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GENERAL ABSTRACT

Arcellaceans (Thecamoebians) were studied from sediment-water interface
samples from James Lake in northeastern Ontario to test them as possible proxies for
chemical pollution. The southwestern part of the lake has been impacted by dumping of
waste rock from a pyrite mine which existed close to its shore. High levels of Fe, Al and
SO;. and low pH (2.0-5.5) were recorded in this part of the lake. Lake configuration and
current direction from north to south result in the contaminated area being restricted to
the southern part of the lake, and almost neutral pH and low metal levels were recorded
elsewhere. Arcellacean faunas indicate that Arcella vulgaris is able to thrive in highly
acidic environments (pH range between 2.0 - 5.5). The absence of arcellaceans indicative
of contaminated substrates in higher pH lakes, such as Centropyxids and Difflugia
protaeiformis strains, suggests that pH is the dominant control on the distribution of
Arcella vulgaris dominated assemblage. Arcellacean analysis from a shallow core at the
contaminated site indicates that contamination and acidification (pH values <3.5) in
southwestern part of James Lake have existed for at least 1300 years, thereby predating
mining activity. Six assemblages representative of distinct Arcellacean habitats were
recognized using Q-mode cluster analysis. R-mode cluster analysis of these distributional
data indicates that Arcellacean strains from within the same species are useful for
discriminating environments.

Benthic foraminifera were studied from the core sediments of anoxic Saanich Inlet
to use them as possible proxies for paleoclimatic and paleoceanographic changes during
the past ~15 k yr BP. Two long ODP (Leg 169S) cores in holes 1033B (105 m thick) and
1034B (118 m thick) from Saanich Inlet were studied. Sediments of this fjord on the
southern part of Vancouver Island consist of varved clays interbedded with slightly
coarser massive layers. The fauna is impoverished; only 235 species of benthic
foraminifera were identified and few (average of 25-30) specimens occurred in most of the
samples. The foraminifers in these deep water sediments are predominantly shallow
water. benthic, calcareous forms. Massive layers contained statistically higher numbers
and greater diversity of benthic foraminifera than varves. A high proportion (>50%) of
the fauna was found to be broken/damaged, and the presence of arcellaceans along with
high proportion of broken/damaged foraminiferal specimens in massive layers supports
the hypothesis that they were transported from shallow well oxygenated parts of the
inlet and deposited on the anoxic bottom of Saanich Inlet during seismically-induced
subaqueous debris flows. Intact benthic foraminifera within the varves are autochthonous,
capable of withstanding dysoxic/anoxic conditions, and broken specimens are usually of
allochthonous origin, being transported to the deeper anoxic parts of the inlet during
spring freshet along with mineral-rich silt. Based on these results the maximum
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periodicity of slumps generated by small to medium sized earthquakes (minimum M
>4.5) averages to be every 170 years at narrower and steeper Site 1033, and larger
earthquakes are estimated to occur every 280 years at wider and less steep Site1034. The
higher recurrence rate at Site 1033 is because of relatively steep walls in the narrow part
of the inlet which are less stable than the other areas of Saanich Inlet.

Q-mode cluster analysis of the foraminiferal data was used to define the five
distinct biofacies. They are: Stainforthia feyling-Buccella frigida biofacies, Buccella
Jrigida-Lobatula fletcheri biofacies, Nonionella stella-Stainforthia feylingi biofacies,
Islandiella helenae-Spirosigmoilina tenuis biofacies, and Siphonaperia stalkeri-
Cribroelphidium excavatum biofacies. The distribution of these biofacies is controlied
primarily by the process of late Pleistocene deglaciation and associated sea-level changes
and the development of anoxic conditions during the early Holocene in Saanich Inlet.
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ORIGINAL CONTRIBUTION

Tourism is one of the main economic activities of Temagami - Cobalt region of
northeastern Ontario. The lakes of the region are a prime attraction for people who either
live there or visit. Silver and pyrite mines have dumped their tailings and waste rocks in
the lakes in the past causing chemical pollution. There has been a growing concemn in the
region about this problem. I studied arcellaceans from James Lake as this lake is
chemically polluted only in the southwestem portion, whereas rest of the lake is normal
to near normal. This project was initiated with help of Drs. R. T. Patterson and F. A.
Michel. Students of the Cobalt Field Camp helped me in collection of samples in the
summer of 1996 and 1997. All the work of processing the sediments, counting, analyzing
and studying was done by me. The chemical analysis of the selected samples were done
by ARECO Canada in Nepean, Ontario.

Arcellaceans are known as good bio-environmental indicators. Patterson et al.
(1996) demonstrated a relationship between Arcellacean distribution and mercury and
arsenic contamination in lakes polluted by silver mine tailings. Asioli et al. (1996) and
Reinhardt et al. (1998) further showed that Arcellacean species and their infrasubspecific
ecophenotypic populations termed as "strains" are also useful indicators of chemical
pollution in lakes caused by industrial and mining activities. My James Lake study
demonstrates the use of both Arcellacean species and "strains" as proxies for varyving

degrees of lake bottom acidity, chemical pollution and remediation. I have also shown that



arcellaceans can be successfully used for long term environmental stresses in lakes caused
by natural processes.

Two Sites, 1033 and 1034, were cored in Saanich Inlet, in southern Vancouver
Island, B.C. in 1996 by the Ocean Drilling Program (ODP). This inlet is an anoxic basin
and has a complete record of late Pleistocene-Holocene sediments. I studied benthic
foraminifera from these core samples. The core samples were processed at Pacific
Geoscience Centre, Sydney. B.C. and sand fractions along with sedimentological data
were sent to me for foraminiferal study by Mr. Kim Conway. My contribution to the
ODP project was to demonstrate the use of benthic foraminifera as proxy for
paleoclimatic and paleoceanographic changes in the southern part of Vancouver Island
over the past ~15,000 vears.

Paleoseismicity studies mainly depend on the stratigraphic, sedimentological,
sedimentary structures and microfossil (pollen and diatom) evidences. Saanich Inlet
sediments provided a unique opportunity to study benthic foraminifera from seasonally
deposited varved sediments and associated massive sediments generated by subaqueous
sediment flows. By demonstrating that massive sediments were generated by seismic
activity, I was able to calculate the frequency and magnitude of earthquakes in southern
Vancouver Island for the past 7.645 vears. I have shown that massive sediments have
higher numerical abundance and higher species diversity of benthic foraminifera than

varves. Massive sediments contain shallow water benthic foraminifera, a large proportion



of which are either broken or damaged indicating their allogenic origin and transport from

shallower regions of the inlet into the deeper parts.
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INTRODUCTION
METHOD OF PRESENTATION

This dissertation is presented in the form of five scientific journal articles. Since
this research belongs to the realm of “Environmental Micropaleontology™, the role of
micropaleontological research in dealing with environmental problems is discussed in a
general introduction. Papers 1, 2 and 3 deal with Arcellaceans (Thecamoebians) as proxies
for detecting and monitoring chemical pollution due to mining activities in the lakes. These
three papers demonstrate the use of micropaleontology in addressing the anthropogenic
environmental problems. Paper 4 shows how benthic foraminiferal analysis in association
with sedimentological data can be successfully used to detect the frequency and
magnitude of paleoseismic records of the past over seven thousand years. Finally, paper 5
deals with foraminiferal use as proxies for paleoclimatic and paleoceanographic changes in

Saanich Inlet over the past ~15 k yr.

ENVIRONMENTAL MICROPALEONTOLOGY - using microfossils as
environmental proxies

Right from the origin of planet Earth, its environment has constantly been
changing as a result of complex interaction among the physical, chemical and biological
parameters that act upon the Earth’s surface and its interior. Global warming, sea-level
changes and chemical pollution of atmosphere and hydrosphere are important
environmental problems that affect the entire global human population. These are actually

naturally occurring environmental phenomena, but there is a growing concem that



anthropogenic activities such as burning of fossil fuels, deforestation and unchecked and
ongoing industrialization, all in the name of “social and economic growth™ is likely to be
enhancing such environmental problems. It is necessary to study and understand such
problems in terms of their genesis, processes and possible consequences to the living
world. particularly to human beings. Thus there is a need for proxy indicators for a
variety of environmental problems.

A wide variety of biological proxies have been used to detect and monitor various
types of environmental problems in aquatic environments (Loeb and Spacie, 1994). To
detect and monitor the mining related chemical pollution in various aquatic environments
in Canada, Canada Centre for Mineral and Energy Technology (CANMET) launched
“Aquatic Effects Technology Evaluation (AETE) Program”™. The AETE reports contain
valuable information on using biological proxies for water and sediment monitoring,
toxicity testing and field monitoring studies (CANMET reports, 1997). Scott et al. (ms.)
have discussed in detail the utility of benthic foraminifers and thecamoebians in detecting
and monitoring a wide variety of aquatic (both marine and terrestrial) environmental
stresses caused naturally and anthropogenically.

The advantages of using benthic foraminifera and thecamoebians as environmental
proxies are (1) that they have high species diversity and widespread geographic
distribution, (2) one requires only a limited size of sample to be statistically significant,
and (3) they both leave a fossil record which allows reconstruction of the history of a
stressed site in the absence of original baseline data, thus enabling the historical

reconstruction (Scott et al. ms.). Both these groups of related organisms are good

N
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ecosystem indicators because they occur abundantly as diverse populations and are
durable as fossils. They are easy to collect and process and cost effective to study. Their
combination allows us to characterize and monitor all modern and ancient aquatic
environments (Scott et al. ms.)

The literature about the use of microfossils as environmental proxies is limited.
During the past decade this subject has constantly grown due to environmental concern
and urgent need to study environmental problems. Foraminifers and thecamoebians are
very susceptible to change under environmental stress. Depending on the environmental
stress, they undergo morphological modifications (Boltovskoy et al. 1991; Reinhardt et al.
1998: Yanko et al. 1998). This dissertation demonstrates their utility as proxies for
natural and anthropogenic environmental change. It is now well documented that
arcellaceans are sensitive to environmental fluctuations, and are good bio-environmental
indicators. Patterson et al. (1996) and Reinhardt et a!. (1998) demonstrated a link between
arcellacean distribution and mercury and arsenic contamination in small lakes polluted by
mine tailings in northeastern Ontario, and have demonstrated that both arcellacean species
and their infrasubspecific, ecophenotypic populations termed “strains™ are also useful in
identifying various chemically polluted and remediated environments in the lakes. Asioli
et al. (1996) found several arcellacean “morphs™ (= “strains™) to be useful indicators of

low oxygen environments rich in organics and sulfites, and in lakes of northern Italy.



THE PROTISTS

The protists are motile, unicellular organisms with varied body plans. Both
Arcellaceans (Thecamoebians) and Foraminifers are "animal” protists and commonly
referred to as testate rhizopods. They both belong to the Kingdom Protista; Phylum
Sarcodina: and Class Rhizopoda (Loeblich and Tappan, 1964 a; Brasier, 1980).
Foraminifers belong to the Order Foraminiferida Eichwald 1830 and Arcellaceans belong
to the Order Arcellinida, Kent 1880. The term “Thecamoebians™, and “Testacea™ are also
used by micropaleontologists for species belonging to the Order Arcellacea, Kent 1988,
the Order Gromida, Claparede and Lachman 1859 and few species of the Suborder
Allogromiina, Loeblich and Tappan 1961 of the Order Foraminiferida, Eichwald 1830
(Loeblich and Tappan, 1964 a). A more recent classification for foraminifers is provided
by Culver (1993) as follows;
Kingdom Protista
Subkingdom Protozoa
Phylum Sarcomastigophora Honigberg and Balamuth, 1963
Subphylum Sarcodina Schmarda, 1871
Superclass Rhizopoda von Siebold, 1845

Class Granuloreticulosa De Saedeleer, 1934

A - Arcellaceans (Thecamoebians)
“Thecamoebians” are an artificial polyphyletic group of Protozoans. They are also

commonly referred to as arcellaceans, agglutinated rhizopods, or testate amoebae, and are
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characterized by the presence of pseudopods of variable nature, an amoeboid sarcodine
cell and = very simple sac-like or cap-like test. The test of thecamoebians can be secreted
by the organisms themselves (autogenous tests), either proteinaceous, siliceous. or rarely
calcareous. Many of them build their tests by agglutinating foreign particles (xenosomes)
in autogenous cement (Xxenogenous tests). This type is common in the fossil record during
late Quaternary or possibly in Carboniferous. The nature of xenosomes is entirely
controlled by the composition of the substrate, and may consist of silt grains and/or
diatom frustules (Medioli et al. 1990). Arcellaceans, the most commonly fossilized type
of thecamoebians, are a benthic microfaunal group that occur worldwide in bodies of fresh
to brackish water. They have a long, albeit scanty, fossil record which goes back to
Carboniferous Period (Vasicek and Ruzicka, 1957; Thibaudeau and Medioli,1986; and
Thibaudeau et al., 1987). Their fossil record is mainly from lake or peat deposits. Their
small size (60-300 um) and high abundances mean that statistically significant
populations are present even in small samples. They are very useful for paleolimnological
studies, because they are among the few benthic organisms that are preserved in
freshwater sedimentary environments, mollusks and ostracodes, for instance, are subject
to dissolution in the low pH conditions typical of lake environments (Medioli and Scott,
1988).

