ratio is subject to the
effects of competing cations or organic
materials.
Natural organo-c lays often
demonstrate greater adsorption due to
the influences of organic matter (pickering 1980), while the presence of
cations for which the clay has greater
affinity will furthur reduce cadmium
adsorption.

With respect to metal speciation,
anionic complexes of cadmium are not
sorbed to clays to a significant extent.
Because most clays have a net negative
surface charge at environmental pH
values, the metal complex requires a net
positive charge to adhere to the clay
part ic Ie.

When only clay and metal are
available for interaction, an increasing
pH leads to greater adsorption of metals
on an increased number of negatively
charged sites. However, organic ligands
reduce cadmium accumulation on clays,
even at a high pH, by interfering with
surface reactions.

A coefficient, K, used to quantify
ion selectivity is

Carbonate phase

K = (Ml/M2)aq

*

For example,
wi th 20 ].lg Cd/l

in Logan River water

(1.78 x 10-4 M Cd/l.400 mM Ca)aq
(Ca/Cd)clay = 1.0

*

Cadmium present in the carbonate
phase is associated with calcareous

(M2/Ml)clay
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extreme condi tions (digestion wi th hot
HF and fuming HN03)'

sediments in hard waters and is potentially available with reductions in pH
which might solubilize CdC03 (Chapter
3).
The carbonate phase frequently
limits cadmium solubility in freshwaters.

Methods
Sediments were collected from the
upper 5 cm of each pool by suction into
an acid-cleaned polyethylene bottle and
frozen.
At the time of analysis, the
sediments were thawed and weighed into
10 g aliquots and placed into 125 ml
acid washed Erlenmeyer flasks for
extract ion wi th 30 ml of a so lution of
0.005 M DTPA (diethylenetriaminepentaacetic acid), 0.1 M triethanolamine, and
0.01 M CaC12'
This method is commonl y
used in the assessment of metal availability in contaminated soils (Lindsay
and Norvell 1978) and has been used to
determine exchangeable phase metal
concentrations in sediments (Gambrell
et al. 1977).
Street et al. (1977)
found a 0.96 correlation coefficient
between DTPA-extractable cadmium and
that taken up by corn.

Reducible phase
The reducible phase is that adsorbed to or coprecipitated with
me tal oxides, hydroxide s , and hyd rous
oxides like those of iron and manganese.
Adsorption of cadmium to these compounds
increases with increasing pH but is
hindered by the presence of organics
(Pickering 1980). Dissociation of these
oxide compounds in a reducing environment could lead to the release of
accompanying cadmium.
Organic phase
The organic phase contains cadmium
complexed or chela ted with a wide range
of organics.
There is no general rule
governing the availabil ity of cadmium in
the organic phase. Some organic ligands
are easily decomposed, while others like
the humics are recalcitrant in nature.
Some organics have large stability
constants with cadmium while others hold
cadmium loosely.
This phase also
includes the particulate organic Cd in
the form of living and dead organisms in
the sediment zone.

The extraction was carried out at
25 C on a shaker table for 4.5 hours.
The extractant was gravity filtered
through sip F2406-9 filter paper into
acid-washed polyethylene bottles.
Digestions were made with HN03 and
HCl04 (APHA 1981).
Five milliliters
of filtered solution were placed into
acid-washed porcelain crucibles and
evaporated to a volume of approximately
1 mI. Three milliliters of concentrated
HN03 were added, and heating continued
until yellow fumes ceased at which time
1.5 ml of HCI04 were added and the
crucibles heated until dense white fumes
were produc ed .
The c rue i b les we re then
covered with watchglasses and the
solution refluxed for approximately 2
hours until it became colorless. While
the extractant was still hot, 100 ul of
10 percent hydroxylamine hydrochloride
(NH20H'HCl) were added to reduce ferric
species which might interfere with ASV
analyses (EG&G PARC application brief
W-I).
The extractant was then diluted
in volumetric glassware to 5.0 ml with
double deionized water. A reagent blank
Q

Sulfide phase
The sulfide phase occurs in reduced
sediments.
The cadmium sulfides are
highly stable, insoluble, and, therefore, relatively unavailable.
However,
a change to oxidizing conditions in the
sediment can transform CdS to more
available forms (Khalid 1980).
Crystalline lattice phase
The final phase, crystalline
lattice, represents the cadmium bound
within the crystalline structure of
minerals composing the sediments, where
it is unavailable under all but the most
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was carried through the same procedure,
but no sediment was added.

streams treated with cadmium and oil
shale leachate showed a somewhat higher
sediment cadmium level (averaging 0.49
]..Ig/g versus 0.28 ]..Ig/g for the cadmium
only treatments).
However, a high
variation among samples from the same
treatment and a small number of replicates prevented this from being a
significant difference.

Analysis for cadmium was by ASV as
discussed in earlier chapters. A 500 ]..II
aliquot was spiked into 10.0 ml of 0.1 M
citrate buffer and purged for 10+
minutes with high purity nitrogen.
Metal concentrations were determined by
the method of standard addition.
Pertinent instrument settings were:
Depos it ion time
DepQsition potential
Scan rate
Drop size

Table 7.2 relates these experimental measurements to concentrations
of cadmium that others have reported in
the sediments of polluted and pristine
water bodies. The values obtained in the
present study are wi thin the reported
ranges; however, the acid extraction
techniques used in most studies recover
many phases of cadmium i rre spect ive
of their biological importance.
In the
present study, an attempt was made to
extract only biologically available
cadmium from the sediments through use
of the DTPA technique.
In theory, the
DTPA technique should extract only the
exchangeable and weakly bound organic
cadmium phases, but in practice it may
also extract the CdC03 phase.

120 seconds
- 0.680 V
2.0 mv/sec
Medium

Results and Discussion

The me tal concent rat ions measured
in the sediments of
the eight streams
are given in Table 7.1.
As expected,
metal accumulations were higher in
streams treated with cadmium.
The
highest accumulation was 0.65 ]..Ig/g dry
wt in Cd-shale stream 1, and the lowest
was 0.03 ]..Ig/g in control stream 8. The

Table 7.1.

Treatment

Cd-shale
Cd-shale
Cd
Cd
Shale
Shale
Control
Control

The organic content of the sediments was quant ified by dry ashing
samples at 550°C. The results indicated
levels of organic content ranging from
0.37 to 1.36 percent of the total weight
in the eight streams, however, there was
no apparent relationship between organic
content of the sediment and metal
accumulation.
The presence of sulfides
was detected by the smell of H2S when
the sediments were collected and the
dark gray to black color of the samples.

DTPA extractable cadmium
concentrations in sediments
from experimental streams.

Cadmium
lJg/ g dry wt.

The sediments also contained
calcareous compounds, including dolomite
and calcite, identified by X-ray fluorescence and indicating presence of a
CdC03 phase.
Clays with relatively
high cation exchange capacities (montmorillonite, illite, and kaolinite) were
identified by X-ray fluorescence.
The
presence of these c lays indicates the
potential for an exchangeable cadmium
phase.

0.65
0.33
0.16
0.40
0.04
0.04
0.04
0.03
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The relative amounts of cadmium in
the exchangeable, cabonate, and weak
organic phases were not determined in
this study, but they are important in
assessing the availability of the
sed iment cadmium.
On t he average,
higher cadmium accumulations occurred
in the macrophytes growing in sediments
with higher cadmium concentrations.
Average sediment concentrations of 0.49
llg Cd/g dry wt in the Cd-shale treat-

Table 7.2.

Cadmium
)lg/g dry wt
1.52
2 to 3
0.04-0.84
0.14
0.14
0.30
0.49
0.7
0.7-9.8
8.3-10.6
0.21-0.59
13
0.66-44.8
0.34

ments were associated with average
macrophyte concentrations of 243 )lg Cd/g
dry wt while average sediment concentrations of 0.28 llg Cd/g dry wt in the
cadmium treatments were associated with
average macrophyte concentrations of
220 )lg Cd/g dry wt.
These resul ts
suggest that the DTPA extractable
cadmium may have been present in a
relatively available form, probably in
the exchangeable phase.

Other sediment cadmium values reported from freshwaters.

Location
Canadian marsh
British streams
Unpolluted lakes, S. Amer .•
Asia, Africa, Aust.
Jubilee Ck., IL
Miss. R sand
Miss. R silt
Miss. R clay
Great Lake Trib.
Tama R. Japan
Microcosm pools
Microcosm channels
Derwent Res., Eng.
Palestine Lk., IN
Microcosm pools

Extractant
HCl-HN03
?

HCl-HN03
HN03-HCl04
1 N HCl
1 N HCl
1 N HCl
HN03-HCl04
HN03-HCl-HC104
?
?
?
?

DTPA
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Reference
Glooschenko et al. 1981
Aston & Thornton 1977
Forstner 1978
Enk & Mathis 1977
Hartung 1974
Hartung 1974
Hartung 1974
Fitchko & Hutchinson 1975
Suzuki et al. 1979
Giesy et al. 1979
Giesy et al. 1979
Harding & Whitton 1978
McIntosh et al. 1978
Present Study

CHAPTER 8
OVERVIEW
ment may have been
biomagnification.

Fate of Cadmium in Stream
Microcosms
Table 8.1 combines the data for the
cadmium and cadmium-shale treatments to
compare relative accumulations of
cadmium in the different stream biota.
By far, the largest accumulator of
cadmium was the algal film component
(aufwuchs) followed distantly by the
macrophytes and then the particulate
feeders, invertebrate grazers, and
predators, respectively.
The gradient
of concentrations indicates an apparent
food chain transfer of cadmium, but no
biomagnification. However, the duration
of the cadmium exposure in this experiTable 8.1.

short

for

Laboratory experiments indicate
that surface precipitation and adsorption are responsible for the bulk of the
Cd accumulation by the aufwuchs (Chapter
5).
Cadmium input to the producers in
the streams is via contac t wi th wa ter
containing cadmium in organic and
inorganic forms.
The aufwuchs of the
streams probably induce cadmium precl.pl.tation through
photosynthetically
mediated changes in pH leading to
formation of CdC03'
Sorption and
intracellular uptake are also potential

Comparative cadmium accumulations by various stream compartments using
the combined data from Cd and Cd-shale treatments in the experimental
streams.