Thecamoebians reproduce asexually. The fact that they are uniparental organisms
has led to serious taxonomic problems with the group (Medioli and Scott, 1983; Medioli
et al. 1987). Thecamoebians are usually grouped into specific units on the basis of test

morphology. Environmentally controlled thecamoebian morphotypes (strains) occur



abundantly in nature, and most of the work so far has focused on creating new species of
local interest. The nomenclatural confusion has led to two extreme taxonomic approaches:
(a) that all thecamoebians belong to the same species (Wallich, 1864) or, (b) that every
morphotype that occurs more than a few times represents a genuine species (Ogden and
Hedley. 1980). This second approach to arcellacean taxonomy progressed to such a
degree that Medioli et al. (1990) stated that the vast majority of species used in the
literature are oversplit and thus useless for paleoecological purposes. Medioli and Scott
(1983) proposed that arcellacean species be considered as a widely variable group that
collectively, for any given wild population, accommodate 75% or more of the entire
population. Although this concept is subjective, this approach does make allowance for a
substantial amount of observed morphological instability. Asioli et al. (1996) and
Reinhardt et al. (1998) have defined several environmentally useful "strains" within
species. This infrasubspecific level classification is quite useful in delineating large
populations of arcellaceans into ecophenotypes without describing more new species.

Thecamoebians are continental benthic organisms and occur in most areas where
sufficient moisture is found (e.g. soils, mires, peat bogs, ponds and lakes etc.; Medioli et
al., 1990). Most lacustrine thecamoebian species prefer oligotrophic and acidic waters,
and are found in reduced numbsers in eutrophic lakes. Ecological factors controlling the
distribution pattern of arcellaceans include dissolved oxygen content, dystrophy-grade of
the lake (C/N ratio in sediment which depends upon the existence of humic compounds),
the grain size of sediment, and the existence of Sphagnum carpet around the lake

(Tolonen, 1986).



Paleoecological studies using arcellaceans to address paleohydrological changes in
peat lands and lakes, lake level changes and paleoclimatological changes have been done
(Haman, 1982; Scott and Medioli, 1983; Patterson et al. 1985; Tolonen. 1986; Honig and
Scott, 1987; Medioli and Scott, 1988, Collins et al. 1990, and McCarthy et al.1995).
Thecamoebians are also known from brackish water marginal marine environments (Todd
and Bronnimann,1957 and Hayward et al. 1996).

Changes in thecamoebian faunas provide strong evidence of environmental changes
in the modern peat lands, and have been successfully used in similar studies of
Quaternary peats (Warner, 1990; Warner and Charman, 1994; and Warner and Bunting,

1996).

B - Foraminifers

Foraminifers are very significant group of fossils, studied by a large number of
micropaleontologists for a wide variety of geological, biological and environmental
problems. General background information about this group of microfossils is provided
by Tappan and Loeblich (1969), Tappan (1971), Haq and Boersma (1978) Brasier (1980)
and Culver (1993). The following introductory remarks on foraminifers are mostly from
Culver (1993).

Foraminifers include both planktic and benthic species. They are quite ubiquitous
and inhabit brackish/marine environments ranging from the intertidal zone to deep ocean
floor and from the polar regions to the tropics. They have a variety of test composition

and very high morphological diversity. They occur throughout the Phanerozoic, and major



taxonomic diversification occurred in the Devonian and in the Triassic to early Jurassic
which resulted in evolutionary innovations in test construction and morphology (Culver,
1993).

Foraminiferal skeletons or tests are built of chambers, which are cavities
containing the cytoplasm with a surrounding firm wall. Adjacent chambers are separated
by septa but a connection is maintained by a hole, or foramen. for which the Order
Foraminiferida is named. The opening on the last chamber, through which pseudopodia
extrude, is termed the aperture (Culver, 1993). Tests may be single or multichambered.
Multichambered forms exhibit sutures, the external line of junction between adjacent
chambers that may be arranged in a variety of ways. When later chambers envelope earlier
ones the test is called involute, and when earlier chambers are visible the test is termed
evolute. The test may coil in a single plane (planispiral) or in a spire (trochospiral), and
each coil of the test is called a whorl (Culver, 1993).

Three basic wall compositions have been recognized in the foraminifera: organic
(membranous or tectinous), agglutinated or arenaceous (foreign particles held together by
various cements), and secreted calcium carbonate or silica. In agglutinated and secreted
tests an organic membrane forms the foundation for the overlying skeletal material
(Culver, 1993). The agglutinated foraminifera are the most primitive and can live where no
carbonate is available; for example, in areas where lower salinity or colder water make the
precipitation of carbonate difficult or impossible. Generally, as salinity and temperature
rises, agglutinated species are replaced by forms secreting a CaCOj test (Greiner, 1970),

unless the pH is lowered by either low oxygen or high organic carbon (or both in



combination). These conditions are often present in polluted environments (Schafer,
1973; Schafer et al. 1975; Vilks et al. 1975; Scott et al. ms.).

The tests of many species of foraminifera are dimorphic, which involves
differences in size or morphology. and it is the result of alternation of sexual and asexual
generations. Foraminifera are different from most other Protozoans in having an asexually
produced uninucleate haploid generation (gamont) alternating with sexually produced
multinucieate diploid generation (agamont or schizont). In some taxa simple fission or
budding may also occur. Asexually formed specimens generally have more protoplasm
initially and form a larger proloculus, hence they are termed megalospheric. Specimens
developing from gametes have less initial protoplasm and form a smaller proloculus: hence
they are termed microspheric (Culver, 1993).

Foraminiferal classification and evolution is a subject of constant change due to the
availability of new morphological, biological and paleontological information (Loeblich
and Tappan, 1964 b.1974,1982). The most comprehensive classification of foraminifera
to date was proposed by Loeblich and Tappan (1988).

Benthic foraminifera have been especially useful in paleoenvironmental,
paleoceanographic and paleoclimatic studies. Trends in species diversity, planktic:benthic
ratios, shell type ratios, and foraminiferal morphology are useful for paleoenvironmental
assessment. The inference of paleodepth and any other paleoecological parameter based
on the known depth distribution of modern foraminiferal taxa is termed the taxonomic
approach. Generally species diversity increases offshore from the shoreline to the

continental slope where it may stay or decline, and planktic:benthic ratios also exhibit a
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similar trend. Foraminifera have been extensively used in oil industry for biostratigraphic
zonation and correlation (Culver, 1993).

The comparatively high species diversity of benthic foraminifera and
thecamoebians renders local assemblages responsive to a broad range of environmental
change (Scott et al. ms). Foraminifera are often the last group of organisms to disappear
completely at sites that are being heavily impacted by industrial contamination. They also
occur in transition zones that do not appear to be utilized efficiently by other kinds of
marine organisms (Schafer, 1973; Scott et al. ms.). Several groups of microfossils,
especially benthic foraminifera. have been used as indicators of both anthropogenic
chemical pollution in marine environments (Alve, 1991, 1995; Alve and Olsgard, 1997;
Bonetti et al. 1997; Cocciono et al. 1997; Schafer et al. 1991, 1995; Yanko,1997: Yanko et
al.1998) and also naturally stressed marine environments (Kennett et al. 1997; Murray,

1997; Murray and Alve, 1997).
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CHAPTER 1. Use of Arcellacea (Thecamoebians) to Gauge Levels of

Contamination and Remediation in Industrially Polluted Lakes

ABSTRACT

Arcellaceans are microscopic testate rhizopods found in a large number of
freshwater and brackish environments. Their agglutinated shells, cemented in an
organic matrix, are almost impervious to dissolution. Arcellaceans are ideal for
statistical analysis because they are very abundant in Recent and late Quaternary
sediments (several hundred per cc). Recent research in lakes contaminated by mine
tailings in northeastern Ontario, Canada has indicated that they are sensitive
indicators of a number of anthropogenic environmental factors including pH and
heavy metal contamination. In particular, their asexual reproductive mode results in
the production of environmentally influenced 'strains' that are particularly useful in
identifying distinctive chemically polluted and remediated benthic environments in
lakes. Arcellaceans have a simple morphology, making them relatively easy to
identify with few taxonomic confusions. They occur in materials that are simple to
prepare for examination, making them cost effective indicators of both long and

short-term environmental change in lacustrine environments.



20

INTRODUCTION

Arcellaceans (thecamoebians) are freshwater microscopic protozoans.
similar to amoebae, that form agglutinated tests, or shells. Occasionally they also
occur in brackish water (< 5 %o) environments (Todd and Brénniman, 1957; Haman,
1982; Hayward et al. 1996). Arcellacean distributional studies have been carried out
over the past 150 years mainly in lakes from Europe and North America (see
references in Ogden and Hedley, 1980; Tolonen, 1986). These studies were mainly of
a reconnaissance nature, primarily concerned with determining the ranges of various
species (see references in Medioli and Scott, 1983, 1988, and a complete
thecamoebian bibliography at
http://meguma.earthsciences.dal.ca/~fmedioli/intro.html).

During the past 15 vears arcellacean research has shifted to concentrate
more on their potential use as paleoenvironmental indicators. Their high abundance,
often several hundred per cc, and excellent preservation potential in lacustrine
sediments have made them useful in the reconstruction of late Quaternary-Holocene
paleoenvironments (Scott and Medioli, 1983; Patterson et al., 1985; Medioli and
Scott, 1988; McCarthy et al., 1995; Ellison, 1995). Arcellaceans have a generation
time of only a few days. They also develop distinct morphologies in response to
environmental stress. These traits have made them excellent indicators of various
natural, chemically polluted and rehabilitated subenvironments within lakes affected

by industrial and mining pollution (Asioli et al., 1996; Patterson et al., 1996; Kumar



and Patterson, 1997; Reinhardt et al., 1998).

TAXONOMY AND BIOLOGY

"Thecamoebians" are an artificial polyphyletic group of protozoans that
includes the Order Arcellinida Kent 1880, Subclass Filosa Leidy 1879 and Order
Gromida Claparede and Lachmann 1859 (Loeblich and Tappan, 1964).
Thecamoebians are commonly referred to in the literature as agglutinated rhizopods
or testate amoebae. The presence of pseudopodia of variable nature, an amoeboid
sarcodine cell, and a very simple sac-like or cap-like test characterize them. Only a
small portion of the order Arcellinida, the arcellaceans, are common in the fossil
record with the majority of thecamoebians being of little paleolimnological interest
(Medioli and Scott. 1983; Plate 1).

The test of thecamoebians can be secreted by the organisms themselves
(autogenous tests), either proteinaceous, siliceous, or rarely calcareous. Most of the
arcellacean subgroup build their tests by agglutinating foreign particles (xenosomes)
in autogenous cement to form xenogenous tests. The cement in these tests is usually
composed of mucopolysaccharide, highly resistant to most biological and chemical
destructive agents. This test type is common in the fossil record. The nature of
xenosomes is entirely controlled by the composition of the substrate, and may consist
of silt grains and/or diatom frustules (Medioli et al., 1990). They have a long, albeit
scanty, fossil record which goes back to the Carboniferous Period (Vasicek and

Ruzicka, 1957; Thibaudeau and Medioli, 1986; Thibaudeau et al.. 1987; Wightman et
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al. 1994). Their fossil record is mainly from lakes (Medioli and Scott, 1988) or peat
deposits (Wamner, 1990; Warner and Charman, 1994; Wamer and Bunting, 1996).
Their small size (60-300 um, few species are smaller than 60 um) and high
abundance make it simple to collect statistically significant populations, even from
small samples.

Arcellaceans generally reproduce asexually, producing clonal offspring.
However, sexuality is rare but not totally absent (Valkanov, 1962a.b, 1966; Mignot
and Raikov, 1992). This reproductive strategy has led to serious taxonomic problems
within the group. They have usually been grouped into specific units on the basis of
test morphology (Medioli and Scott, 1983; Medioli et al., 1987), despite the fact that
distinct environmentally controlled arcellacean morphotypes, or strains occur
abundantly in nature. Most systematic work has thus focused on creating new
'species’ of local interest. The resultant nomenclatural confusion has led to two
extreme taxonomic approaches; (a) that all arcellaceans belong to the same species
(Wallich, 1864) or, (b) that everv morphotype that occurs more than a few times
represents a genuine species (see discussion in Medioli and Scott, 1983; Medioli et
al. 1987; Ogden and Hedley, 1980). Medioli et al. (1990) stated that this second
approach to arcellacean taxonomy has progressed to such a degree that the vast
majority of species used in the literature are so over-split that they have become
useless for paleoecological purposes. As a possible solution for the taxonomic
difficulties with the group Medioli and Scott (1983) proposed that arcellacean species

be considered as a widely variable groups that collectively, for any given wild



population, accommodate 75% or more of the entire population. Although {Ius
species concept is subjective, it does make allowance for a substantial amount of
observed morphological instability and does not preclude the identification of
informally designated paleoenvironmentally useful infrasubspecific strains (Asioli et
al. 1996; Reinhardt et al., 1998). This infrasubspecific level classification is quite
useful for delineating large populations of arcellaceans into ecophenotypes without

describing new species (Plate 1).