Compartment

Water
Producers
Algal Films
Macrophytes
Invertebrates
Grazers
Part iculate feeders
Predators
Sediments

too

Average Cd
Concentration
(Jlg/g dry wt)

Estimated Cd
Content for
Entire Compartment (]Jg)

Estimated Percent
of Total Stream
Cadmium

0.02 (Jlg/g)

3.8 x 10 3

0.40

1.0 x 10 6
4.6 x 103

97.10
0.40

4 •. 8 x 102
5.8 x 102
7.0

0.05
0.06
<0.01

2.0 x 104

2.00

1000
230
160
90
8.0
0.35
97

The part iculate feeders (Arctopsyche and Ephemerella) have habits
which probably expose them to foods with
lower average cadmium content.
While
much of their food resource probably
originates as drift from within the
cadmium treated streams, they also feed
upon drift which has recently entered
the streams from the Logan River.
This dilution of the cadmium concentration in their food may explain the lower
cadmium content (90 II gig) of these
organisms relative to the grazer,
Brachycentrus.

pathways for metal accumulation.
Similar mechanisms may be responsible
for cadmium acctnnulation in the macrophytes, but uptake via roots and epiphytic growth are additional sources of
cadmium accrual.
Invertebrates can acctnnulate and
lose cadmium through a variety of
pathways, most of which are common to
all species. Accumulation may occur via
ingestion of food, drinking, adsorption
to the integtnnent and absorption through
the integument.
Los ses may occur via
excretion, egestion, and molting of
exoskeletons and cases during development.
It may be assumed that the major
variat ions in uptake observed among
species is largely the result of
variat ions in inges t ion of cadmium
containing foods and that other processes are relatively constant from
species to species and are negligible in
their influence relative to ingestion.

The invertebrate predators (Atherix
and Hesperopera) constnne herbivorous and
particulate feeding organisms containing
substantial amounts of cadmium.
However, relative to the food resource of
the grazers and particulate feeders, ·the
food of the predators is low in cadmium.
Given that other processes for uptake
and los s are equal to those of grazers
and particulate feeders, one might
predict a low accumulation such as that
observed 1. n the experimental stream
po p u 1 a t ion (8.0 II g / g) •
Th us, the
results of this study have demonstrated that even at low cadmium doses
metal accumulations occur in all
the stream biota.
The degree to which
cadmium accumulate in fish feeding upon
these communities needs to be studied to
assess potential threats to public
health of low level cadmium releases to
natural waters.

The grazing invertebrates, primarily caddisflies (Brachycentrus) which fed
upon the aufwuchs, acctnnulated about 150
llg Cd/g, far less than might be predicted from the high cadmitnn content of
their food resource and the ir habi t of
building cases of materials potentially
contaminated by cadmium.
These caddisfl ies were shown to accumulate cadmium
1.n their cases primarily during their
pupal stage of development.
The cases
may contain bits of organic material and
sand grains which have become contaminated with cadmium in the treated
streams.
It is also possible that
particulate CdC03 was incorporated
into the cases.
In addition. the cases
host a sparse aufwuchs community which
may a 1 so accumul ate cadmium.
In the
stream study, the cases were not separated. but it is likely that much of
the 160 llg/g was associated with the
cases.
Since the food resource of this
organism is high in cadmium, it is
unlikely that cadmium uptake can be
avoided so the grazers must be able to
limit their cadmium burden by excretion
and egestion.

Figure 8.1 is an adaptation of a
carbon model for streams from a paper by
Boling et al. (1975).
The model has
been modified to illustrate the potential pathways for cadmium movement
through a stream ecosystem including the
potential storage at accumulation sites
(circles). This model will be used to
provide a framework for discussion of
pathways for uptake and loss from
physical and biotic compartments in
the experimental streams.
By estimating of the total mass of
each component in the stream, the
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Conceptual model of Cd transport in a stream segment (adapted from Boling et al. 1975).

II

percent of total stream metal in the
component was calculated (Table 8.1).
The overwhelming majority of the cadmium
is contained wi thin the algal b iofilms
of the streams (97.1 percent) followed
by sed iment s (2 pe rcent ), mac rophyt es
(0.4 percent), water (0.4 percent) and
invertebrates « 0.2 percent).
This
indicates that the producer compartment
is by far the largest sink for cadmium
in the stream.
The influence of solar
radiat ion on this accumulation is not
completely clear, but it may be partially responsible for the producers acting
as a major metal sink by inducing
photosynthesis which in turn may
result in biogenic precipi tation of
OdC03 on plant surfaces.
The sediment compartment (microbes
and detritus storage) was contained
within the pools of the experimental
streams and provided a passive sink for
cadmium by accumulating dead and decomposing plant and animal bodies, animal
excreta, inorganic and organic cadmium
prec ipitates and part iculates, and by
providing ion-exchange and adsorptive
surfaces for cadmium.
Because it was
only passive in its accumulation
of the metal, the sediment had a relatively low cadmium content per unit
we ight in comparison to the biot ic
community.
However, total cadmium
content was much larger because the
sediment has a much greater density than
living organisms so provided a greater
cadmium reservoir in a smaller volume.
Cadmium transport from the sediments of the experimental stream
pools may have occurred via detritivore
transport.
Because the sediment remained undisturbed during the experiment
particulate transport out of this
compartment by physical processes
and loss via release due to physicochemical (redox) changes were probably
ne g lig i b 1e .
The macrophytes, as part of the
producer compartment, were responsible
fo r an es t ima ted 0.4 percent of the
stream cadmium burden.
Mechanisms of

accumulat ion and loss are essent ially
the same as those discussed for individual plants. The streams did not go
through an entire annual cyc Ie during
the treatment so macrophyte die-off and
regrowth did not occur, but such processes may be important in metal
cycling to and from sediments and water
phases of an' ecosystem (see Chapter

7).
The water in the streams was
essent ially static in cadmium concentration because of constant inputs
during the study.
In the model, the
"transport" and "storage and transformation" compartments account for
cadmium associated with the water phase
of the streams. The forms of cadmium in
the water phase are very important in
assessing the bioavailability and fate
of the metal as discussed in earlier
chapters.
As the model illustrates.
there are many potential pathways
and fates for cadmium depending upon its
form.
The total volume of water ln the
streams could contain as much as
3.8 mg of cadmium at the 20 f.I g/1 water
phase.
This is similar to the levels
accumulated in the macrophytes during
the 3 week exposure.
Thus, decomposing
macrophytes could elevate the cadmium
levels of streams under conditions of
high macrophyte biomass to water volume.
The invertebrate compartment was
responsible for the least amount of
cadmium in the streams « 0.2 percent),
This is mainly because of the low
biomass of the invertebrate compartment
relative to other parts of the ecosystem, but the invertebrate compartment
also has methods of eliminating cadmium
not availab Ie to other stream component s.
Firs t, invertebrates are preyed
upon by highly mobile organisms (fish)
which may move cadmium to another stream
segment.
Second, most aquatic invertebrates emerge as winged adults and fly
away to die outside the stream segment,
presumably taking some cadmium with
them, although the actual importance of

100

emergence as a metal removal mechanism
awaits study.
Finally, invertebrates
molt their exoskeletons and cases as
they deve lop and leave these discarded
parts and their cadmium to enter the
detrital compartment.
Again, this
process as a metal removal mechanism
awaits study.
The model illustrates that although
cadmium can be conceptually followed
through the system, it travels a multipath web.
The chemical form of t-he
metal and the biot ic composition of the
community determine its predominant path
and ult imate fate.
Neither chemical
speciation nor biotic composition is
static in a natural system, and thus
models for accurately replicating both
are required to make quantitative
predictions of metal transport pathways,
mechanisms, and sites of accumulation.
These models are not yet available.
For all its complexity, the conceptual model presented in Figure 8.1 is
far from complete.
Further re finements
lVOuld account for the fate of organic
cadmium molecules as they pass through
the system.
The importance of organics
as potential modifiers of cadmium
toxicity and availability is discussed
above, but many questions remain to be
answered regarding their role in a
natural system.
Are they degraded
immediately leaving free cadmium for
complexation by other organic and inorganic ligands?
If degradation
occurs, is it via biotic or abiotic
processes and how do rates of degradation vary with variations in the biotic
and abiotic community? What is the
b ioava ilab i li ty 0 f 0 rgani c cadmium
molecules?
An additional and very important
consideration to model improvement is
the effect of cadmium on the dynamics of
the stream ecosystem.
Giesy et al.
(1979) have pointed out the potential
for a toxicant like cadmium to induce
the adaptation of an ecosystem capable
of using the toxicant as a control
mechanism to maximize energy utiliza-

tion.
Before the evolution of such a
system, however, the exist ing community
is subject to "saturation responses, II
wherein organisms and surfaces achieve
their maximum capacity for the toxicant.
In active uptake by organisms, one of
two things may happen, either 1) the
organism will accumulate cadmium to
toxic levels and die, or 2) a dynamic
equilibrium will be achieved.
In the
first case, the rate of active uptake
will decline as cadmium builds and
interferes with cellular metabolism. In
cells with cadmium-binding proteins, the
reactions would be delayed but would
ultimately occur when all cadmiumbinding proteins were saturated. In the
second case, a dynamic equilibrium would
occur whereby the organisms would have
some ac t ive mechanism for removing
cadmium from their cytoplasm and int racellular organelles. In either case the
stress imposed by the cadmium would
ult imately lead to a shi ft in ecosystem
structure to cadmium tolerant organisms.
Effects of Treatments on Stream
community Structure and
Function
The experimental treatments elicited no measurable responses in the
ecosystem components examined.
Quantitative measurements of aufwuchs biomass
and phytopigments, invertebrate density,
diversity, drift and emergence indicated
no response to any of the treatments.
Qualitative observations of overall
stream community appearance also
led to conclusions of no response.
However, two factors must be considered
in evaluating these observations.
First, streams are inherently "noisy"
systems, with high physical and biotic
variability in space and time.
This is
especially true of swift, turbulent
mountain streams where the cobble and
boulder substrate provides many different micro-environments and seasonal
changes in flow and other physicochemical parameters direct ly affect biot ic
composit ion.
Environmental variabi 1 i ty
was limited in the present study by
maintenance of constant flow conditions
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and treatment for a short period (3
weeks) which limited changes in photoperiod, water quality, and community
structure.
Nevertheless, variability
remained high between pairs of treatments and within treatments potentially obscuring the more subtle effects
of cadmium and/or oil shale.
Second, the lack of response might
be due to the fact that cadmium accumulation appeared to be largely a surface
phenomenon.
The laboratory experiments
with aufwuchs communities and caddisflies showed that under controlled
conditions, similar to those of the

streams, cadmium accumulation was almost
entirely associated with aufwuchs
surfaces and, in the caddisflies, their
external cases.
While similar surface
accumulation was not confirmed for all
biota in the streams, it seems likely
that it was important for many, especially the algal films which accumulated
most of the metal. Surface accumulation
would also help to explain the lack of
response observed in the biota even
though they had high cadmium concentrations. Cadmium appears to only affect
organisms if it is in a form available
for intracellular accumulation where it
can interfere with metabolic processes.
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SECTION II
AGROSYSTEM STUDIES