PALEOECOLOGICAL UTILITY

Arcellaceans occur in most areas where sufficient moisture is found (e.g.
soils, mires, peat bogs, freshwater to brackish ponds and lakes etc.). Most of the
lacustrine taxa prefer oligotrophic lakes with mildly acidic water, and are found in
reduced numbers in eutrophic lakes (Medioli et al., 1 990). Ecological factors
controlling the distribution pattern of arcellaceans include dissolved oxygen content.
dystrophy-grade of the lake (C/N ratio in sediment which depends upon the existence
of humus compounds), pH, the grain size of sediment, and the existence of
Sphagnum carpet around the lake (Ellison, 1995; Tolonen, 1986).

A number of studies have used arcellaceans to identify paleoenvironmental
parameters (e.g. paleohydrological changes within lakes, lake level changes,
paleoclimatological changes) in late Quaternary to Recent sediments (Haman, 1982;
Scott and Medioli, 1983; Patterson et al., 1985; Tolonen, 1986; Honig and Scott,

1987; Medioli and Scott, 1983, 1988; Medioli et al., 1985, 1987, and 1990, Collins et
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al., 1990, McCarthy et al.1995; and Ellison, 1995; Asioli et al., 1996). Changes in
arcellacean faunas also provide strong evidence of environmental changes in modern
and late Quaternary peat deposits (Warner, 1990; Wamer and Charman, 1994; and
Warner and Bunting, 1996).

Arcellaceans are among the few benthic organisms that preserve well even
in low pH freshwater sedimentary environments. Shells of other benthic organisms,
like mollusks and ostracodes, dissolve in the low pH conditions typical of lake
environments after the organisms die (Medioli and Scott, 1988). Other taxa
commonly found in samples with arcellaceans, such as pollen grains and diatoms, are

not indicative of the lake bottom environment.

ANALYTICAL METHODS
Collection and Preparation

A major advantage of working with arcellaceans lies with the very simple
and inexpensive sampling and processing methodology. Methodologies for
processing arcellaceans are described in detail in Medioli and Scott (1988), Medioli
et al. (1990) and McCarthy et al. (1995). Our processing methods, described below,
are similar but simpler (Patterson et al. 1996; Reinhardt et al., 1998).

A small boat provides an adequate sample collection platform in smali lakes
and ponds. We usually use an Eckman box corer but any similar sampling device is
suitable. We also find that an inexpensive commercial sonar device (fish finder)

equipped with bottom hardness indicator is helpful in determining appropriate



sample sites. Not only do these sonars measure water depth but with practice they
can be used to distinguish rocky, muddy, or sandy substrates. Only muddy sites are
sampled. Winnowed sandy substrates may have small allochthonous arcellacean
communities and rocky substrates are normally barren. At each sampling station we
also measure a variety of physical parameters (e.g. water depth, sedimentology, pH,
water temperature, OXygen concentration, etc.) to assist us in interpreting our results.
We also usually determine the geographic location of each sampling station using a
Global Positioning System (GPS) unit. In very small lakes siting on nearby
landmarks may provide sufficient positioning accuracy.

For distributional studies the upper 2-3 mm of sediment (arcellaceans live at
the sediment-water interface (Medioli and Scott, 1988; Medioli et al. 1990) from
each Eckman grab are removed to obtain a 1cc subsample for micropéleontological
analysis. To avoid decay, all samples are treated with isopropyl alcohol and
refrigerated immediately after collection. The samples are sieved through a 1000 pm
screen to remove coarse organics, then through a 55 um screen to retain arcellaceans
and remove silts and clays. .

We usually do not use biological stains (e.g. Rose Bengal) to detect living
protoplasm. Due to the rapid generation time for these arcellaceans, their total
populations provide a better estimate of seasonal standing crop than living
populations (Scott and Medioli, 1980a).

Due to the generally large arcellacean populations in most samples, these

organisms lend themselves particularly well to statistical analysis (see Fishbein and



Patterson, 1993 for recommended strategies). All micropaleontological samples are
subdivided into aliquots for quantitative analysis using a wet splitter (as described by
Scott and Hermelin, 1993). The subsamples may either be examined wet or drv
depending on their organic content. Wet examination of organic-rich lacustrine
sediments is necessary because in dried samples the vegetable debris mats together,
making identification and quantitative analysis of arcellaceans nearly impossible.
Wet aliquots are then examined under a binocular microscope and a statistically
significant number of specimens are counted for each sample (see Patterson and

Fishbein, 1989 for details).

Geochemical Analysis

The surface area of most Eckman box samplers is sufficiently large that the
same grab can provide enough material for geochemical as well as
micropaleontological analysis. We recommend analyzing sediment pore water rather
than obtaining a bulk geochemical analysis. This is because the chemical makeup of
compounds and elements found in porewater is in forms that can be generally
directly ingested or absorbed by most organisms, including arcellaceans (Luoma.
1983; Campbell, 1995). The compounds and elements of the clays, silts and other
solids as recorded by a bulk geochemical analysis are in forms not generally
available to organisms and may suggest erroneous correlation. We recommend that
samples be analyzed using the Environmental Protection Agency’'s method 3051:

microwave digestion for inductively coupled plasma atomic emission spectroscopy



(ICP) analysis (United States Environmental Protection Agency, 1990). Additional
analyses may also be carried out to measure arsenic and selenium levels using
Graphite furnace atomic absorption spectroscopy (GFAAS). Cold vapor atomic
absorption is used to analyze mercury levels in the samples as other metals in the I[CP
analysis obscure the characteristic wavelength of this element. All of these
methodologies are readily available through most commercial environmental analysis

firms.

CASE STUDIES

Human settlement and tourism have exerted environmental stress on
lacustrine ecosystems worldwide by causing eutrophication and acidification of lake
waters and their bottom sediments. Severe environmental damage has also been
caused to lakes by dumping of industrial pollutants and mine tailings. We will
discuss application of arceliacean micropaleontological analysis in three industrially
polluted lakes in northeastern Ontario, Canada (Fig. 1 A). Two of these, Peterson and
Crosswise lakes, are situated in the Cobalt region of northern Ontario. The third,
James Lake lies near the town of Temagami, Ontario. The results of these studies
demonstrate the potential use of arcellaceans as cost effective tools in monitoring the

effects of, and rate of remediation in industrially polluted lakes.

Cobalt Area, Northeastern Ontario.



Silver was discovered at Mile 103 of the Northern Ontario Railroad during
the summer of 1903 and by 1911 silver production at Cobalt Camp exceeded
30,000,000 oz. (850,000,000 g)/yr. In eight years the boomtown of Cobalt had risen
out of the forest to become the worlds largest silver producer. Silver production, and
the town's fortunes. began to tail off by the 1930's and by 1993 there were no active
silver mines in the area (Murphy, 1977; Barnes, 1986; Dumaresq, 1993). An
unfortunate legacy of the mining boom is the high level of environmental
contamination of many area lakes and streams. These contaminants, primarily arsenic
and mercury with significant amounts of nickel, cobalt, and cyanide, pose a
significant health risk for the 10,000 peopie still in the area.

During mining operations waste rock and fine mill tailings were dumped in
the most convenient low lying areas, usually lakes (Murphy, 1977; Barnes, 1986;
Dumaresq, 1993). The silver in the ores was associated with arsenic minerals, most
of which went into the tailings, and ultimately into area lakes. Huge quantities of
mercury and cyanide were used in the ore milling process. These dangerous

contaminants found their way into the tailings and lakes as well (Dumaresq, 1993).

Major Contaminants in the Cobalt Area

The ores in the Cobalt area contain arsenic as sulfide, sulfarsenide, and
arsenide minerals. In aerobic waters, arsenate is the most common arsenic bearing
solute, whereas under anaerobic conditions arsenite is common. Arsenic does not go

readily into solution in the pore waters of lake sediments because it is adsorbed onto



iron and manganese oxyhydroxides (Cullen and Reimer, 1989). Due to its complex
chemistry, arsenic transformations are common, resulting from changes in pH, Eh.
temperature, and biological activity. Lower forms of aquatic animal life and bottom
tfeeding fish tend to accumulate greatest amounts of arsenic. Arcellaceans, which are
benthic organisms near the bottom of the food chain, are thus excellent indicators of
arsenic contamination.

Mercury occurs in solid solution with native gold and silver (Berrv et al.
1983) and with several sulfide minerals, particularly tetrahedrites (NRCC, 1978).
Since mercury was used as an amalgam in the recovery of gold and silver, it is a very
common metal in the mine tailings. Both mercury and methylmercury are available
for organisms to take up and thus bioconcentration occurs, but bacterially mediated
methylation is the most important bioconcentration process. The rate of methylation
is pH dependent, with rates in lake water at pH 4.5 being seven times faster than at
pH 8.5 (DTtri, 1991). Once formed, methylmercury is readily absorbed by organisms
and its excretion is very slow (biological half-life of mercury in fish is two vears;
D'Itri, 1991; CCREM, 1987). In natural aerobic waters, elemental mercury is
eventually oxidized and removed from the water column by sorption onto suspended
and bottom sediments (CCREM, 1987). Nonetheless, mercury has been shown to be
bioconcentrated in ecosystems, and higher trophic consumers contain higher mercury
concentrations than organisms lower in the food chain (Cuthbert, 1992). Therefore

arcellaceans may not be very sensitive indicators of mercury contaminations.



Peterson Lake

Peterson Lake (Figure 1B) is subdivided into an eastern and a western basin

by a man-made dam. The larger western basin of Peterson Lake (2.3 km2) has a
thermocline at about 8 m depth and has three distinct bathymetric areas: 1) a shallow

weed-filled southern end, 2) a small shallow bay near the dam, and. 3) a deep basin

in the middle. The smaller eastern basin (0.8 kmz) has a flat bottom, the result of
nearly 400,000 tons of tailings deposited from the nearby Nova Scotia Mill between
1910 and 1918. Additional tailings entered the lake when a tailings dam adjacent to
the Nova Scotia Mill site broke. In 1965, the eastern basin was drained and nearly
55,000 tons of tailings were removed. In the nearshore area these tailings were
dredged to a depth of 9.0 m. Tailings continue to migrate into the eastern basin from
leaks in containment dams adjacent to the Nova Scotia Mill site (Dumaresq. 1993;
Wallis, 1993; Patterson et al., 1996, 1997).

The pH is slightly alkaline, ranging between 7 and 8. Arsenic levels
measured from the substrate in the eastern basin range up to 8300 ppm and mercury
levels reach 4.89 ppm, both well above acceptable levels (CCREM, 1987; Dumaresq,

1993; Patterson et al., 1996, 1997; Reinhardt et al., 1998).

Crosswise Lake

Crosswise Lake (Figure 1C) has an elongate shape in a north-south direction

with an area of approximately 3.2 km2 (Patterson et al., 1996). Fine tailings from
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five different mines were dumped into the northern portion of this lake from 1905 to
1970. This dumping shortened the lake by about 300 m and reduced its depth from
about 14 m to 7 m. The shallowing of the lake has produced a very flat bottom and
destroyed the thermocline, in strong contrast to Peterson Lake. As in Peterson Lake
the pH ranges between 7 and 8. and oxygen solubility is 11.0 ppm at the surface and
8.0 ppm at the bottom (Dumaresq, 1993; Patterson et al., 1996).

Previous studies identified mercury and arsenic as the major pollutants.
Concentrations for As and Hg range up to 7100 ppm and 5.7 ppm, respectively, in
the substrate. Arsenic values of up to 27.25 ppm were measured in the lake water
(Dumaresq, 1993; Patterson et al., 1996; Reinhardt et al., 1998). Unfortunately, no
Hg values for lake water were obtained. Pore water As and Hg concentrations from
the upper most layer of the bottom sediment, where most benthic biological activity
occurs, were also not obtained. However, unpublished measurements of heavy metal
concentrations in nearby James Lake indicate that as would be expected pore water
values are invariably much higher than in the water column. To put these levels of
contamination in perspective, natural freshwater As concentrations are typically less
than 2.0 ppm and the maximum acceptable concentration of As in drinking water and
for aquatic life is 50.0 ppb. Background concentrations of Hg in Canadian freshwater
sources are usually about 0.05 ppm. The maximum acceptable concentration of Hg in
drinking water is 1.0 ppm while the maximum acceptable concentration of Hg for

aquatic life is 0.1 ppm (CCREM, 1987).
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Arcellacean Assemblages in Crosswise and Peterson Lakes

Several distinct arcellacean assemblages are recognized in sediment
samples from these lakes, and correlate well with various distinct polluted and
remediated environments. The hallmark of the most polluted environments is a
dramatic reduction in diversity of arcellacean species or 'strains’, with one or two
clearly dominant species or strains. Arcellacean infrasubspecific strains sometimes
discriminate among environments better than species units (Patterson et al., 1996;
Reinhardt et al., 1998), and their use is recommended when studying lake
microenvironments, pollutants, and rates of lake remediation. For example, the most
highly contaminated substrate in these lakes, in the excavated trench in Peterson
Lake, is dominated by Difflugia protaeiformis "claviformis" (Fig 1B). This strain is
opportunistic and able to thrive in areas where high levels of pollutants (e.g. Hg, As,
Cd. Cr. Cu, Pb in these lakes) would preclude most species. This relationship has
also been observed in Italian lakes (Asioli et al., 1996). Other important indicators of
hostile conditions include the centropyxids, particularly the various strains of
Centropyxis aculeata (Fig 1B,C). Centropyxid species are capable of withstanding a
variety of hostile conditions better than most other arcellacean species. These
conditions include cold temperatures (Decloitre, 1956), low salinities (<5 %0;
Decloitre, 1953; Scott and Medioli, 1980b; Patterson et al., 1985 Honig and Scott,
1987). low nutrient levels, oligotrophic conditions (Schénborn, 1984), and sites
heavily contaminated by Hg and As (Patterson et al., 1996). Hostile conditions in

substrates dominated by centropyxids and Difflugia protaeiformis "claviformis" are



further indicated by the generally low diversity (Shannon Diversity Index values of <
0.5; defined in Fig. 2) and abundance (between 30 and 150 specimens/cc). These
faunas are dominated by only one or two taxa (species and/or strains) with most
species being rare. In contrast, healthy arcellacean faunas usually have Shannon
Diversity Index values > 2.5 and abundances of over 500 specimens/cc. As in most
stable climax communities, there is an equitable distribution of species in these
healthy environments with none overwhelmingly dominating the fauna. Various
strains of Difflugia oblonga typically characterize these assemblages.

In addition to providing easy recognition of contaminated areas of these
lakes arcellacean assemblages provide data on rates of substrate remediation
(Patterson et al., 1996; Reinhardt et al., 1998). The remediation of lakes
contaminated by heavy metals presents unique problems. Unlike organic pollutants,
such as polychlorinated biphenyl's (PCBs) and benzene compounds that can be
broken down, metal pollutants are commonly in, or quickly revert to, their natural
state (e.g. stable mineral form) without losing their toxicity. Thermodynamic
processes dictate that stable minerals will not break down naturally to other, less
toxic compounds. Possible solutions that have been suggested include the conversion
of toxic metals to harmless compounds so that they would not be bioavailable.
Bacterial processes can accomplish this by either reducing or oxidizing the
contaminants (S2-, CO;2, OH-) (Wildeman et al., 1994). Unfortunately, mine tailings
sites like those at Crosswise and Peterson lakes often contain such a large amount of

heavy metal pollutants that these processes are not practical and other remediation
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methods need to be explored.

In Crosswise and Peterson Lakes, we observed natural remediation taking
place as evidenced by the return of vegetation and "normal” arcellacean faunas in
parts of the lakes (Patterson, et al., 1996; Reinhardt et al., 1998). The return of
vegetation accelerates the rate of natural remediation by stabilizing cover material
that in effect "caps” the tailings. For this process to occur, the pH must be relatively
neutral (Forstner and Wittmann, 1981). As the lakes in the Cobalt area are alkaline,
this was not an issue, but in order to remediate acidic lakes, they must be made pH
neutral (e.g. by adding large quantities of lime).

An excavated trench in the eastern portion of Peterson Lake represents a
subenvironment that is devoid of vegetation and is the most heavily polluted site in
the lakes examined (Fig I B). Interestingly it was at this location that artificial
remediation was attempted. The dredging of about 55,000 tons of sediment in 1965
disturbed the tailings that had already settled, destabilizing the pollutants and
creating a subenvironment of pure tailings in contact with the lake. This procedure
was not attempted in Crosswise Lake or in the western portion of Peterson Lake. In
these areas the process of natural remediation is well underway and a vegetative layer
is forming, or has formed, creating a barrier between the tailings and the environment
(Fig 1 C). Remediation is progressing particularly well in Crosswise Lake. Despite
being floored by over 7 m of contaminated tailings, the natural capping process has
resulted in development of near normal arcellacean faunas in all areas except those

adjacent to mine and mill operations active up until 1970.



Successful lake remediation in these and similarly polluted lakes is thus
best achieved by leaving the tailings undisturbed to be buried naturally, or by
speeding the process by addition of an allochthonous sediment cap. In neutral pH
settings such as those found in the Cobalt area lakes, our results suggest that only a
thin cap (a few mm-thick) of natural sediment and vegetative cover is required to be
effective. As our arcellacean faunal analysis indicates, dredging of tailings only
serves to nullify any natural remedial effects that have already occurred. In addition,
when tailings are removed, a new location must be found for them, thus moving the

problem elsewhere rather than solving it.

James Lake, Temagami Area, Northeastern Ontario

James Lake is a narrow, mesotrophic, "C" shaped lake located along
highway 11 north of Temagami (Fig ID). The lake covers an area of 45.3 hectares,
and is elongated in a north-south direction. The lake is fed by an inlet stream at the
north end and drained by an outlet stream at the south end. A narrow region divides
the lake into larger north (80%) and smaller south (20%) basins. The southern basin
is shallow, reaching a maximum depth of only 4.0 m. The northern basin is deeper
with a maximum depth of 15.0 m (Figure ID). The lake is stratified in the northern
basin, with both oxygen levels and temperature dropping significantly below 5.0 m
depth. During summer, temperature and oxygen levels in the upper epilimnion are
25° C and 9.0 mg/l, respectively. Temperature and oxygen concentration drops to 10°

C and 2.0 mg/ 1 respectively in the lower hypolimnion.
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The Keewatin age volcanic rocks surrounding the lake are quite rich in
pyrite. Pyrite was discovered in lenses within soft green schists in 1903. The
Northland Pyrite Mine Co. was operational on the southwest shore of the lake from
February 1906. to March 1911, shipping more than 38,000 tons of pyrite to Cobalt. a
short distance to the north. Pyrite was used for making sulfuric acid to be used for the
milling of silver ore. Most waste rock (about 3,500 m3 containing 25% pyrite) from
this mine was dumped on the southwest lakeshore. Rainwater percolating through the
waste rock becomes acidified and has contributed to acidification of the adjacent lake
water and bottom sediments. The water flow leaches sulfates derived from the pyrite
and pyrrhotite minerals. In areas near the waste rock pile sulfate concentrations in the
sediment are extremely high, up to 7500 ug/g in places. The interaction between
these sulfate ions and hydrogen ions from water produces sulfuric acid. In addition,
localized bacterial reduction of some sulfate to H_S may contribute to development
of a toxic benthic environment for many aquatic invertebrates (Environment Canada,
1979). At the times of sampling there was a gradual change from a low of pH (2.0) in
some bottom sediments adjacent to the waste rock piles to almost neutral conditions
(pH 6.8) in more distant areas of the southern basin of the lake. The situation of the
outlet stream adjacent to the mine site and the overall north south flow of water in the
lake help maintain this gradient.

Several metals, most notably Fe and Al, are being leached out of the waste
rock. Sediment pore water iron levels vary from a low of 1.52 mg/l in the northem

basin to a high of 11,800 mg/l near the waste rock pile. Iron concentration in lake



water varies from 0.09 mg/1 in the northern basin to 2.4 mg/1 near the waste rock pile
(Gale, 1990). During freshet and particularly during spring turnover the pH of the
lake water rises to nearly neutral values throughout the lake (Gale, 1990). When the
acidic, metal-laden water near the waste dump mixes with the neutral water of the
rest of the lake the metal precipitates out as iron hydroxide (FeOH). All measured
pore water and lake water iron concentrations were found to be well in excess of the
maximum value (0.3 mg/l) set by provincial drinking water guideline (CCREM,
1987). Iron is so plentiful in the environment that very high levels often accumulate
in invertebrates. Since iron is an essential trace element, a certain amount of
bioconcentration can occur with little ill effect (Vymazal, 1984; Tessier et al., 1984).
The low drinking water guideline/standard is based more on aesthetics than on health
concern. The taste of iron can readily be detected at 1.8 mg/1 and high concentrations
also lead to staining of laundry and plumbing and massive growth of bacteria in
water systems (Moore, 1991). The recommended daily intake for men is 10 mg and
18 mg for women. The daily intake of iron from drinking water containing 0.3 mg
Fe/l would be only 0.6 mg. Both Gale (1990) and ourselves observed a large number
of vertebrates (fish and amphibians) in the lake, although mostly in the eastern part of
the southern basin. Although guidelines for the protection of aquatic life range from
0.3 mg/l to 1.0 mg/1 the tolerance of these organisms seems to be much higher (>10
mg/l; Moore, 1991).

Aluminum concentrations in pore water varied from 0.19 mg/1 to 415 mg/l

near the waste rock pile. Aluminum values in the lake water itself varied from 0.05
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mg/] in the northern basin to 0.24 mg/l near the waste rock pile (Gale, 1990).
Aluminum is not essential for survival but is found in virtually all plant and animal
species. In higher pH regimes aluminum complexes into relatively stable complexes
(Plankey and Patterson, 1987, 1988). However, in lower pH environments (<pH 3.5),
such as found in the southern basin of James Lake, it mobilizes into biologically
useable forms (Burrows, 1977). The guidelines for control of aluminum are highly
variable and reflect differing opinions on the hazard posed by aluminum in drinking
water but 0.2 mg/l seems to be the maximum allowable concentration agreed to by
most agencies (Moore, 1991). The guidelines for the protection of aquatic life in
Canada and several European nations are 0.005 mg/] at pH<6.5 and 0.1 mg/1 at pH

>6.5.

Arcellacean Assemblages in James Lake

James Lake provides an ideal laboratory for assessing the sensitivity of
arcellaceans to industrial pollutants (Kumar and Patterson, 1997). The flow of lake
water from north to south, exiting near the pollution point source at the old mine site,
has created habitats that range from unimpacted in the northern basin to extremely
contaminated near the mine site itself. Furthermore, the low pH environment at
James Lake provides an instructive contrast to the near neutral pH lakes of the Cobalt
area. While both areas are contaminated by toxic heavy metals, the different acidity
levels are reflected in the respective arcellacean faunas.

Arcellacean faunas in James Lake mirror the highly contaminated low pH
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areas quite well. The highly Fe and Al contaminated, acidic areas of the lake (pH 2.0
t0 5.5), adjacent to the mine waste rock pile are characterized by low diversity faunas
with Shannon Diversity Index values of generally t< 1.0 and an average of less than 6
species per sample. In higher pH areas (pH 6.5-7.5) where the level of contamination
was low the Shannon Diversity Index increased dramatically to 1.5-2.5 with most
values greater than 2.0 (Fig. 2).

The distribution of individual taxa in James Lake indicate that pH, rather
than Fe and/or Al concentration, may be the dominant factor controlling arcellacean
faunas in the lake. Arcella vulgaris is the dominant species (90-100 %) in the most
contaminated areas at < pH 5.5, and forms < 5 % of the total assemblage (or it is
totally absent) in the less contaminated regions at pH between 6.5-7.5 (Fig. 2).
Arcella vulgaris is an important component of arcellacean faunas in boggy ponds in
the Arctic and further south (Collins et al. 1990). The low pH typical of these ponds
has preadapted this species to dominate similar low pH environments. Other
indications that pH may be the dominant controlling factor on arcellacean
distribution is the notable absence of opportunistic centropyxid taxa. In higher pH
environments in the Cobalt area species such as Centropyxis aculeata dominate
contaminated substrates (Patterson, et al.. 1996; Reinhardt et al., 1998). Also notably
missing from the lower pH environments of this lake are any strains of Difflugia
protaeiformis, although the species is often abundant in portions of James Lake with
PH of 6.5-7.5, and in higher pH and highly contaminated areas of Peterson and

Crosswise lakes.



In the higher pH environments of the lake there is a greater abundance and
diversity of arcellacean species and phenotypes, although, as found in most northern
lakes, various strains of Difflugia oblonga usually dominate (25-50%; Fig. 2). Other
taxa, such as Difflugia corona, Lesquereusia spiralis, Difflugia urceolata and
Difflugia protaeiformis, also occur significantly (10-30%) at pH 6.5-7.5, and do not
occur in this lake at <pH 5.5. The highly variable proportion of the other arcellacean
taxa recorded in higher pH areas of James Lake reflect the presence of a variety of

subenvironments not discussed here (Fig. 2; Patterson and Kumar, unpublished data).