CHAPTER 9
CROP ACCUMULATION
Literature Review
The presence of heavy metals, in
this case cadmium, in the soil has
two potential consequences: 1) uptake is
sufficient to cause plant toxicity, or
2) uptake is not enough to cause plant
toxicity, but may be magnified along the
food chain either to man or to other
animals (Sharma 1980; Phillips 1980). A
review of phytotoxic effects (Foy et
al. 1978; Jastrow and Koeppe 1980)
reveals that cadmium can cause chlorosis
of plants possibly by interaction with
foliar iron. Other phytocoxic effects
include curling of stems (Imai and
Siegel 1973) and unusual pigments
(Chaney et al. 1976). Haghiri (1973)

lO3

showed decreased yields of soybeans and
wheat at the lowest level of cadmium
tested, 2.5 ~g/l.
Allaway (1968)
reported growth depression in plants
after they had accumulated approximately
3 ~g/l dry wt.
Cadmium movement
into plants is affected by a number of
factors including chelation, presence of
Cl-, and amount of soil organic matter.
Uptake is decreased in alkaline soils
(Foy et al. 1978; Jastrow and Koeppe
1980; Lund et al., 1981) possibly due to
soil and organic matter sorption. Once
in the plant, cadmitnn is translocated
from the roots to the leaves and stems
by special (unknown) mechanisms more
efficiently in some plants than in
others (Jarvis et al. 1976), The concentration of cadmium causing phytotoxic

effects differs from plant to plant and
with the stage of plant development.
Resistance has been shown to evolve in
crop plants (Foy et al. 1978) leading
to high accumulation without marked
effects. Appearance of resistant cultivars is very rapid on soils wi th high
concentrations of heavy metals.
Unless plant s are grown in soils
containing unusually high concentrations
of cadmium, phytotoxic effects are
generally not observed. However, cadmium
(and other heavy metals) may be accumulated in plants to sufficient levels to
be toxic to man or animals. In rats,
135 flg/l resulted in death, and 15-75
flg/l produced anemia and retarded
growth.
Cadmium is highly toxic to man
(USEPA 1976) with 13-15 mg/l- l considered to to be the emetic threshold.
In Japan, an average human ingestion in
non-polluted areas is reported to be
59 fl g day-I, while in the USA a review
of various data suggests 75 flg day-l
as a reasonable estimate of the average
daily dietary intake (USEPA 1976). The
USEPA (1976) limits cadmium in drinking
water to 10 pg/1 which would contribute
20 llg day-l to the diet of a person
ingesting 2 liters of water per day.
This would be added to the 75 fl g day-l
dietary intake. The total body burden
over a life-time without toxic manifestations is unknown, but one report
(USEPA 1976) indicates a critical renal
threshold of 200 flg/g (wet weight) in
the renal cortex to cause proteinuria,
the primary manifestation of cadmium
toxicity in man. With an estimated 5
percent gastrointestinal absorption
rate, rapid excretion of 10 percent of
the absorbed do'se, and 0.05 percent
daily excretion of the total body
burden, it would require a daily ingestion of 352 flg of cadmium to attain
the critical 200 flg/g wet weight in the
renal cortex.
Although man is the primary concern
health-wise, other animals consume
cadmium from water and food. Herbivorus
animals live directly on plants for food
while carnivores live on the herbivores.
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In both groups, and omnivores as we 11 ,
cadmium passes into the system accumulating chiefly in the liver and kidneys
(Sharma 1980, Phillips 1980). Pringle et
a1. (1968) reported oysters from the
USA east coast to have cadmium levels of
0.1 - 7.8 11 gig while west coast oysters
had 0.2 - 2.1 flg/g. Anthony and Kozlowski (1982) report significant accumulation of cadmium in the kidney and liver
of white-footed mice living in a forested area irrigated with cadmium containing sewage sludge. Sidle and Sopper
(1976) indicated these forests had been
irrigated at a rate of 0.61 kg Cd ha- l
for 11 years (14 years at the 1982
study) with no accumulation of cadmium
in the leaves of several tree species.
Paul and pallai (1983) report an average
concentration of 0.2 flg/g in fish taken
as food from a heavy metal polluted
industrial area in India and 27 fl gil in
milk from cows grazed in areas irrigated
with river water. These authors estimated the dietary intake of people
in that area to be 148 flg Cd day-l
The standard intake in India is 150 -:J g
days-l which is double the reported
USA intake of 75 fl g day-l (USEPA
1976).
Very little work has been done on
the natural distribution of heavy metals
in soils. Vinogradov (959) reports a
world-wide agricultural soil average for
cadmium of 0.5 flg/g. Lund et al. (1981)
reported cadmium to be naturally high in
Santa Monica mountain soils.
Shale had
an average content of 7.-5 flg/g whereas
sandstone soil averaged 0.84 flg/g.
Alluvial soil was intermediate with 1.5
J,Jg/g. Mitler and McFee (1983) report
rural soils in northwestern Indiana
to range from 0.1 - 1.2 flg/g, in urban
litter 0.6 - 17.6 flg/g, and in industrialized soils 1.07 - 9.82 flg/g.
A number of studies (Jastrow and
Koeppe 1980) have reported cadmium
levels in various plants and crops on
natural soils, soils amended with
cadmium containing materials, and soils
naturally high in cadmium (Skujins et
al. 1983). US EPA (1979) and others (Foy

et al. 1978) indicate that cadmium
uptake is related to pH values with less
uptake in alkaline soils than in acid
soils. U.S. EPA (1979) specifies limits
to cadmium application in solid wastes
applied to agricultural soils. For
soils with pH values < 6.5, the cumulative cadmium application is to be no
more than 5 kg ha- l •
For soils of pH
exceeding 6.5, the cumulative cation
exchange capacity (CEC) of the soil is
sped fied:
CEC

<5

meq 100 g-l - 5 kg Cd ha- 1 ;

CEC 5-15 meq 100 g-l - 10 kg Cd ha- 1 ;
CEC

> 15

meq 100 g-l - 20 kg Cd ha- 1 .

Haghiri (1973) reported that 10
]Jg/g applied cadmium caused an eightfold increase in cadmium in radish tops
(16.13 ]Jg/g dry wt, but that the concentration in the roots was about 5.5 times
less.
Lettuce accumulated about nine
times as much cadmium when 10 ]Jg/g added
and reached much higher levels (27.10
]Jg/g) than the radish tops.
Green
peppers accumulated 6.28 ]Jg/g, celery
leaves 10.77 ]Jg/g and celery stalks
14.87 ]Jg/g.
Stijve and Besson (1976)
found cadmium in naturally growing
edible mushrooms to range from 0.12 Cu 1 t i vat e d s p e c i e s we r e
75 ]J g / g .
considerably lower in cadmium.
Davies and White (1981) report
cadmium in onion root s, bulbs, and
leaves to be 16.6, 2.01, and 1.39 ]Jg/g
respectively; lettuce roots, stems, and
leaves 9.17,6.97, and 12.8 ]Jg/g each;
carrot roots and leaves 1.42, and 3.61
respectively; Brussel sprouts roots,
leaves, sprout, and growing top 1.05,
0.75, 0.39, and 0.37 respectively.
Lettuce exceeded a 0.2 ]Jg/g limit
recommended by the authors based upon a
consumption rate of 2 - 5 kg of vegetables per week in seven of eight sample
plots.
The other foods were less of a
problem.
Lund et a1. (1981) grew
radish, green pepper, and Swiss chard on
soil naturally high in cadmium. Cadmium
concentrations in all three plants

increased as the cadmium concentration
in the soil increased and reached levels
that would be of public health concern
if the plants were used as a food.
Mortveldt et a!. (1981) found
winter wheat uptake of cadmium was
significant only if high cadmium was
added on a 10w-lime soil. Grain increased to 0.86 ]Jg/g and straw to 0.118
).!g/g.
Jones (1983) studied lettuce and
radish grown in soils near electrical
transmission lines. Paul and Pillai
(1983) reported rice to contain 0.35
jJg/g of cadmium. Valdares et al. (1983)
using sewage sludge on soil of 0.3-0.8
jJg/g cadmium found Swiss chard yield to
go down when the cadmium level was
raised beyond 1.02 ]Jg/g of soil.
In
calcareous soils cadmium uptake was
linear with added cadmium rising to 9
]Jg/g with 4 ]Jg/g added cadmium.
In
non-calcareous soils, cadmium reached a
peak at about 12 jOg/gin the Swiss chard
with 2.5 ]Jg/g added cadmium then fell
off again as concentration added increased.
Procedure
Raw shale was crushed to approximately a 4-6 mm particle size and
extracted using doub Ie deionized water
(DDW) at a water to shale ratio of about
4:1 (w/w) in a large container by
manually rolling the container 4 or 5
times a day for 10 days. The particles
were allowed to settle out, and the
solution was clarified by filtering
through spun-glass followed by a DFC
paper filter (No. 2966, Denver Fire
Clay Co., Denver, CO). Organics and
inorganics were left in the leachate to
simulate natural water used for irrigation. The leachate was divided into two
parts of 20 t each, one used as is, the
other had 20 ]Jg/l cadmium added. Control
water was obtained from the Logan River
which was similar to White River (described in the next sect ion) wa ter
in total hardness and ion distribution.
The river water was also divided into
two 20 t units, one used as the control
and the other had 20 ]Jg/l cadmium
added.
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Soil was collected in the Uintah
Basin (Coyote subbasin) near Vernal,
Utah, approximately 200 m south of
Bonanza, Utah, and 200 m east of the
Bonanza, to oil shale tract road at an
elevation of 1350 m. Some soil charact e r i s tic s ( V. L am a r r a, per son a 1
communication) are: AASHO classification
- A-2-4, soil type - Channey sandy loam,
bedrock depth - 150 cm, permeability 3.7 7.5 cm hr- l , water capacity available - < 0.25 cm, pH range 7.5 - 8.3, EC
0.7 - 2.5 mmho cm- l , and a high runoff
potential.
The top 4-5 cm were removed
and returned to the laboratory. Plastic
growth cylinders -< irrigation pipe),
ll-cm diameter and 30-cm high with a
perforated plastic bottom were cemented
to, the cylinder base. An ll-cm filter
paper (Whatman No.3) was placed on
the bottom inside, and half the cylinder
was filled with botanical silica
sand. The remainder of the cylinder was
filled wi th soil. The column was then
saturated with Logan River water.
Two plants were selected for growth
response, alfalfa to represent a regional forage crop for animal feed, and
radish to represent a typical home
garden crop.
Four treatments (control,
leachate, cadmium, and leachate plus
cadmium) wi th nine replicates for each
plant and eight replicates for the
control for each plant were prepared.
Pot s we re pI aced in t he Utah St at e
University Dept. of Biology greenhouse
under natural light (Jan-Mar) supplemented wi th fluorescent lamps operating
18 hr on, 6 off.
Pots, treatments, and
plants were randomized and identified by
color-code.
Six seeds of each plant
were planted in each pot about 1.5
em deep using a planting stick.
Plants
were watered once a week at the start
(Jan) with Logan River water.
After
sprouts appeared, 100 ml of the appropriate solutions were used once a week
and then more frequently as the plants
grew. After the plants became fairly
large, the volume was increased to
100-150 ml to maintain a cons tant soil
moisture. The full 20 ~ of each solution
was used by the end of the study.

Schultz-Instant Liquid Plant Food
(10-15-10, iron free) was added to the
water each time at a rate of 7 drops
per ~. Sprouting occurred after 5 days.
Plants were harvested at 70 days.
The
alfalfa had not bloomed, and the
radishes were small but of edible size.
Insec t s caused some prob lems during
growth.
Alfalfa was infested by thrips
and radishes by mealy bugs. The effects
were minimal, however.
The plants were
harvested by dumping the soil-sand
column and carefully removing the plant
and its roots. Alfalfa plants from each
pot were separated into root s, stems,
and leaves and the radishes into bulbs
and leaves.
Adhering soil was washed
off the roots.
The divided materials
from each pot were placed into separate
labe 1 ed al umi num pI anchet s, cove red
loosely with aluminum foil and frozen at
-70°C.
Planchets were then placed in a
freeze-drier for 96 hr and dehydrated.
The freeze-dried material was crushed in
a mortar and pestle and dried at 103°C
for 24-48 hr.
Fifty milligrams of dried plant
material was weighed into acid washed
crucibles, and 30 ml of ultra-pure
nitric acid were added.
The material
was then heated to boiling until a clear
yellow solution without solids resulted
(15 min).
Perchloric acid 0.5 ml) was
added and the so 1 ut ion heat ed in a
covered crucible for 4 hr until it
cleared.
Then 100 ]11 of 10 percent
NH20H'HCl were added to the hot solution. The digestate was cooled and
diluted to 5.0 ml with DDW, transfered
to polyethylene vials, and analyzed for
cadmium using anodic stripping voltammetry (ASV) (EG & G, Princeton Applied
Research Model 384).
Results and Discussion
The gross appearance of the plants
did not indicate any apparent difference
among the four treatments as far as
size, coloration, or yield.
Although
dry weights were not determined, the
relative yields per pot appeared the
same for both crops.
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All of the pots developed a thin
surface coat of algae of unknown
species and most pots grew some oxalis
"weeds."
Although the oxalis was
removed as soon as it appeared, both the
algae and the plant may have removed a
part of the applied cadmium.
These
organisms were not analyzed.
The radish leaves accumulated more
cadmium than the roots in all treatments (see Table 9.1).
Although the
soil was not measured for cadmium
content, it appears that the soil
contributed cadmium to the controls. If
the total cadmium uptake by the plants
is considered, the radish control and
the radish leachate were almost identical as were the alfalfa totals for these
same treatments.
Apparently the leachate was not contributing cadmium to the
plants, nor was it enhancing uptake of
cadmium present in the soil.
When the control water and the
leachate were spiked with cadmium
however, a di fference appeared both in
the location of the cadmium and between
plants.
With radishes, control water
plus cadmium produced the highest
cadmium.
Root concentrations were more
\1g/g more than did leachate spiked with
cadmium. Root concenterations were more
similar, although that associated with
the leachate plus cadmium was slightly
higher.
In alfalfa, the roots seem to

Table 9.1.

Control
Leachate
Leach+Cd
Cd

be the major repository for cadmium with
both leaves and stems accumulating some
increase.
Tissue accumulations are
nearly the same for both treatments and
pI ant stems and leave s.
Th is agrees
with the values in the literature
(Jastrow and Koeppe, 1980). In the
roots, considerably greater uptake was
noted with the spiked leachate, suggesting that the presence of the leachate
somehow encourages accumulation at the
root.
This may be due to surface
phenomena rather than true uptake.
No
attempt was made to determine immobilization of cadmium at the root
surface.
The control plus cadmium,
however, showed a marked difference in
total uptake in each plant. There does
not seem to be an immediate explanation
for this.
Based on the reports in the literature, consumption of small quantities of
radishes grown under the above conditions would not materially affect
the daily dietary intake of 75 \1g/d
(USEPA 1976), and the alfalfa would not
present a hazard to domestic livestock.
The conclusion is that leachate, as
prepared in this study, does not enhance
cadmium uptake by edible portions of
alfalfa or radishes and so would not
present a hazard to human or animal
health if used for irrigation of vegetable or forage crops.

Average c oncentrat ion of cadmium (\1 gIg)

leaves

Radish
roots
total

leaves

0.57
0.89
4.43
3.64

0.45
0.59
2.41
1.80

1.03
0.50
1.09
1.10

1.02
1.48
6.84
5.44
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in radish and alfalfa parts.
Alfalfa
stems
roots
<0.01
1.12
1.59
.79

0.62
0.37
3.07
1.86

total
1.66
1.99
5.75
3.75

CHAPTER 10
SOIL NITROGEN CYCLING

Literature Review

The use of water containing oil
shale leachate to irrigate agricultural lands raises quest ions about the
effect s, both immediate and cumulative,
on the crops and soils.
The heavy
metals that can be expected in the
leachate may have an important influence
on soil microbial processes, especially
on nitrogen cycling steps. A general
review of microbial effects is given by
Wong et al. (1980).
General effects reported in the
literature are usually associated
with mining or smelter pollution, with
applicat ion of sewage sludge which is
often high in cadmium and other heavy
metals when industrial waste is present
(Wilson 1977; Sterritt and Lester 1980)
and with laboratory application of heavy
metals to soils (Bond et a 1. 1976;
Lester et al. 1979; Hersman and Klein
1979).
Bond et al. (1976) described
inhibition of oxygen uptake and a
reduction in carbon dioxide evolution by
10 ]Jg Cd/g dry wt soil. Byrne et al.
(976) found Yugoslavian soils averaged
1.37 ]Jg/g Cd and 37 samples of 27 fungal
species averaged 4.8 ]Jg/g, a magnification of 3.5 times. Escherichia coli and
Bacillus cereus were not inhibited by 40
]Jg ml- l , but other species were (Doyle
et al. (1975).
Babich and Stotzky
(1977a), in a study of bacteria and
fungi, found wide variation for cadmium
inhibition of growth.
Gram positive
bacteria first showed inhibition
at 1000 ]Jg Cd/I.
Actinomycetes were
more resistant in general than other
bacteria. B. cerus was slightly inhibited at~O ]Jg ml- l and completely

inhibi ted at 500 ]Jg/ml.
Fungi were
similarly affected.
A wide range of
resistance occurred among the different
species of microbes.
In another paper,
Bab ich and St 0 t sky (197 7c) report ed
fungi and B. cereus to be protected from
the effects of cadmium (i.e.) grew at a
much higher concentration) in soil than
on agar plates and the phenomenon
was related to the content of clay,
especially montmorillonite. Extension of
this work (Babich and Stotzky 1977b)
showed that the cation exchange capacity
(CEC) of the soil was the determining
factor and that montmorillonite gave
better protection than kaolinite because
of a larger CEC value. Tyler et al.
(1974) had earlier shown the cadmium of
CdC1 2 was exchanged for other ions on
soil particles at pH 6.5 or less and
only 0.26-0.68 percent of the added salt
was actually available in the pore
water.
About 2 ppm added CdC1 2 actually increased nitrification through
the exchange of cadmium for ammonia.
Many studies have focused on various
aspects of the nitrogen cycle because of
its importance in agriculture and plant
nutrition.
Ammonification
Maliszewska (1972) reported proteolysis and ammonification to be inhibited by 12 ]Jg/g of cadmium in soil.
Chang and Broadbent (1982) reported
100-400 ]Jg/g cadmium to result in an
accumulation of organic nitrogen and a
marked decrease in ammonia product ion.
Cadmium was more toxic than copper,
zinc, or lead.
Rother et al. 0982b)
demonstrated the presence of tolerant
(to Cd, Pb, and Zn) ammonifying bacteria
in smelter contaminated soil but not in
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uncontaminated soil.
Microbes in
uncontaminated soil developed resistance
with time. Williams and Wollum (1981),
however, could not demonstrate tolerant
bacteria in cadmium amended soil (up to
40 kg ha- l ).
Pancholy et al. (1975)
could not demonstrate the build-up of
tolerant bacteria in a denuded area near
a zinc smelter. This may have been due
to multiple inhibitory factors, not just
cadmium or zinc alone.
Nitrification
Nitrification has been rather
extensively studied because of its
significance in nitrogen cycling and its
restriction to just a few bacterial
genera. Lees and Quastel (1946) found 10
mM (1100 mg 1-1) of cadmium reduced
nitrification in a soil perfusion column
by 77.8 percent.
Forty mM reduced
nitrification by 99 percent. Maliszewska (1972) also noted a marked
reduction in nitrate formation as did
Wilson (1977), Liang and Tabatabai
(1977, 1978), Rother et al. (1982b) and
Chang and Broadbent (1982). Liang and
Tabatabai (1978) also noted that
some elements (Pb and Zn) inhibited
Nitrobacter but not Nitrosomonas
and nitrite accumulated as a result.
Cadmium inhibited both organisms,
however. Pancholy et al. (1975) showed
similar differential effects between the
two genera in the bare-soil study cited
earlier.