Paleolimnological Analysis at James Lake

A major impetus for research in the James Lake area was concern by local area
cottagers and wilderness outfitters that ongoing contamination from the site was
having an adverse effect on the environment. Although it is obvious that mining
activity has had an adverse effect on the lake, some key information must be obtained
before an effective ecosystem management plan for James Lake can to be put in
place. This information includes knowledge of baseline conditions and natural
variability, identification of the time when conditions in the lake first began to
change, and a determination of possible outcomes (Ford, 1988). This information
includes a temporal component and thus requires long- term data so that realistic
targets for remediation efforts can be set, anthropogenic activity can be discerned and
measured, and future scenarios inferred (Likens, 1988; Elliot, 1990; Smol, 1992). For

a situation like that at James Lake, aquatic ecosystem managers generally choose



from four main sources of data to address the objectives above. These include direct
historical measurements, space-for-time substitution (i.e. comparing chemistry and
biota in similar but unaffected lakes), computer models based on empirical or
dynamic data, and paleolimnological constructions (Smol, 1992).

At James Lake, as with most lakes, direct historical measurements are rarely
available for the time-frame of interest. Due to the unusual configuration of the lake
and position of the pollution source with regard to the outlet, a comparative approach
was possible within the lake itself. Both geochemical analysis and the observed
arcellacean faunas indicate a highly contaminated area adjacent to the old mine site,
and it is obvious that mining activity has seriously impacted the lake. However,
according to the requirements for effective aquatic management, a determination of
baseline conditions must be made prior to any remedial action.

Paleolimnological methods are the best approach for determining baseline
conditions. Unfortunately, except where the sediment sink is large and stable,
geochemical methods do not always provide an accurate depiction of the historical
record (Horowitz, 1991; Bethke, 1996). Preservable micropaleontological
bioindicators such as arcellaceans are thus the best tools to make a temporal
assessment of the history of pollution and/or remediation of the contaminated area.
Microfossils, except in areas of excessive bioturbation, do not migrate and they
archive data on scales varying from millennia to single seasons, providing invaluable
information to ecosystem managers.

Our paleolimnological analysis is based on a 1 m core obtained from the
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lake bottom sediments adjacent to the waste rock site (Fig. ID). The upper 30 ¢cm of
the core are dominated by Arcella vulgaris faunas in both a black organic rich unit
and iron stained sediment (top 18 cm), indicating deposition under low pH and
probably highly contaminated conditions Lower intervals of the core are dominated
by centropyxids indicating environmentally stressed but higher pH conditions. The
high abundances of the seasonally floating arcellacean Cucurbitella tricuspis

(Schdénborn, 1984) in most samples is the result of current transport unrelated to

substrate conditions at the core site. Prior to obtaining "*C dates it was assumed that
the rise of the Arcella vulgaris dominated fauna coincided with the initiation of
mining activity and lake acidification. As the average sedimentation rate in lakes
varies between 1 and 5 mm per year (Férstner and Wittman, 1983; Kukal. 1971 ) we
assumed that the interval dominated by Arcella vulgaris was deposited since mine
activity began. However, seven "*C dates obtained from three cores, one collected
less than one metre from the one studied here, indicates that sedimentation rate in the
area of the lake adjacent to the mine site has been very low for at least the past 9000

vears (Mason, 1998). Low pH, contaminated conditions have thus characterized the

site for over 2000 vears, and this site was a stressed environment for several thousand

vears prior to that. Thus natural acidification of the site, from sulfates leaching from
naturally exposed large pyrite veins, began long before any anthropogenic
contribution. This is not an unusual occurrence as any area characterized by metal-
bearing formations will have values of those metals occurring at elevated levels (see

Forstner and Wittman, 1983 for examples). Detection of these elevated levels is a



major exploration tool used by mineral exploration companies searching for ore.
However, this reality is often unknown to environmental scientists who have not had
geological training who may assume that any elevated contaminant levels in an area
is anthropogenic. In the case of James Lake it seems that the most grievous damage
caused by the mining activity concerns aesthetics and safety, the result of huge piles
of unsightly waste rock, deep shafts, and fallen down head frames. Although mining
may have exacerbated pollution in an already highly contaminated and acidified
environment the pollution was clearly present already. Geochemical analysis of cores
in the area provide corroborative evidence that elevated levels of Fe, Al, and sulfate

have existed for thousands of vears at this site (Mason. 1998).

SUMMARY

Arcellaceans are sensitive to a whole host of natural and anthropogenic
environmental factors including pH and heavy metal contamination, and as such are
excellent bioenvironmental indicators. Because of their asexual reproductive mode,
the generation of environmentally induced phenotypes is particularly useful in
identifving various chemically polluted and remediated benthic environments in
lakes. Unlike other lacustrine bioindicators such as mollusks and ostracodes,
arcellaceans preserve well in the generally lower pH conditions found in lakes and
thus are useful to track paleolimnological conditions on scales varying from
millennia to single seasons. They are also very abundant with several hundred

specimens being found per cc, making them ideal for statistical analysis.
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Figures in Text

Figure 1. A. Location Map showing position of studied lakes in northeastern Ontario. B.
Map of Peterson Lake in the Cobalt area showing general pH, bathymetry, location of
mines and mills. as well as areas inhabited by various arcellacean faunas, particularly the
Difflugia protaeiformis “claviformis™ dominated fauna found in the highly contaminated
excavated trench. C. Map of Crosswise Lake in the Cobalt area showing general pH,
bathymetry, location of mines and mills as well as areas inhabited by various arcellacean
faunas, particularly areas of the lake showing clear indication of remediation. D. Map of
James Lake in the Temagami area showing general pH, bathymetry, location of the pyrite

mine, core site, and areas inhabited by the low pH indicating Arcella vulgaris fauna.

Figure 2. Relative proportion of various taxa, and Shannon Diversity Index in relation to
pH in James Lake. The linear least squares method was used to determine the best fit for
the linear curve fits using Deltagraph 4.0 (Deltapoint, 1996). The Shannon Diversity
Index H(S) = -pi*In(p; ) where p; is the proportion of the i* species (and/or strains) in the
assemblage. Shannon Diversity Index is a better measure of diversity than numbers of
species because it also takes into account the relative proportions of species (equitability)

in the population.
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Figure 3. Sedimentology, biostratigraphy and '*C dates from a core collected in James
Lake adjacent to the waste rock pile. The "*C date was obtained from a core collected for

geochemical analysis (Mason, 1998) less than one m away.
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Photoplate 1
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. Difflugia bacillariarum Perty 1849 (size 100 microns, specimen from Lake Erie)

. Centropyxis aculeata Ehrenberg 1832, strain "discoides" Reinhardt et al. 1998 ( size

160 microns, specimen from Lake Sentani, Irian Jaya, Indonesia)

. Difflugia fragosa Hempel 1898 (size 156 microns, specimen from Lake Erie)

. Difflugia bidens Penard 1902 (size 160 microns, specimen from Swan Lake, north of

Toronto, Ontario)

. Difflugia urens Patterson et al. 1985 (size 176 microns, specimen from Midway Lake.

Nova Scotia)

. Pontigulasia compressa Carter 1864 (size 126 microns, specimen from Lake Erie)

. Arcella vulgaris Ehrenberg 1830 (size 124 microns, specimen from Crosswise Lake

near Cobalt, Ontario)

- Difflugia urceolata Carter 1864, strain "urceolata" Reinhardt et al. 1998 (size 160

microns, specimen from Peterson Lake near Cobalt, Ontario)

. Lagenodifflugia vas Leidy 1874 (size 90 microns, specimen from Peterson Lake near

Cobalt, Ontario)

10. Lesquerausia spiralis Ehrenberg 1840 (size 93 microns, specimen from Peterson

Lake near Cobalt, Ontario)

11. Centropyxis aculeata Ehrenberg 1832 strain "aculeata" Reinhardt et al. 1998 (size

135 microns, specimen from Crosswise Lake near Cobalt, Ontario)

12. Centropyxis constricta Ehrenberg 1843, strain "constricta" Reinhardt et al. 1998 (size

150 microns, specimen from Crosswise Lake near Cobalt, Ontario)
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13. Centropyxis constricta Ehrenberg 1843 strain "aerophila” Reinhardt et al. 1998 (size
108 microns, specimen from Peterson Lake near Cobalt. Ontario)

14. Cucurbitella tricuspis Carter 1856 (size 95 microns, specimens from Peterson Lake
near Cobalt, Ontario)

13. Difflugia corona Wallich 1864 (size 120 microns, specimen from Peterson Lake near
Cobalt, Ontario)

16. Difflugia globula Ehrenberg 1848 (size 225 microns, specimen from Crosswise Lake
near Cobalt, Ontario. The species name "globulus” was changed to "globula" by
Kumar and Dalby, 1998)

17. Difflugia oblonga Ehrenberg 1832 strain "oblonga” Reinhardt et al. 1998 (size 104
microns, specimen from Crosswise Lake near Cobalt, Ontario)

18 Difflugia oblonga Ehrenberg 1832 strain "tenuis" Reinhardt et al. 1998 (size 120
microns, specimen from Crosswise Lake near Cobalt, Ontario)

19. Difflugia oblonga Ehrenberg 1832 strain "triangularis™ Reinhardt et al. 1998 (size 255
microns, specimen from Crosswise lake near Cobalt, Ontario)

20. Difflugia protaeiformis Lamark 1816 strain "acuminata” Reinhardt et al. 1998 (size
98 microns, specimen from Crosswise Lake near Cobalt, Ontario)

21. Difflugia protaeiformis Lamark 1816 strain "amphoralis” Reinhardt et al. 1998 (size
75 microns, specimen from Peterson Lake near Cobalt, Ontario)

22. Difflugia protaeiformis Lamark 1816 strain "claviformis" Reinhardt et al. 1998 (size

75 microns, specimen from Peterson Lake near Cobalt, Ontario)
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23. Centropyxis constricta Ehrenberg 1843 strain "aerophila" Reinhardt et al. 1998 (size
142 microns, specimen from Peterson Lake near Cobalt, Ontario)
24. Difflugia oblonga Ehrenberg 1832 strain "glans" Reinhardt et al. 1998 (size 146

microns, specimen from Lake Sentani, Irian Jaya, Indonesia)






CHAPTER 2. Arcellaceans (thecamoebians): New Tools for Monitoring Long and

Short Term changes in Lake Bottom Acidity

ABSTRACT

James Lake, northeastern Ontario, Canada, has been impacted by the
dumping of waste rock from a pyrite mine. High levels of Fe, Al and SOy, and low pH
(2.0-5.5) are recorded in the lake. Lake configuration and current direction result in
contaminated areas being restricted to the southwestern portion of the lake. Near neutral
pH and low metal levels are recorded elsewhere. Analysis of arcellacean faunas from the
lake indicate that one species, Arcella vulgaris, is able to thrive in even the most hostile
areas of the lake. The absence of other arcellaceans indicative of contaminated substrates
in higher pH lakes, such as centropyxids and Difflugia protaeiformis strains, suggests that
PH is the dominant control on the distribution of this assemblage. Analysis of
arcellaceans from a core at the site indicates that contamination and acidification (pH
values < 5.5) problems in James Lake have existed for at least 1300 vears, clearly
predating mining activity. Prior to that time high proportions of centropyxid species
indicate less acid conditions (pH >5.5) prevailed, but a stressed environment existed for
several thousand years. The recognition that arcellacean faunas can now be used to
characterize industrially and naturally contaminated environments of both Jow and high

pH, provides an important new paleolimnological tool.



INTRODUCTION

Arcellaceans "Thecamoebians" are testate rhizopods, characterized by the
presence of lobose pseudopods, an amoeboid sarcodine cell, and a very simple sac-like
shell, or test. These organisms occur abundantly in Quaternary to Recent lacustrine
sediments (Loeblich and Tappan 1964). Most arcellaceans build their tests by
agglutinating foreign particles (xenosomes) in an autogenous cement, usually
mucopolysaccharide, forming xenogenous tests. The nature of the xenosomes is entirely
controlled by the composition of the substrate, and may consist of sand grains and/or
diatom frustules (Medioli and others 1990).

In a series of pilot studies arcellaceans have been successfully used to reconstruct
late Quaternary-Holocene lacustrine environments (Scott and Medioli 1983; Patterson
and others 1985; Medioli and Scott 1988; McCarthy and others 1995; Ellison 1995) and
have proven to be excellent indicators of various, chemically polluted and rehabilitated
sub environments within lakes affected by industrial and mining pollution (Asioli and
others 1996; Patterson and others 1996; Kumar and Patterson 1997; Reinhardt and others
1998). These studies have shown that there are few benthic environmental indicators in
lacustrine environments with the potential for such broad limnological utility as
arcellaceans. Their small size (60-300 um) and generally high abundance mean that
statistically significant populations are present even in very small samples. Research has
documented within-species "morphing" of the asexually reproducing organisms in

response to environmental stresses (Reinhardt and others 1998). Since they reproduce
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rapidly (generation times of only a few days), they are excellent ongoing indicators
of an ecosystem's health. Conventional biological and chemical environmental proxies can
only monitor present conditions in a lacustrine environment. For example, commonly
used benthic bioindicators such as ostracodes and mollusks tend to dissolve in the lower
PH environments typical of freshwater deposits. Other more resistant bioindicators such
as diatoms, pollen, spores, and chryvsophytes do not generally reflect conditions at the
sediment-water interface (Medioli and Scott 1988). The agglutinated test and organic
cement of the arcellaceans are very resistant to dissolution. They are therefore excellent
indicators of both short- and long term trends (Patterson and others 1985).