of the water was not given. Brierly and
Thornton (1979) found no acetylene
reduction (nitrogen fixing potential) in
smelter polluted soil but did show
reduction when Azotobacter chroococcum
was added to the soil. Rother et al.
(1982a), however, did not find any
relationship between non-symbiotic
nitrogen-fixation and heavy metal
pollution of soils and suggested that a
resistant population had built up.
Although no studies were found indicating symbiotic nitrogen fixation
inhibition, Babich and Stotzky (1977a)
did report complete inhibition of
Rhizobium meli10ti by 50 \lg!l of cadmium
l.n pure c t ure.

Nitrogen-fixation

Microorganisms in soils containing
cadmium or other heavy metals take up
the metal (Doyle et al. 1975, Byrne et
a1. 1976, Sterritt and Lester 1980).
For example, Tornabene and Edwards
(1972) found 99 percent of lead in the
cell wall of Azotobacter sp.
Jones et
al. (1979) found that marine bacteria
grown in a seawater medium (0.002 Wg
Cd!l) concentrated cadmium 2150 times on
the average, while non-marine bacteria
concentrated cadmium 1150 times on the
average. Remacle et al. (1982) reported
most of the cadmium taken up by bacteria
is located on the cell wall (54-62
percent immobilized and 29-36 percent in
labile forms) and 5-9.6 percent in the
cytoplasm of resistant bacteria.
In
non-resistant strains, more cadmium was
associated with the cytoplasm (11-30
percent was immobilized and 55-78
percent in labile forms on the cell
wall, and 10-26 percent in the cytoplasm).
Kurek et al. (1982) reported
that dead bacteria (and other dead
mic robes) sorbed more cadmium from
solution than did live cells or montmorillonite clay.

Nitrogen-fixation is restricted to
a limited group of prokaryotes. Hersman
and Klein (1979), using oil shale retort
water, indicated the extreme sensitivity
of non-symbiotic nitrogen-fixation,
being the most sensitive of all the soil
parameters studied. The cadmium content

Resistance to heavy metals seems to
develop commonly among bacteria and
fungi. Doelman and Haanstra (1979)
showed development of tolerance to lead
of a soil population within a year.
Lester et al. (1979) noted a population
drop when 50 mg Q, -1 0 f cadmium was

Denitrification
This aspect has not been as widely
studied as some of the- others. Maliszewska (1972) noted inhibition of this
transformation by 12 ~g!g Cd.
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applied followed by a return to normal
levels after a period of time. Remacle
et al. (1982) showed a similar response
to 0.5 mg Q,-l of cadmium - a minimal
drop in population level at 20°C but a
marked drop at 10GC. In both cases the
population level was restored to
G
the original level, rapidly at 20 C and
slowly at 10°C. Rother et al. (1982a,b)
showed development of resistance in
ammonification,
nitrification,
and
nitrogen-fixation.
Wilson (1977) found
a marked decline in nitrification when
soil was exposed to 20 lJg Cd/g but
activity returned to normal in 45
weeks.

Resistance to heavy metals has been
known for a considerable period of time,
and the resistance-factor is transferable on extrachromosomal particles
called plasmids (Hardy 1981).
Doyle et
al. (1975) called attention to plasmids
in E. coli as related to to cadmium
resistance.
Hardy (981) describes a
number of known metal resistance
factors in various bacteria. The mechanism of resistance for most metals is
unknown and very likely differs from
spec ies to species and metal to metal.
In some cases the metal is precipitated
on the cell wall (Tornabene and Edwards
1972; Remacle et al. 1982). Remacle et
al. (1982) also found cadmium at the
wall to be in either immobilized
or labile form and more was immobil ized
in resistant strains than in nonresistant strains.
Specialized surface
binding components may be involved. A
resistant E. coli strain, for example,
was shown t o have a special surface
protein binding cadmium which was not
found in nonresistant strains (Khazaeli
and Mitra 1981).
It is highly likely
that the gene for this protein is
plasmid directed. In many cases, plasmids pass between genera as well as
species and it is not surprising that
heavy metal resistance can develop in a
community of organisms such as that
found in soil, provided the concentration is not too great.

---

Perfusion Columns
The objective of this study was to
evaluate the effect s of raw 0 il shale
leachates on soil nitrification in the
presence and absence of low levels of
cadmium.
Methods
Raw shale was crushed to approximately a 4-6 mm particle size and
extracted for 48 hr on a shaker using
double deionized water (DDW) at a
water to shale ratio of 4: 1 by we ight .
The extracted solution was centrifuged
(approximately 4000 rpm) for 15 min and
fil tered through a 0.45 lJ m pore filter
(Millipore, HA). The filtrate was
treated to remove inorganic constituents
using electrodialysis (ED).
Following
ED, the leachate was analysed for
ammonia, nitrate, alkalinity, pH,
calcium, and total hardness. The leachate was then chemically ammended
to simulate White River (Colorado) water
in terms of total hardness and major
10ns (see Appendix).
Simulated White River water (Table
10.1) was prepared using DDW. This
served as the control water as we 11 as
the base for the cadmium amended water.

Table 10.1.

Concentrations of salts
used for preparing synthetic White River water.

ion

MgS04·7H20
CaS04
Ca(OH)2
NaCl
NaOH
KOH
Note:
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mM

0.95
0.55
0.95
0.79
1.21
0.54

CO 2 was bubbled through the
solution for 4 h followed by air
for 20m i n b ring n g the pH t 0
about 8.0.

and total hardness were determined on
one control and one leachate solution.
The perfusate was analyzed every 4
days for nitrate and pH, and every 7
days for cadmium.
At the conclusion of
the experiment, each column was analyzed
for ammonia, nitrate, pH, EC, TOC, and
Cd. Nitrate was determined with a
specific ion electrode (Orion Research,
Model 92-07) using method 4l8B in
Standard Methods (APHA 1981).
Other
analyses were performed as described
Table 10.2.

Triplicate perfusion columns,
Figure 10.1, were acid washed with
50 percent (v/v) nitric acid and rinsed
three times with DDW.
Air-dried
soil from the White River area (as
described in Chapter 9) was mixed 1:1
with sterilized botanical sil ica sand,
and a known we ight was packed into the
perfusion columns.
Each column was
perfused with synthetic White River
water for 1 week. Excess water then was
poured off and the columns briefly
drained. Four perfusates were used: 1)
raw oil shale leachate, 2) leachate plus
20 ~g/l Cd using CdCl, 3) control water
plus 20 ~g/l Cd using CdCl, and 4)
control water.
Each perfusate was
ammended with 2.333 mg of ammonia
nitrogen ~g/l of soil using NH4Cl
Each perfusate was then analyzed for
ammonia, nitrate, total organic carbon
(TOC), cadmium, pH, and elecrical
conductivity (EC). Calcium, alkalinity,

Results and Discussion
Difficulties with the analytical
procedures ruled out any rigorous
analysis of the data from the perfusion
columns, but trends can clearly be
discerned, Table 10.1. Ammonia declined
markedly over the 31 days of the study,
showing very similar curves although
differing greatly at the start (day-2).
Once perfusion began, the ammonia uptake
curves were essentially alike.

GL.ASS
WOOL.

Figure 10.1.

Perfusion flask used in
studying the effects of
cadmium and raw oil
shale leachate on soil
nitrification.

112

Nitrate shows a marked increase in
4 days, thereafter remaining fairly
constant until a much sharper increase
was observed at the 16th and 20th days.
Although nitrate analysis was done on
the 31st day, the analyzer became
erratic and provided negative values.
These data are not presented. All four
treatments showed a ri se in nitrate
with the control, and the two Cd treatme n t s g a v eve r y s i mil a r res u 1 t s •
The leachate alone showed very high
nitrate production on both the 16th
and the 20th days. Nitrite data for the
31st d"ay showed a similar pattern. Why
the leachate should produce so much
nitrate and nitrite is not clear. There
may be something in the leachate which
stimulated nitrification and was perhaps
counteracted by the Cd in the leachate
plus Cd.
The amount of nitrite seems
rather high in the control, suggesting
some possible inhibition of the Nitrobacter conversion of nitrate to nitrite.
Although a number of authors have shown
~d to be inhibitory to this step, the
amounts required are at least an order

Table 10.2.

Days of
Treatment

Nitrate, nitrite, and ammonLa
(averages of 3 replicates).

data

from

perfusion

column

studies

Leachate

Leachate + Cd

Cd

0.12
1.6
1.7
1.5
8.1
28.5

0.13
1.4
1.6
1.4
2.4
11.3

0.13
1.8
1.6
1.4
1.9
6.9

0.001
151

0.010
234

0.006
188

710
690
475
71.3

820
690
471

890
690
458
72

Control

Nitrate (mg NOr N £-1)
la

4
8
12
16
20

0.14
1.6
1.9
1.6
2.3
9.5

Nitrite (mg N02--N £-1)
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0.001

171

1400
564
507
79

aSingle samples on these days.

of magnitude higher than those found in
the leachate or added in the test
treatments (Bewley and Stotsky 1983).
Conclusions

it

Based on the data presented here,
would appear that the leachate

increased nitrification.
The addition of Cd to the leachate, however,
appeared to negate this effect.
These results should be verified with an
expanded study.
Cd should not present a
problem in this type of leachate although other materials present may be
problems.
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Table A.1.
Date

Time

Nov. 1
2
3
4
5
6
......

w
0

Daily water

7
8
9
10

qua1it~

data for stream microcosm 1 during experimental treatments (1982).