This paper demonstrates a new role for arcellaceans in paleolimnological research,
as they can be a cost effective tool for deciphering short and long term lake-bottom
acidity levels. The research was carried out in James Lake, located in the environmentally
sensitive Temagami region of northern Ontario, and polluted earlier this century by the
dumping of sulfide-rich waste rocks from a pyrite mine (F ig. 1). As a baseline the pH
controlled distribution of arcellacean fauna throughout the lake was determined to
establish arcellacean limnological proxies. To assess long-term changes to the lake, this
proxy data was used to interpret paleolimnological conditions as recorded in a short core

(Fig. 2).

MATERIALS AND METHODS
A major advantage of working with arcellaceans is the simple and inexpensive

methodology required for processing whereby several samples can be processed in less
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than an hour without use of chemicals or expensive equipment (Medioli and others
1990. Medioli and Scott 1988; McCarthy and others 1995; Patterson and others 1996;
Reinhardt and others 1998).

Fifty-five samples collected over two field seasons were used in this study. Of the
forty samples collected in September 1996, twenty-four were lake bottom samples, six
were from a mine contaminated pond, and one from a mine trench (Fig. 1). The remaining
nine samples were from a short core (1.05 m) collected in the lake adjacent to the waste
rock pile. An additional fifteen samples were collected in September 1997, of which
eleven were from the lake. three from the pond and one from the mine trench. Sediment-
water interface samples were collected using an Eckman box corer. Water depth,
sedimentology, pH, water temperature, and other physical characteristics were recorded
for each location (Table 1). The exact geographic location of each sample was determined
using a Trimble Scout Global Positioning System unit.

A commercial sonar device equipped with bottom hardness indicator was used for
sample site selection. Samples were collected from muddy substrates. Winnowed sandy
substrates generally have small allochthonous arcellacean communities and rocky
substrates are normally barren.

The upper 2-3 mm of sediment from each Eckman grab was removed for
micropaleontological analysis (arcellaceans are epifaunal) to isolate arcellacean fauna of
the sediment-water interface. The populations found in these samples are representative
of conditions at the site for several seasons. In general bioindicators provide a better

overall indication of local conditions than the snapshot provided by geochemical methods
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as these results often vary markedly with the season, recent precipitation levels, etc.
A one cm deep sediment sample was used for geochemical analysis of pore water. We did
not analyze bulk sediment samples because the chemical makeup of compounds and
elements found in pore water are in forms that can be directly ingested and absorbed by
most organisms (Luoma 1983; Campbell 1995). Samples for micropaleontological analysis
were first screened with 1000 um sieve to remove coarse organics, then with a 55 um
screen to retain arcellaceans and to remove silts and clays. To avoid decay, all samples
were treated with isopropy! alcohol and refrigerated after collection.

All micropaleontological samples were then subdivided into aliquots for
quantitative analysis using a wet splitter (Scott and Hermelin 1993). Wet aliquots were
examined under a binocular microscope and, whenever possible, a statistically significant
number of arcellaceans were counted (Patterson and Fishbein 1989). All samples collected
from the open lake contained large arcellacean populations with the exception of those
from "Green Holes". The “Green Holes™ are shallow (15-25 cm deep) , almost circular
depressions of about 1.0 m diameter at the lake bottom inhabited solelv by colonies of
green and blue-green algae, because the low pH makes these areas toxic to grazers and
other organisms and are found in very shallow waters (1.0-1.5 m water depth) close to the
waste rock dump. All samples from the pond and mine trench contained only rare
specimens of Arcella vulgaris, and are considered barren. Although the total arcellacean
counts from the core samples were lower than generally obtained at the surface, counts

were sufficiently high to permit direct comparison with surface samples.
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JAMES LAKE AND THE NATURE OF THE PROBLEM

James Lake is a mesotrophic, "C" - shaped lake located along Highway 11, 10 km
north of Temagami in northeastern Ontario (Fig. 1). The narrow lake covers an area of
45.3 hectares, and is elongated in a north-south direction. An inlet stream at the north end
feeds the lake, with an outlet at the south end. A constriction divides the lake into north
(80%) and south (20%) basins. The southemn basin is shallow and reaches a maximum
depth of only 4.0 m. The northern basin is deeper with a maximum depth of 15.0 m (Fig.
1). The northern basin is stratified, with both oxygen levels and temperature dropping
significantly beneath 5.0 m depth. During our sampling in early September, 1996 and
1997 the upper epilimnion temperature reached as high as 26.7° C and oxygen levels as
high as 9.0 mg/L were recorded. These values dropped to 8.9° C and 2.4 mg/L
respectively in the lower hypolimnion (Table 1).

The main rock types surrounding the lake are felsic and mafic volcanic rocks,
pillow lavas, granites, granodiorites and gabbros of Keewatin age (3.4 to 2.3 b.y.). The
volcanic rocks are rich in pyrite. Pyrite was discovered in lenses within greenschist in
1903. The Northland Pyrite Mine Co. mined pyrite on the southwest shore of the lake
from February, 1906 to March, 1911, shipping more than 38,000 tons of pyrite to
Cobalt, a nearby silver mining town. Sulfuric acid made from the pyrite was used in the
extraction of silver. Most waste rock from this mine was dumped on the southwest lake

shore, and in the lake itself (Fig. 1). The waste rock pile (3500 m®) contains large
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amounts of pyrite (about 25%) with lesser amounts of pyrrhotite and traces of
chalcopyrite and gold.

In 1979 local residents expressed concern that seepage from the waste rock pile
and mine trench was having a detrimental effect on Granite Lake, immediately (about 1.0
km) downstream from James Lake.

An Ontario Ministry of the Environment (MOE) report indicated that iron
staining was visible on all rocks cropping out along the shore thro'ughout the entire
southern basin (Gale 1990), as we also observed in both 1996 and 1997. The MOE
study, began only two days after ice had melted in the lake on May 10, 1989, and
continued throughout that summer, reported little evidence of insect benthos near the
mine site. Three key water quality parameters (iron, aluminum and sulfate) were found to
exceed provincial guidelines.

Because the substrate in the southern basin contains large amounts of iron oxides,
the clays and fine sands found there are of a rusty brown color. The bottom sediments in
the northern basin of the lake are gray colored organic rich muddy sediment or " gyttja".

The pH of water and bottom sediments of the north basin is neutral (pH 6.8 t0
7.0) and is not generally affected by conditions in the south basin because of the north-
south water flow in the lake. The pH in the southern basin varies from <2.0 near the
waste rock pile. Low pH values near the waste rock pile (pH <5.5) were generated by
percolating flow of rain water that oxidizes sulfide from pyrite and pyrrhotite in the
waste rocks and bedrock (Gale 1990). There is a gradual increase in pH values to almost

neutral (pH 6.8) in more distal areas of the south basin (Table D.
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Sulfide ions from the mineralized waste rocks and hydrogen ions from water
react to produce sulfuric acid (H,SO;). In areas of the lake very near the waste rock pile,
sediment sulfate concentrations are very high, up to 17, 238 mg/L, at station 97-7 (Table
2). However, most pore water sulfate values measured from lake sediments adjacent to
the waste rock pile were much less (396 mg/L and 682 mg/L at Stations 97-15 and 97-10
respectively). Sediment pore water sulfate values drop to acceptable levels (9.9-25.2
mg/L) within 100 m of the waste rock pile, although an anomalously high value of 668
mg/L was recorded in the eastern portion of the south basin at station 97-12.

Sulfate is almost always found in drinking water, and often in relatively high
concentrations (Moore 1991). Drinking water guidelines are 250 mg/L in the US and 500
mg/L in Canada. The development of guidelines was based on aesthetic factors,
particularly bad taste, as human health problems are not associated with these levels.
However, high sulfate concentrations cause acidification of surface waters which does
have a serious impact on fish and other aquatic species (e.g. fish cannot survive at pH
<3.5; Baker and Christensen 1991).

Extensive deposits of Fe(OH); and Fe>Os, up to 5 cm thick were found covering
the bottom of the southern basin. These layers precipitate out when there is a rapid
increase in pH of lakewater, which occurs in James Lake during spring freshet (Gale
1990), and can suffocate benthic organisms (Moore 1991). Sediment pore water Fe level
varied from 1.52 mg/L in the northern basin to 11,800 mg/L near the waste rock pile
(station 97-7; Table 2). Iron concentration in lake water varied from 0.09 mg/L in the

northern basin to 2.4 mg/L near the waste rock pile (Gale 1990). All pore water and lake
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water samples were found to be well in excess of the provincial drinking water
guideline of 0.3 mg/L for iron. The low drinking water guideline/standard is based more on
aesthetics than a health concern, as the taste of iron can readily be detected at 1.8 mg/L.
Very high Fe concentrations can also lead to staining of laundry and plumbing and
massive growth of bacteria in water systems (Moore 1991). The recommended daily
intake for men is 10 mg and 18 mg for women. At 0.3 mg/L the daily intake of iron from
drinking water would be only 0.6 mg.

Iron is so plentiful in the environment and as an essential trace element that high
levels often accumulate in invertebrates with little ill effect (V vmazal 1984; Tessier, and
others 1984). However, extremely high concentrations of iron, as found in substrate pore
water near the waste rock pile can have toxicological significance (Moore 1991). Many
species of insects are affected by Fe concentrations in excess of 16 mg/L. The high Fe
pore water concentrations, the Fe(OH); and Fe,Os deposits coating substrate throughout
the western southern basin, and elevated levels of Fe in the lake water itself may explain
the observed low number of insects found there (Gale 1990). Although iron concentration
guidelines for the protection for higher aquatic life range from 0.3 mg/L to 1.0 mg/L their
tolerance is much greater (>10 mg/L; Moore 1991). During our study and as reported by
the MOE (Gale 1990), a large number of vertebrates (fish and amphibians) were observed
in the southemn basin, although mostly in the eastern part.

Sediment pore water aluminum concentrations varied from 0.19 mg/L to 415 mg/L
at station 97-7 (Table 2). Aluminum values in the lake water itself varied from 0.05 mg/L

in the northern basin to 0.24 mg/L near the waste rock pile (Gale 1990). Aluminum is not



essential for survival but it is found in virtually all plant and animal species. In
higher pH regimes aluminum quickly forms relatively stable complexes (Plankey and
Patterson 1987, 1988). However, in lower pH environments (<pH 35.5) such as found in
the south basin of James Lake it mobilizes in biologically useable forms (Burrows 1977).
Water quality guidelines for aluminum are highly variable and reflect differing opinions on
the hazard posed by aluminum in drinking water but 0.2 mg/L seems to be the maximum
allowable concentration agreed to by most agencies (Moore 1991). The aluminum
concentration guidelines for the protection of aquatic life in Canada and several European

nations are 0.005 mg/L at pH<6.5 and 0.1 mg/L at pH >6.5 (Burrows, 1977).

RESULTS AND DISCUSSION

James Lake is an ideal laboratory for assessing the sensitivity of arcellaceans in
monitoring industrial pollutants (Kumar and Patterson 1997). The flow of lake water is
from north to south, exiting near the source of pollution at the Northland Pyrite Mine Co.
site. This circulation pattern has created habitats that range from unimpacted in the
northern basin, and in some portions of the southern basin, to extremely contaminated
near the mine site itself. This is an useful characteristic, as utilization of any flora or
fauna as a bioindicator is comparative. The distribution of organisms in an
uncontaminated environment found "upstream" is compared with that of that recorded in
the contaminated area. This data can then be used to assess environmental damage

"downstream", or in similarly polluted areas.
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There is a mature literature concerning the constraints on arcellacean faunas
in lake environments of eastern North America. For that reason. and since the thrust of
this research is the characterization of arcellacean faunas as bioindicators of contaminated
areas, the various faunas from the relatively uncontaminated near neutral pH
environments elsewhere in James Lake are not described in detail here. Suffice it to say
that these faunal assemblages are controlled by numerous factors including water
temperature and level of oxygenation in areas beneath the hypnocline, substrate, and
vegetation. The Shannon Diversity Index values for these faunas also tends to be much
greater, ranging up to near 2.5 in the northern basin compared to <1 in areas of the
southern basin.