Temp.
°c

1700
2100
0800
1700
0830
1400
2100
0830
1400
2100
0830
1400
0830
1400
0945
1500
0815
1600
0815
0830
1630

6.5
6.5
6.0
5.8
5.5
4.8
5.0
5.0
5.0
5.5
5.0
5.0
5.5

1400
1500
1310
0815
1430
1430
1600

4.5
5.0
3.0
3.0
3.5
4.0
5.5

1430
1600
1345

5.5
5.0
4.0
3.0

out
8.37
8.11

8.10

8.11

8.17

8.18

8.23

8.1
8.2

8.1
8.2

8.1
8.2

8.12
8.30

8.11
8.26

8.12
8.26

Spec i fic
Conductance
(llmhos/cm @25°C)
pool

12.0
11.2
11.0
11.4
11.0
11.4
11.5
10.8
11.7
9.9
10.6
11.7
10.4
11.4

380
385

10.6
ll.5
10.4
11.6

12.2
11.0
10.8
11.4
11.1
11.5
11.4
10.8
11.2
10.4
10.7
11.4
10.6
11.1

ll.8

11.7

11.5

10.4

10.6

10.6

12.0
11.3
11.5
11.5
11.4
11.2
11.6
10.8
11.5

13

14
15
16
17
18
19
20
21
22

23.8
24.6

380
373
453
393
447
412
384
374
433
391

23.7
22.5
23.8

417
389
20.8
20.6

8.30

8.28

8.29

ll.8

11.4

11.8

400

8.25

8.25

8.23

11.8

12.0

11.8

396

20.4

11

12

Cd
llg/l

29.1

5.5
5.8
6.0
6.5
5.5
5.5

Dissolved Oxygen
mg/l
In
pool
out

21.4
16.9
20.2
8.25

8.22

8.23

11.2

11.0

11.2

420
371

25.3
17.1
20.1
20.8

Table A.2.
Date

Time

Nov. 1
2
3
4
5
6

.....

w

.....

Dai1~

7
8
9
10

water gua1ity data for stream microcosm 2
Temp.
°c

1700
2100
0800
1700
0830
1400
2100
0830
1400
0830
1400
0830
1400
1500
1600

6.5
6.5
6.0
5.8
5.5
4.8
5.0
5.0

0830
1630

5.5
5.5

1400
1500
1310
0813
1430
1430
1600

4.5
5.0
3.0
3.0
3.5
4.0
5.5

1430
1600
1345

5.5
5.0
4.0
3.0

5.0
5.0
5.5

1n

pH
pool

out
8.34

8.18

8.11

8.10

8.17

8.18

8.30

8.1
8.2
8.10
8.28

8.1
8.2
8.11
8.18

8.1
8.2
8.12
8.22

durin~

eXEerimental treatments (1982).

Dissolved Oxygen
mg/1
in
pool
out
12.2
11.2
10.8
11.2
11.7
11.4
11.3
10.8
11.4
10.4
11.4
10.4
11.2
11.5
11.0

12.2
11.2
11.0
11.3
11.0
11.6
11.4
10.8
11.2
10.8
11.6
10.6
11.1
11.6
10.6

12.1
11.2
11.0
11.2
11.5
11.4
11.4
10.8
11.4
10 .5
11.4
10.2
11.3
11.6
11.0

Sped fic
Cond uc t anc e
(pmhos/cm @25°C)
pool
380
385
380

20.7

373

23.3

453
393
412
384
374
433
391
417

16
17
18
19
20
21
22

25.4

18.8
26.5

26.9
24.9

8.29

8.30

8.28

11.8

11.2

12.2

400

8.24

8.25

8.21

11.8

12.0

12.1

396

8.23

8.22

8.25

11.1

11.1

11.2

420
371

11

12
13
14
15

Cd
llg/l

17 .8
20.2
18.2
16.0
17 .6

23.1
21.4
19.2
21.5
21.7

I
.j

Table A.3.
Date

Dai1~

Time

water quality data for stream microcosm 3 during experimental treatments (1982).
Temp.

°c
Nov. 1
2
3
4
5
6
.......

w
N

7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22

1700
2100
0800
1700
0830
1400
2100
0830
1400
2100
0830
1400
0830
1400
1500
1600

6.5
6.5
6.0
5.8
5.5
4.8
5.0
5.0

0830
1630

5.5
5.5

1400
1500
1310
0813
1430
1430
1600

4.5
5.0
3.0
3.0
3.5
4.0
5.5

1430
1600
1345

5.5
5.0
4.0
3.0

5.5
5.0
5.0
5.5

in

pH
pool

out
8.39

8.10

8.09

8.11

8.20

8.19

8.16

8.1
8.2

8.1
8.2

8.2
8.2

8.12
8.22

8.12
8.20

8.11
8.21

5.8

Dissolved Oxygen
mg/l
~n
pool
out
12.2
11.3
11.3
11.8
11.9
12.4
12.0
11.5
12.2

12.4
11.1
10.7
11.4
11.0
11.6
11.4
10.8
11.1

12.5
11.6
11.5
12.2
12.0
12.4
12.4
11.2
12.0

11.4
12.0
11.1
11.2
11.8
10.8

10.8
11.2
10.6
11.2
10.7
10.5

11.4
12.0
11.2
11.4
11.9
10.9

Specific
Conduc tance
<llmhos/cm @25°C)
pool

Cd
].lg/l

380
385
380

42.6

373

27.8

453
393
447
412
384
374
433
391
417
417

25.1

24.7
26.4

18.6
17 .0
20.6

8.29

8.28

8.23

8.18

8.24

8.21

8.30

11.6

11.0

12.0

400

8.23

12.5

12.0

12.4

396

8.21

11.5

11.2

11.4

420
371

18.6
16.4
15.6
21.0
23.1
19.2
20.4
19.8
30.1

J

Table A.4.
Date

Dail~

Time

water
Temp.

°c
Nov. ' 1
2
3
4
5
6
......
l,;.)
l,;.)

7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22

9ualit~

1700
2100
0800
1700
0830
1400
2100
0830
1400
2100
0830
1400
0830
1400
0945
1500
1600
0815
1630

6.5
6.5
6.0
5.8
5.5
4.8
5.0
5.0
5.0
5.5
5.0
5.0
5.5

1400
1500
1310
1430
1430
1600

4.5
5.0
3.0
3.5
4.0
5.5

1430
1600
1345

5.5
5.0
4.0
3.0

5.5
5.8
6.0
6.5
5.5

1n

data for stream microcosm 4 during experimental treatments (1982).
pH
pool

out
8.33

8.14

8.13

8.12

8.20

8.19

8.16

8.1
8.1

8.2
8.1

8.1
8.2

8.11
8.19

8.11
8.19

8.13
8.20

Dissolved Oxygen
mg/l
1n
pool
out

Specific
Conduc t anc e
(J..lmhos/cm @25°C)
1

12.6
11.4
11.2
11.6
11.8
11.8
11.8
11.0
1l.4
10 .8
10.8
11.2
10.7
11.0

11.8
11.2
10.8
11.3
11.2
11.8
11.6
10.8
11.0
11.2
10.8
11.2
10.6
11.0

12.8
11.4
11.6
11.4
11.8
11.8
11.8
10.8
12.2
10 .8
10.9
11.4
10.7
11.0

453
393
447
412
384
374
433
391

11.4
10.8

10 .6
10.6

11 .5
10.7

417
389

Cd
J..lg/l

380
385
380

24.6
47.5

373

26.4
21.8
30.4

21.1

8.28

8.28

8.28

11.&

11.0

11.5

400

8.23

8.22

8.23

12.1

12.0

12.4

396

8.16

8.18

8.19

11.2

11.2

11.2

420
371

23.6
21.1
19.1
19.6
15.1
20.7
27.5
22.2
22.3
23.1

J

Table A.5.

Dai1l water quality data for stream microcosm 5 during eX2erimental treatments (1982).
Dissolved Oxygen

Date

Time

Nov. 1
2
3
4
5
6
......
w

.I:-

7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
nd - not

Temp.
°c

1700
2100
0800
1700
0830
1400
2100
0830
1400
2100
0830
1400
0830
1400
1500
1600
0815
0830
1630

6.5
6.5
6.0
5.8
5.5
4.8
5.0
5.0
5.0
5.5
5.0
5.0
5.5

1400
1500
1310
0815
1430
1430
1600

4.5
5.0
3.0
3.0
3.5
4.0
5.5

1430
1600
1345

5.5
5.0
4.0
3.0

5.8
6.0
6.5
5.5
5.5

1n

pH
pool

m~/l

out

In

pool

out

8.39

11.8
11.4
U.5
U.8
11.0
12.0
U.6
11.0
11.2
11.2
10.8
11 .0
10 .6
11.0
11.0
11.0

11.4
10.9
11.0
11.4
11.4
11.6
11.4
10.8
11.0
11.0
10.8
11.2
10.8
11.0
10.6
10.5

12.1
11.0
11.1
11.7
U.3
11.9
11.8
11.0
11.4
11.0
11.1
11.1
10.5
11.5
11.2
10.8

8.19

8.20

8.17

8.18

8.19

8.20

8.2
8.2

8.2
8.1

8.2
8.2

8.11
8.20

8.11
8.21

8.10
8.16

Specific
Conductance
(l1mhos/cm @25°C)
380
385
380

Cd
l1g/l
nd
nd

373
453
393
447
412
384
374
433
391
417
389
nd
nd

8.28

8.28

8.27

11.4

11.0

11.4

400

8.13

8.20

8.20

11.9

12.1

12.2

396

8.26

8.22

8.26

10.8

11.2

11.0

420
371
2.7

detected

nd

I

Table A.6.
Date

2
3
4
5
6
......
LV
L11

Daily water quality data for stream microcosm 6 during experimental treatments (1982).

Time

Nov. 1

7
8
9
10

j

I

Temp.
°c

1700
2100
0800
1700
0830
1400
2100
0830
1400
2100
0830
1400
0830
1400
1500
1600
0815
0830
1630

6.5
6.5
6.0
5.8
5.5
4.8
5.0
5.0
5.0
5.5
5.0
5.0
5.5

1400
1500
1310
0815
1430
1430
1600

4.5
5.0
3.0
3.0
3.5
4.0
5.5

1430
1600
1345

5.5
5.0
4.0
3.0

5.8
6.0
6.5
5.5
5.5

1.n

pH
pool

out
8.41

Dissolved Oxygen
mg/l
,
1.n
pool
out

Specific
Conduc tance
(~mhos/cm @25°C)
pool

11.6
11.3
11.0
1l.5
1l.0
12.0
11.4
1l.0
11.2
11.2
11.2
11 .2
10.7
1l.0
11.0
11. 2

11.4
11. 2
10.8
11.4
11.6
11.8
11.4
11.0
11.4
11.0
11.0
11.0
10.5
10.9
10.8
10.7

11.6
11.3
11.0
11.3
11.2
12.0
11.9
11.2
11.4
11.0
11.1
11. 2
10.8
11.6
11.0
11. 2

453
393
447
412
384
374
433
391
417
389

380
385
380

8.19

8.20

8.18

8.18

8.19

8.21

8.1
8.2

8.1
8.2

8.2
8.2

8.12
8.18

8.ll
8.20

8.12
8.20

8.27

8.26

8.27

1l.3

10.9

11.3

400

8.19

8.21

8.21

12.1

12.1

12.4

396

8.28

8.28

8.24

1l.0

11.2

11. 2

420
371

Cd
~g/l

nd
nd

373

nd

II

12
13
14
15
16
17
18
19
20
21
22
nd = not

1.6

detected.

nd

II

I,

Table A.7.
Date

Daily water guality data for stream microcosm 7 during experimental treatments (1982).

Time

Temp.
°c

in

pH
pool

out

Dissolved Oxygen
mg/l
l.n
pool
out

------

Nov. 1
2
3
4
5
6
......
w

0'

7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
nd = not

1700
2100
0800
1700
0830
1400
2100
0830
1400
2100
0830
1400
0830
1400
1500
1600
0815
0830
1630

6.5
6.5
6.0
5.8
5.5
4.8
5.0
5.0
5.0
5.5
5.0
5.0
5.5

1400
1500
1310
0815
1430
1430
1600

4.5
5.0
3.0
3.0
3.5
4.0
5.5

1430
1600
1345

5.5
5.0
4.0
3.0

5.8
6.0
6.5
5.5
5.5

8.37

Specific
Conduc t ance
(llmhos/cm @25°C)
pool

11.5
11.4
11. 3
11.9
11. 2
12.2
11.8
11.4
12.0
11.6
10.9
11.4
10.6
11.4
11.1
11.3

11.3
10.8
10.7
11.4
11.2
11.5
11.2
10.8
11.2
11.2
10.8
11.2
10.8
10.8
10.7
10.9

11.8
11.4
10.6
11.6
11.4
12.4
12.0
11.8
12.0
11.2
11.0
11.4
10.5
11. 2
11.1
11.6

380
385
380

453
393
447
412
384
374
433
391
417
389

8.21

8.22

8.23

8.18

8.16

8.21

8.1
8.2

8.2
8.2

8.1
8.2

8.11
8.22

8.08
8.21

8.14
8.21

8.28

8.26

8.28

11.6

11.2

11.8

400

8.20

8.16

8.24

12.0

12.2

12.6

396

8.27

8.26

8.29

11.5

11.6

11.5

420
371

Cd
llg/l
nd
nd

373

nd

nd

detected.

nd

J

Table A.8.

Time

Date

Nov. 1
2
3
4
5
6
~

w

""-l

Daily water quality data for stream microcosm 8 during experimental treatments (1982).

7
8
9
10
11
12
13

14
15
16
17

18
19
20
21
22

Temp.
DC

1700
2100
0800
1700
0830
1400
2100
0830
1400
2100
0830
1400
0830
1400
1500
1600
0815
0830
1630

6.5
6.5
6.0
5.8
5.5
4.8
5.0
5.0
5.0
5.5
5.0
5.0
5.5

1400
1500
1310
0815
1430
1430
1600

4.5
5.0
3.0
3.0
3.5
4.0
5.5

1430
1600
1345

5.5
5.0
4.0
3.0

5.8
6.0
6.5
5.5
5.5

in

pH
pool

out
8.36

Dissolved Oxygen
mg/1
out"
1n
pool
j

Sped fie
Conduc t snc e
(lJmhos/cm @25°C)
pool

11.6
11.2
11.0
11.6
11.2
11.6
11.6
10.9
11.4
11.0
10 .8
10 .8
10.3
11.0
10.9
11.2

11.2
10.8
10.8
11.4
11.2
11.4
11.2
10.8
11.2
11.2
10.6
11.2
10.6
10.8
10.6
10.9

11.8
11.4
10.7
11.8
11.2
12.8
11.5
11.0
11.8
11.4
10.9
11.5
10.6
11.0
11.5
11.6

453
393
447
412
384
374
433
391
417
389

380
385
380

8.27

8.33

8.43

8.18

8.19

8.19

8.1
8.2

8.1
8.2

8.1
8.2

8.11
8.21

8.17
8.22

8.15
8.23

8.30

8.27

8.29

11.3

11.0

11.8

400

8.22

8.23

8.26

12.4

12.1

12.4

396

8.28

8.26

8.23

11.0

11.2

11.6

420
371

Cd
l,Ig/1
nd
nd

373

nd

nd

nd

Table A.9.

Aufwuchs biomass and cadmitnn a cctnnul a ti on data from artifica1 substrates in stream microcosms exposed to 20 ]lg/l Cd and raw oil shale
for 3 weeks.

Stream

Location

Dry Weight
(mg) .

Cd Concentration
(]l g/ g)

1

UUl
UU2
UU3
liD 1
UD2
UD3
DU1
DU2
Du3
DD1
DD2
DD3

13.7
17 .8
87.4
17.3
162.7
24.9
6.3
8.3
6.0
16.2
22.0
23.1

665
1300
138
930
108
430
2000
1700
2670
1110
739
744

2

UU1
UU2
UU3
liD 1
UD2
UD3
DUl
DU2
Du3
DD1
DD2
DD3

44.2

433

141.0
19.4
28.6
21.6

62
608
486
774

9.8
7.8
1.2
11.6
7.5

1290
986
3600
826
917

3

UUl
UU2
UU3
UD1
UD2
liD 3
DU1
DU2
DU3
DD1
DD2
DD3

28.7
28.1
26.1
20.2
10.6
4.8
8.5
12.7
2.5
6.8
3.8
8.1

585
594
603
593
774
1160
1220
851
3260
943
1780
634

4

UU1
UU2
UU3
liD 1
UD2
UD3

48.5
20.0
32.2
8.7
17.1
9.5

402
516
554
1890
1030
1740

138

Table A.9.

Stream

5

Continued.

Location

Dry Weight
(mg)

Cd Concentration
(llg/g)

DU1
DU2
DU3
DD1
DD2
DD3

13.7
10.8
17.8

1120
801
509

7.9
8.2

670
816

UU1
UU2
UU3
UD1
UD2
UD3
DU1
DU2
Du3
DD1
DD2
DD3

53.5

13.2
17.6
3.7
2.4
8.1
20.4
10.4
17.4

nd
nd
nd
nd
nd
nd
60 a
nd
nd
nd
nd
nd

42.0

6

DU1
DU2
DU3
Du4
DU5
DU6
DD1
DD2
DD3
DD4
UD1
UD2

12.2
9.5
6.0
6.2
10.1
12.7
23.9
10.4
13 .8
15.9
15.1
27.3

nd
nd
nd
nd
nd
nd
nd
29 a
nd
nd
nd
nd

7

UU1
UU2
UU3
UU4
UU5
UU6
DU1
DU2
DU3
DD1
DD2
DD3

22.5
37.7
32.9
31. 7
23.9
21.3
14.2
16.9
12.4
5.2
9.6
8.9

nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd

139

Table A.9.

Stream

8

Continued.

Location

Dry Weight
(mg)
12.2
25.8
27.3
22.2
23.5
27.1
13.6
5.4
6.6
13.8
17.9
9.9

UUl
UU2
UU3

UDl
UD2
UD3
DUl
DU2
DU3
DDl
DD2
DD3
apotential contamination during analysis.
nd = not detected.
UU = head of upstream channel.
un foot of upstream channel.
DU = head of downstream channel.
DD
foot of downstream channel.

140

Cd Concentration
(flg/g)

nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd

--"

Table A.lO.

Weights and cadmium concent rat ions of benthic invertebrates collected
from stream microcosms after 3 week experiments in which streams 1-4
were exposed to 20 j.lg Cd/l.

Taxa

Atherix sp.

Samp1e a

Dry wt.
(mg)

1a
1b
1c
2a
2b
2c
3a
3b
3c
4a
4b
4c
5a
5b
5c
6a
6b
6c
7a
7b
7c

15.4
14.2
9.3
15.2
15.7

14.B
1B.6
5.B
10.1

15.B
9.4

B.9
14.0
25.5
19.1

1B.3
21.6
14.6
13 .6
16.5

15.B

Ba

15.1
21.9
13 .6

Bb

Be
Aretopsyehe sp.

1a
1b
Ie
1d
Ie

19.4
34.3
17.5
19.2

If

19.9

2a
2b
2c
3a
3b
3e
4a
4b
4e
5a
5b
6a

1B.3

1B.2
23.3
29.2
25.9

1B.0
20.0

1B.0
1B.1
31.6
13 .4
11.2
17.7
141

Cd
(flg/g dry wt. )
20
nd b
nd
nd
nd
. nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
152

40.B
45.3

2B.B
rune

104

B1.5
6B.7
56.4
53.9
74.7
51 1

BO.1
52.6
100
nd
nd
nd

Table A.lO.

Continued.

Taxa

Braehleentrus sp.

Ephemere11a sp.