Within assemblages certain species are particularly useful as environmental
indicators. For example, in James Lake Arcella vulgaris varies inversely to most other
arcellacean taxa (Fig. 3). High abundance of Arcella vulgaris seems to be closely linked to
the environments of James Lake with elevated metal concentrations and low pH. Arcella
vulgaris is the dominant species in the most contaminated areas (<pH 5.5), but forms < 5
% of the total assemblage (or even totally absent) in normal pH regions (6.5-7.5; Fig. 4).
Arcella vulgaris is an important component of arcellacean faunas in boggy ponds in the
Arctic and further south (Collins and others 1990). The low pH typical of these ponds
has preadapted this species to dominate similar low pH environments. The most acidic
sites in the lake with pH < 2.0 were in "Green Holes" near the waste rock pile. Few

specimens of 4rcella vulgaris were even found in this environment.
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Other opportunistic taxa notably missing from the low pH environments
(pH<5.5) of James Lake include the centropyxids. Many lakes in the vicinity of the
nearby town of Cobalt are heavily contaminated by heavy metals and other mining related
contarninates, but were deposited under alkaline conditions. In higher pH environments in
the Cobalt area centropyxid species such as Centropyxis aculeata often dominate heavy
metal contaminated substrates (Patterson and others 1996, Reinhardt and others 1998).
Also notably missing from the lower pH environments of this lake are any strains of
Difflugia protaeiformis. This species is commonly abundant in portions of James Lake
with pH of 6.5-7.5, and also in higher pH and highly contaminated areas of Peterson and
Crosswise lakes (Reinhardt and others 1998).

In Lake Orta of northern Italy the 'rapa’ strain of Difflugia protaeiformis was
reported as being very abundant in an industrially polluted low pH (3.9-4.5) settings
(Asioli and others 1996). It is apparent that Difflugia protaeiformis occurs in
environments ranging from low pH to polluted high pH (6-7.5). The association of
Difflugia protaeiformis with low pH environments require further study. The absence of
other opportunistic, contaminated substrate indicator species leads us to conclude that
pH may be a greater limiting factor than either high Fe or Al in controlling the presence or
absence of the Arcella vulgaris dominated fauna in James Lake. The recognition that
Arcellacean faunas can be used to distinguish both low and high pH, heavy metal
contaminated environments, is significant as this means that deployment of the group as a

paleolimnological indicator in most lacustrine settings is now possible.



75

PALEOLIMNOLOLOGICAL ANALYSIS

A major impetus for research in the James Lake area was concern by local area
residents mainly cottagers and wilderness outfitters that ongoing contamination from the
site was having an adverse effect. Although it is obvious that mining activity has had an
impact on the lake there are several requirements that must be met before an effective
ecosystem management for James Lake, or any other body of water under study, can be
achieved. These requirements include knowledge of baseline conditions and natural
variability, identification of the time when conditions in the lake first began to change, and
a description of possible outcomes of such changes (Ford 1988). These requirements
include a temporal component and thus require long-term data so that realistic targets for
remediation efforts can be set, anthropogenic activity discermed and measured, and future
scenarios evaluated (Likens 1988; Elliot 1990; Smol 1992). Aquatic ecosystem managers
generally choose from four main sources of data to address these objectives. These data
include direct historical measurements, space-for-time substitution (i.e. comparing
chemistry and biota in similar but unaffected lakes), computer models based on empirical
or dynamic data, and paleolimnological constructions (Smol 1992).

The unusual configuration of the lake and position of the pollution source near the
outlet permitted a comparative approach within the lake itself, a scenario not usually
possible in most small lakes. The geochemical data (Mason 1998) and the observed
arcellacean fauna indicated a highly contaminated area adjacent to the old mine site

suggesting that mining activity has seriously impacted the lake. However, according to
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the requirements for effective aquatic management a determination of baseline
conditions in the southern basin of the lake must be made prior to attempting any
remedial action.

As in most lakes, direct historical measurements are not available for the time-
frame of interest in James Lake. Thus paleolimnological methods are the best approach
for determining these baseline conditions. Unfortunately, except where the sediment sink
is large and stable, geochemical methods do not always provide an accurate depiction of
the historical record (Horowitz 1991; Bethke 1996) due to mobilization and redistribution
of metals and other constituents in the substrate. On the other hand skeletonized
microfossils, except in areas of excessive bioturbation, do not migrate and archive data on
the scale of millennia to seasons, providing very valuable information to ecosystem
managers. Benthic micropaleontological bioindicators such as arcellaceans, with their very
high preservation potential, are thus amongst the best tools to make a temporal
assessment of the history of pollution and/or remediation of the contaminated area.

The upper 30 cm of a piston core (JLC-96-1) collected in the lake adjacent to the
waste rock pile is characterized by Arcella vulgaris dominated assemblages (Figs. 1, 2).
As indicated by the distribution of this species in surface sediments the depositional
environment through this interval was under low pH (<5.5) and possibly highly
contaminated conditions. Lower intervals of the core with statistically significant
populations are dominated by various centropyxid species and indicate environmentally
stressed but higher pH conditions. This is caused by gradual and mild acidification in this

part of the lake due to weathering of pyrite rich rocks much before pyrite mining began in



the region. Centropyxid species are capable of withstanding a variety of hostile
conditions better than most other arcellacean species, including cold temperature
(Delcoitre 1956), low salinity conditions (< 5%c; Decloitre 1933; Scott and Medioli 1980:
Patterson and others 1985; Honig and Scott 1987), low nutrient conditions, oligotrophic
conditions (Schénborn 1984), and sites heavily contaminated by mercury and arsenic
(Patterson and others 1996). The high abundances of the seasonally planktic arcellacean
Cucurbitella tricuspis (Schonborn 1984) in most samples is the result of current transport
unrelated to substrate conditions at the core site. Prior to obtaining *C dates from a
nearby core collected in 1997 it was assumed that the rise of the Arcella vulgaris
dominated fauna coincided with the initiation of mining activity and lake acidification. As
the average sedimentation rates in lakes varies between 1 and 5 mm per vear (Férster and
Wittmann 1981) we assumed that the interval dominated by Arcella vulgaris had been
deposited since mine activity began. However, five '*C dates have been obtained from
three newly obtained shallow cores in September 1997 very close to the core site JLC-96-
1 (Table-3). One of them JLC-97-3 was collected only one meter away from the one
studied here. The dates require that sedimentation rate in the area of the lake adjacent to
the mine site has been quite low for at least the past 8700 years (Table 3; Fig. 2).
Apparently the Arcella vulgaris dominated fauna has characterized this site for over
1300 years indicating once again that lake acidification predated mining. Prior to that,
centropyxids lived in a higher pH but still stressed environment for several thousand

vears. Although not always reliable, geochemical analysis of samples from core JLC-97-3



78

provide corroborative evidence that elevated levels of Fe, Al. and sulfate have also
existed for thousands of years at this site (Mason 1998).

The lake in this area also seems to be directly acidified from migration of fluids
along natural faults and fractures. A series of “Green Holes”, interconnected by narrow
linear growths of bright green algae demarcate subsurface fractures. The extremely low
measured pH values of 2.0 marked by the algal growths suggests that highly acidic springs
are entering the lake here. Before obtaining '*C dates we hypothesized that the acidic
waters venting from the Green Holes was leachate from the waste pits that being focused
by the natural fracture system. However, large veins of pyrite-rich ore were naturally
exposed on the shore in the western part of the southern basin prior to the establishment
of a pyrite mine (Gale 1990). The dates make it clear that natural acidification of the
site. from sulfides leaching from these naturally exposed large pyrite veins, and from
subsurface springs, began long before any anthropogenic contribution. This occurrence is
not unusual as any area characterized by surficial metal-bearing formations will have
elevated metal values (see Forstner and Wittmann 1981, for examples). In fact, detection
of these elevated levels is a major exploration tool used by mineral exploration companies.
Although mining activity at James Lake has at least locally exacerbated the contamination
and acidification problem in the lake it must also be recognized that the lake is naturally
polluted. Similar results have been recorded in lakes of the Adirondack region of New
York State. In this area recent acid precipitation has contributed to lake acidification but
substantial declines in pH had occurred thousands of years previously (Whitehead and

others 1989).
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Environmental managers have thus far concentrated their James Lake
remediation efforts on increasing the pH of lake water in the western portion of the
southern basin through construction of limestone barriers. These measures have proven
ineffectual thus far. Remediation goals should therefore be revised, unless the goal of

remediation here is to create an environment unrelated to natural conditions.
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Figures In Text

Figure 1. Location Map showing position of James Lake in northeastern Ontario.
Bathymetric map of lake shows relative position of sample and core stations as well as
general layout of abandoned Northland Pyrite Mine Co. site.

Figure 2. Sedimentology, biostratigraphy and 14C dates from a core collected in James
Lake adjacent to the waste rock pile. 14C date was obtained from a nearby core collected
for geochemical analysis (Mason 1998).

Figure 3. Scatter plot of relative distribution of Arcella vulgaris and Difflugia oblonga in
James Lake samples. The almost exclusive distribution of these species demonstrates the
clear affinity that various taxa have for distinctive habitats.

Figure 4. Relative proportion of various taxa, and Shannon Diversity Index in relation to
pH in James Lake. The linear least squares method was used to determine the best fit for

the linear curve fits using Deltagraph 4.0 (Deltapoint 1996).
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Table 1. Parameters measured at each sample station; water depth, oxygen concentration, pH, sediment color, and sediment texlure. Sample station location shown in
Figure 1.

Sample Water Scd/Water  Surface Scd./Water Surface Surface Sed./Water Sediment Sediment

Station | Depth (m) Interface pHt__ Water pHl  Interface O, (mg/L.) Water O, (mg/L) Water Temp.(C)lnterface Temp.(C)  ‘lexture Color
JL-Y6-1 1.8 6.7 74 8.2 8.2 23.3 20.7 Clay Greenish Brown
JL-96-2 20 39 6.7 5.6 8 224 204 Clay Grayish Brown
JLY6-3 09 39 1.6 69 1.6 2.3 2 Clay Rusty Biown
JL-Y6-4 9.8 7.1 78 4 8.3 244 6.7 Silt/Chay k. Olive Green
JL-96-5 4.2 6.9 7.2 1.5 8.2 218 20.3 Clay Dk. Olive Green
IL-96-6 24 73 74 74 1.6 248 208 Clay Dk. Olive Green
JL-96-7 ! 0.5 7.6 7.1 8 4.8 20.8 Silt/Clay Dk. Olive Green
J1.-96-8 1.8 6.9 7.1 6 1.1 207 213 Clay Dk. Brown
JL-96-9 14 0.5 0.5 7.3 74 218 214 Sill/Clay Grayish Brown
JL-96-10 0.6 25 5.7 74 84 217 215 Sand/Clay Light Brown
JL-96-11 14 6.5 0.5 7.2 7.3 225 215 Sil/Cluy Greenish Black
JL96-12 09 6.6 68 74 1.5 22.5 223 Sand/Clay Dk. Brown
JL-96-13 1.1 6.7 68 14 1.7 223 21.5 Sand/Clay Greenish Black
JL-Y6-14 11 6.7 6.9 74 1.5 228 225 Clay Brownish Black
1LY6-15 1.3 2.6 09 6.9 1.3 24.6 229 Silt/Clay L. Brown
JLY6-10 0.8 2.1 5.5 0.1 7.1 254 234 Sand/Clay Brown
IL-96-17 1 4.1 5.7 74 8.1 234 234 Sint Ycllowish Brown
JL-96-18 08 5.3 59 69 6.9 24.7 237 Sand/Clay Dk. Brown
JL-96-19 1.3 55 59 59 7.2 24.3 239 Clay Greenish Black
JL-96-20 0.7 2.2 3.7 5.2 68 26.7 25 Clay Greenish Bluck
J1.-96-21 | 6.4 6.7 6.8 1.7 236 227 Clay Greenish Black
J1-96-22 3 6.7 7.1 7.3 78 23.6 20.7 Clay Black
J1.-96-23 14.1 6.7 7.1 5.2 15 24 89 Clay Black
11.-96-24 5.5 6.7 74 12 7.3 238 19 Clay Black
1.97-1 18 6.7 19 24 9 17 13 Clay Dk. Brown
J1.97-2 3 7 73 NA NA 17.5 17.5 Clay Dk. Brown
J.97-3 39 7.3 7.3 8.1 8.2 178 17.1 Silt/Clay Greenish Brown
JL974 31 7.3 7.3 8.1 8.2 18.2 17.7 Finc Sand Grayish Brown
JL97-5 15 6.6 73 8.6 8.3 8.1 17.1 Fine Sand CGirayish Brown
JL97-6 14 57 59 8.8 8.8 16.8 16.8 Clay Rusty Brown
N.97-7 0.7 4.3 5.9 84 8.7 17.3 17.1 Clay Greenish Brown
JL97-8 14 6.6 6.5 8.1 8.2 17.2 17 Clay Dk. Green
IL97-9 1.6 6.1 6.5 8.2 8.1 17.3 NA Clay Grayish Black
J1L97-10 1. 44 6 79 8 17.9 NA Clay/Pehbles  Grayish Brown
L 97-11 1.5 6.4 6.7 8 8.1 18.8 18 Silt/Clay Brownish Black
IL97-12 0.3 29 29 NA NA 17 17 Sil/Clay Rusty Brown
J.97-13 0.3 2.8 29 NA NA 17 17 Silt/Clay Rusty Brown
J.97-14 0.3 28 29 NA NA 17 17 Silt/Clay Rusty Brown
JI.97-15 16.7 4 3 24 6.7 15.5 NA Silt/Clay Rusty Brown




Table 2. Pore-water pH and geochemistry values for Fe, Al, and sulfate at selected stations.