Sample a

Dry wt.
(mg)

Cd
(llg/g dry wt. )

la
Ib
Ie
2a
2b
2e
2d
2e
2f
2g
2h
2i
3a
3b
3e
4a
4b
4e
4d
5a
5b
5e
6a
6b
6e
7a
7b
7e
8a
8b
8e

10.4
7.3
6.8
15.4
11.6
10.0
9.8
13.5
5.8
6.8
8.4
8.1
10.0
9.2
7.6
11.7
12.8
7.9
7.1
10.0
10.3
11.9
9.9
11.9
6.4
14.9
11.5
9.8
10.9
7.2
9.9

142.1
177 .1

173
284
209
143
253
174
182
150
86.1
64.3
138
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd

la
Ib
Ie
2a
2b
2e
2d
2e
2f
2g
2h
2i
3a
3b
3e

5.0
7.3
4.0
5.3
3.4
4.8
3.2
3.2
2.6
2.5
3.1
3.3
4.9
6.9
5.9

203
76.9
87.5
97.1
154.5
nm
127
158
80.8
75.5
56.1
47.6
54.6
125
51.6

142

nm

39.0
nm

114
132
nm

Table A.10.

Continued.
Dry wt.
(mg)

Taxa

(j.lg/g

Cd
dry wt.)

4a
4b
4c
4d
4e
4f
5a
5b
5c
6a
6b
6c
7a
7b
7c
8a
8b
8c

5.4
6.2
4.6
3.7
4.5
5.2
5.8
4.7
6.7
5.3
3.2
5.0
4.1
4.6
4.2
8.9
8.9
6.3

104
184
nd
90.3
129
274
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd

Hesperoper1a sp.

1a
1b
2a
2b
2c
3a
3b
5a
6a
7a
7b
7c
8a
8b

90.0
70.2
38.2
52.4
31.6
102.2
41.6
24.2
34.8
38.3
69.4
52.7
92.0
28.9

nd
24.1
16.3
31.4
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd

Isoper1a sp

1a
1b

3.9
8.1

nd
18

Skwa1a sp.

4a
4b
6a
6b

22.4
32.1

213
75.7
nd
nd

Physa sp.

11.8

16.7

2a,b
4.1
165
30.2
64.3
4a
nd
7a
134.2
nd
8a
95.7
nd
142.4
8b
nd
8c
6.5
aNumbers 1 through 8 indicate stream, letters designate replicates from a single
stream.
bNot detected.
CNot measured.
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Preparation of Water for Use in
Laboratory Study of Brachycentrus
Two mixtures were prepared for
incubation of Brachycentrus pupae.
Both were prepared to be similar to the
Logan River in major inorganic ion
concentrations.
One solution was
prepared using raw oil shale leachate
which had been treated with electrodialysis and reverse osmosis (Chapter 5)
and the other solution was prepared
using double deionized water (DOW).
The major characteristics of Logan
River water which had to be duplicated
in the artificial mixtures were:
HC03-

3.2 meq/l

Cl-

0.05 meq/l

S042-

0.065 meq/l

Ca 2+

2.3 meq/l

Mg2+

1.0 meq/l

pH

8.3

0.025 mmoles CaC12/1
0.032 mmoles CaS04/1
1.09

mmoles Ca(OH)2/1

The solution was bubbled with C02 gas to
dissolve the salts and produce the
desired alkalinity.
Following C02
addition the solution was bubbled with
compressed air to elevate the pH to
8.3.
The procedure for preparat ion of
the solution using oil shale leachate
was identical except salt additions were
reduced to account for residual salts
already present 1 n the leachate.
The
concentrations of salts added to the
leachate were:
0.82 mmoles Ca(OH)2/1

To produce these concentrations the
following salts were added to DOW:

0.074 mmoles 4 MgC03'Mg(OH)2'4 H20/I
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Table A.ll.

Cadmium accmnu1ations in Brach:[centrus cases and pupae from 16 day
laboratory study of oil shale leachate effects on cadmium toxicity and
accumulation.

Treatment
Control

20 ]lg Cd/l

20 ]lg Cd/l pI us

raw oil shale
leachate

Raw oil shale
leachate

Case (C)
or Pupae(P)

Dry wt
(mg)

(]lg/g

Cd
dry wt)

C
C
C
C
C
C

10.4
7.4
7.9
6.7
7.9
9.7

6.9
8.3
8.6
8.4
7.2
6.1

P
P
P
P
P
P

7.1
8.5
9.2
7.1
10.9
7.7

nd a
nd
nd
nd
nd"
nd

C
C
C
C
C
C

10.9
9.0
8.4
10.2
8.7
9.3

18.9
20.9
21.1
20.1
22.7
21. 2

P
P
P
P
P
P

9.9
9.1
8.0
6.8
6.3
7.9

nd
nd
nd
nd
nd
nd

C
C
C
C
C
C

9.3
10.7
10.0
11.0
9.1
8.8

22.6
19.5
19.4
23.9
19.3
24.5

P
P
P
P
P
P

8.3
10.0
7.8
6.1
6.9
6.4

nd
nd
nd
nd
nd
3.7

C
C
C
C
C
C

13.9
9.3
9.9
8.0
9.4
8.7

3.1
4.4
3.5
nmb
4.0
nm
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Table A.11.

Continued.

Treatment

and
bum

Case (C)
or Pupae(P)

Dry wt
(mg)

Cd
(].lg/g dry wt)

P
P
P
P
P
P

8.4
7.2
8.8
8.8
9.2
8.2

nm
nm
nm
nd
nd
nd

not detected
measured

= not

Table A.12.

Relative frequency (Z) of occurrence of major invertebrate taxa
collected from art ificial substrates in stream microcosms.

Control

Before Treatment
Shale
Cd
Cd-Shale

Control

After Treatment
Cd-Shale
Shale
Cd

RIFFLES
Ephemeroptera
P1ecoptera
Trichoptera
Chironomidae
Simu1 iidae
01igochae ta
Gastropoda

31
7
36
19
1
4
1

41
6
29
16
2
7
0

36
13
11
31
1
7
0

24
10
24
40
2
0
<1

18
3
37
34
3
15
3

11
6
28
44
9

6
7
21
35
4
<1

10
5
12
46
7

<1
<1

9
17
16
45
12
<1
1

7
5
13

55
18
0
0

POOLS
Ephemeroptera
P1ecoptera
Trichoptera
Chironomidae
Oligochaeta
Gastropoda

42
6
19
21
7
0

41
9
13
30
5
2

45
15
10
25
0
4

39
13
15
16
6
5
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2

13
6
6
44
15
3

17
2
7
32
29
2

Appendix B
Supporting Data for Agrosystem Study

Table B.l.

Water quality of the White River (Colorado) during fall and spring,
1975 (from Fox 1977). Data represent 4 day averages.

Parameter
Temperature, °c
pH
Dissolved Oxygen, mg/l
Specific Conductance, ~mhos/cm @ 25°C
Alkalinity, mg/l as CaC03
Hardness, mg/l as CaC03
Ca, mg/l as CaC03
Mg, mg/l as CaC03
Cl, mg/l
K, mg/l
TKN, mg/1
N02+NOrN, mg/1
Total P, mgt!
O-P04-P, mgt!

Fall

Spring

10 .5

12.5

8.1

7.1
8.7
410
122
156
69
55

9.8
790
183

265
145
94
28
2.1
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11

2.1
0.9
0.1
0.20
0.04

Table B.2.

Analyses of perfusate from 31 day perfusion column study of the effects of
cadmium and raw oil shale leachate on nitrification.

Control
Day

pH
-2
7
12
16
20
31

Leachate

Column Number

Column Number
5
6

--.-----n-----~.-

---- 7.3 ----7.647 7.845 7.834
7.585 7.620 7. 786
6.388 7.230 7.607
7.498 7.469 7.492
7.28
6.54
7.12

Nitrate (mg/l)
1
0.14
4 1.55
1. 70
8 2.25
1.80
12 2.00
1.45
16 3.00
2.25
20 8.2
12.0
31 -12
-28

Leachate + Cd
Column Number
789

4

----- 7.5 ----7.935 7.971 7.849
7.837 7.786 7.766
7.694 7.511 7.653
7.469 7.504 7.568
7.42
7.32
7.34

Cd

----- 7.5 ----7.943 7.946 7.866
7.852 7.812 7.819
7.742 7.742 7.660
7.549 7.619 7.527
6.67
7.38
7.40

Column Number
10
11
12

----- 7.5 ----7.690 7.538 7.707
7.706 7.635 7.478
7.438 7.476 6.882
7.489 7.495 7.141
6.70
6.79
6.46

1.45
1.60
1.40
2.90
18.0
40

0.12
1.65
1. 75
1.65
18.5
55.0
2

Ammonia (NH3-N mg/1)
-2
---- 710
1
---- 690 ---469
456
5 500
31 80.5
60.5
73.0

469
112 .5

820 ---690 ---488
456
135.0 88.5

Nitrite (N02-N mg/1)
1
--- 0.001
31 102
198
154

240

0.010
225

236

292

0.006
207

<5

5
5

<5

5

21
<5

<5

5

168
70

66

80

162
52

76

46

156
50

28

3304

2488
3238

3344

2944

2488
2277

2559

Cadmium ()1g/l)
-2
---- <5
7
<5
<5

1.50
1.55
1.25
1.60
8.3
22

<5

Alkalinity (mg/1 as CaC03)
-2
158
31
26
62
64
44

1.55
1.75
1.35
2.75
12.5
-36

SEecific conductances <umhos/cm @ 25°C)
-2
2601
2601
31 2414
2720
2511
3062
2558
Total Organic Carbon (mg/l )
-2
---- 0.88 ---31

3.00 ----

1.45
1.55
1.40
2.20
12.5
-32

0.13 ---1.40
1.30
1.50
1.60
1. 35
1.35
1. 70
3.30
5.0
16.5
-32
136

1.60
1. 70
1. 35
1. 70
11.0
-15

437
69.0

890 ---690 ---456
482
70.5
76.5

----1400 ------- 564 ---583
450
488
85.0
75.5
76.5

64

---- 11.7 ----
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190

0.13 ---1.60
2.10
1. 65
1.40
1.50
1.35
2.70
1.30
8.2
1.55
-20
-42

0.001
204

----20
7

120

7

---- 1.02 ----