Sample pH Al (mg/L) Fe (mg/l)  Suifate (mg/L)
JL97-2 6.73 046 244 7.5
JL97-3 6.51 0.38 2.84 7.5
JL97-4 6.55 0.37 2.36 9.2
JL 97-5 6.33 0.19 1.52 124
JL97-6 2.49 64 1240 2884
JL97-7 2.12 415 11800 17238
JL 97-8 6.24 1.11 59.7 9.9
JL97-9 5.56 0.94 64.9 252
JL 97-10 2.69 146 6200 682
JL97-11 6.31 043 14.3 18.8
JL97-12 2.07 155.5 4190 668
JL 97-15 3.46 1.13 324 396
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Table 3. Radiocarbon dates obtained fiom wood extracted from cores JLC-97-2, JLC-97-3, and JLC-97-4.

Sample Laboratory Wat Dated C Percent  "C Date
Number Number  Matcrial Maodern

JLCY7-2; 155-157 em 86860 4045 Wood 22937 41.5940.7 70504140

JLC97-3;24-25 cm 86861 4028 Wood <2442 B4.97H.0 1310890

JLC-97-3; 66-67 cm 86862 4029 Wood -27.46  37.954).5 7790%£120

JLC-9Y7-3; 8B0-81 cm R86863 4030 Wood -29.39  33.6210.4 B8760£100

JLC-97-4; 46-48 cm 86866 4031 Wood -24.29  77.09+1.0 2029100
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CHAPTER 3. Assessment of Arcellacean (Thecamoebian) Assemblages, Species,
and Strains as Contaminant Indicators in Variably Contaminated James Lake,

North Eastern Ontario

ABSTRACT

Conditions in James Lake vary from uncontaminated and near neutral pH
conditions through most of the lake. to extremely low pH (2.1 in places) and
contaminated with Fe Al and SO adjacent to an abandoned pyrite mine site near the lake
outlet. Six assemblages representative of distinct arcellacean habitats were recognized in
sediment-water interface samples collected in the lake using Q-mode Cluster Analysis. R-
Mode analysis of this distributional data corroborates previous results indicating that
arcellacean strains from within the same species are useful for discriminating
environments.

The seasonally planktic and thus readily transported Cucurbitella tricuspis
dominates most samples and had to be deleted from analysis to determine benthic faunal
relationships. This species should not be considered in intralake studies. Arcella vulgaris
overwhelmingly dominates extremely hostile low pH environments (<5.5) near the old
mine site in samples where Shannon Diversity Index values of <1.000 are recorded. The
highly variable pH in James Lake permitted the determination of precise boundary
conditions for distribution of this species. These results indicate that while Difflugia
protaeiformis “claviformis” is an ideal indicator of industrial contamination under higher
pH conditions the D. protaeiformis “amphoralis™ and “acuminata™ strains are more

closely linked to uncontaminated muddy substrates characterized by high proportions of
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diatoms, a probable important food source. Presence of Lesquereusia spiralis seems to

be partially linked to substrate with greater numbers typically found in coarser substrates.
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INTRODUCTION

The ultility of arcellaceans (thecamoebians) as sensitive paleoenvironmental
indicators has been widely demonstrated (Medioli and Scott, 1988; Patterson et al., 1996;
Reinhardt et al., 1998). Particularly significant have been studies in Canada and Italy that
have linked various arcellacean faunas and pollution levels (see Patterson and Kumar, in
press for summary). These studies have shown that various arcellacean species are
differentially affected by industrial pollutants. In addition there is a tendency toward
within-species "morphing” of these asexually reproducing organisms in response to
environmental stresses (Reinhardt et al., 1998; see Kumar and Dalby, 1998, for a
completely illustrated guide). Since they reproduce rapidly (generation times of only a
few days), they are excellent ongoing indicators of an ecosystem's health. Since their
agglutinated tests preserve well they can also be used to recognize long-term temporal
variation in environmental parameters.

James Lake in northeastern Ontario, Canada, has been impacted by the dumping
of waste rock from a pyrite mine (Figure 1). Adjacent to mine site high levels of Fe, Al
and SOy, and low pH (2.0-5.5) are recorded. Near neutral pH and low metal levels are
recorded elsewhere. Kumar and Patterson (in press) have previously determined that one
species, Arcella vulgaris, is able to thrive in even the most hostile areas of the lake. The
absence of other arcellaceans indicative of contaminated substrates in higher pH lakes,
such as centropyxids and Difflugia protaeiformis strains, suggests that pH is the dominant
control on faunal distribution adjacent to the mine site, although analysis of arcellaceans

from a core at the site indicates that contamination and acidification (pH values < 5.5)
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problems in this part of James Lake have existed for at least 1300 vears, clearly predating
mining activity (Kumar and Patterson, in press).

The configuration and prevailing current direction in the lake result in
contaminated areas being restricted to the southwestemn portion of the lake. In this paper
we document the distribution of arcellacean assemblages in this ideal natural laboratory
as conditions grade from near neutral pH and uncontaminated conditions in the north to
extremely contaminated and low pH environments in the south. These results will permit
a more precise determination of the boundary conditions constraining the distribution of

arcellacean assemblages as well as individual species and strains.

MATERIALS AND METHODS
Field and Laboratory

Thirty-five samples collected over two field seasons were used in this study.
Twenty-four samples were collected from James Lake in September, 1996 and eleven
additional samples were collected in September, 1997 (Figure 1). Sediment-water
interface samples were collected using an Eckman box corer. Fractional abundance of
each species, water depth, sedimentology, pH, water temperature, and other physical
characteristics were recorded for each location (Table 1). The exact geographic location
of each sample was determined using a Trimble Scout Global Positioning System unit
and corroborated by triangulating with landmarks on the shoreline.

A commercial sonar device (fish finder) equipped with bottom hardness indicator

was used for sample site selection. Where possible, samples were collected from muddy



98

substrates as winnowed sandy substrates generally have smali allochthonous arcellacean
communities and rocky substrates are normally barren.

The upper few mm of sediment from each Eckman grab were removed to isolate
the epifaunal arcellacean fauna inhabiting the sediment-water interface. Samples for
micropaleontological analysis were first screened with a 1000um sieve to remove coarse
organics, then with a 55ium screen to retain arcellaceans and to remove silts and clays.
All samples were treated with isopropy! alcohol and refrigerated after collection to avoid
decay. Samples were subdivided into aliquots for quantitative analysis using a wet splitter
(Scott and Hermelin, 1993). Wet aliquots were examined under a binocular microscope
and. whenever possible, a statistically significant number of arcellaceans were counted
(Patterson and Fishbein, 1989).

A one cm deep sediment sample was collected in ten of the samples collected in
1997 and used for geochemical analysis of pore water (Table 2). The chemical makeup
of compounds and elements found in pore water are in forms that can be directly ingested
and absorbed by most organisms and are thus provide results that can be more directly
compared to the observed fauna than those obtained from bulk geochemical analyses

(Luoma, 1983; Campbell, 19953).

QUANTITATIVE ANALYTICAL PROCEDURES
The nineteen observed arcellacean species and strain data (Table 1) was
converted into fractional abundances, and standard errors were calculated according to

the formula proposed by Patterson and Fishbein (1989):



Sx; = [Xi(1 - Xj/N] 12

where Sx. is the standard error; Xj is the estimated fractional abundance for each i =1, 2,

3, ..., I species, where I = the total number of species in the sample; i is each species; and
N is the total number of specimens counted in a sample. When making N counts, the

actual fractional abundance f; lies between,

X; - 1.96Sx; < f; < Xj + 1.965x;

95% of the time. Therefore, the 95% confidence interval on the estimated fractional

abundances is X; + 1.96SXi. The standard error for samples having no specimens of a
particular species was calculated using the standard error equation ((Sxi); see Mosteller

et al., 1970):

Sx; =1 - (0.051/N)

All samples contained statistically significant numbers of arcellaceans (Tables 1;
see Patterson and Fishbein, 1989, for background on estimating statistical significance).
Statistically significant taxa were subjectively determined to be those with abundances
equal to the standard error +1% at the 95% confidence level in at least one sample. Only
one arcellacean strain Centropyxis constricta ‘spinosa’ was present in statistically

insignificant numbers and was therefore not utilized in cluster analysis. Q-mode cluster
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analysis was carried out on arcellacean data in order to group samples with similar
species distributions. Samples grouped in this fashion are considered to be representative
of a particular environment or biofacies.

Q-mode clustering of the reduced data sets was done on an Apple Macintosh
computer using the SPSS v.5.2 statistical software package and Ward's minimum
variance method. The results of the cluster analysis were reported as Euclidean distances
and arranged in hierarchical dendrograms (Figures 2, 3). The dendrograms were used to
define sample and faunal associations. This methodology simulates a statistically based
Error-Weighted Maximum Likelihood (EWML) clustering method fully described by
Fishbein and Patterson (1993). Cucurbitella tricuspis was very abundant in many
samples. Presence of this species, known to have a planktic phase is not always indicative
of lake bottom conditions (Schonborn, 1984; Patterson et al., 1985; Medioli et al. 1987;
Collins et al. 1990). As the purpose of this research is to characterize benthic
environments the Q-mode cluster analysis was carried out with C. tricuspis abundance
data excluded (Figure 2).

R-Mode Analysis was performed on the 18 taxonomic units (F ig 3) found in
statistically significant numbers (see Patterson and Fishbein, 1989). The methodology
employed is the same as for Q-Mode analysis but is performed on taxonomic units rather
than samples. This dendrogram was used to determine which species and strains tended
to be found together, and is another useful method for identifying and assessing faunal

associations.
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JAMES LAKE PHYSIOGRAPHY AND GEOCHEMISTRY

James Lake is a narrow curved lake elongated in a north-south direction located
along highway 11 north of Temagami in northeastern Ontario (Figure 1). The
mesotrophic lake covering an area of 45.3 hectares 2 is fed by an inlet stream at the north
end and drained by an outlet stream at the south end. The lake is divided into north
(80%) and south (20%) basins separated by a narrows. The smaller southern basin is
quite shallow, reaching a maximum depth of only 4.0 m. The northemn basin with a
maximum depth of 15.0 m (Figure 1) is sufficiently deep for summer stratification to

occur. Both oxygen levels and temperature drop significantly below 5.0 m water depth.
Temperature and oxygen levels in the upper epilimnion are 25° C and 9.0 mg/L,

respectively during summer. Temperature and oxygen concentration drops to 100 C and
2.0 mg/L respectively in the lower hypolimnion.

The Keewatin age volcanic rocks along the southwest shore of the lake are quite
rich in massive sulfides, particularly pyrite. Massive lens deposits of pyrite were
discovered in within soft green schists in 1903. From February 1906, to March 191 1the
Northland Pyrite Mine Co. was operational, shipping more than 38,000 tons of pyrite to
Cobalt, a short distance to the north. The pyrite was refined and used to make sulfuric
acid. an essential ingredient in the milling of silver ore. Most mine waste rock (about
3,500 m’ containing 25% pyrite with lesser amounts of pyrrhotite and traces of
chalcopyrite and gold) was dumped on the southwest lakeshore. As rainwater percolates

through the waste rock it becomes acidified. This process has contributed to acidification



of the adjacent lake water and bottom sediments. The water flow also leaches sulfates
derived from the pyrite and pvrrhotite minerals.

In 1979 local residents began to express concern that seepage from the waste rock
pile and open pit was having a detrimental effect on Granite Lake, a few hundred meters
downstream from James Lake. There was also an increase in tourism to James Lake
itself and the owners of a motel and a wilderness outfitter resort on the lake were worried
about what impact continued leaching might have on water quality. For example iron
staining has been visible on all rocks cropping out along the shore throughout the entire
southern basin for many years (Gale, 1990). These rocks were still highly stained when
we sampled the lake in 1996 and 1997 and on a subsequent visit in 1998.

A Ministry of the Environment (MOE) study began only two days after ice had
left the lake on May 10, 1989, and continuing throughout that summer (Gale, 1990).
Three key water quality parameters (iron, aluminum and sulfate) were found to exceed
provincial guidelines in the MOE report. The results of our geochemical analysis also
indicate that in pore waters as well only these three parameters exceed provincial
guidelines.

In areas near the waste rock pile sulfate concentrations in the sediment are
extremely high, up to 7500 pug/g. Sulfate ions and hydrogen ions from water interact to
produce sulfuric acid. Localized bacterial reduction of some sulfate to H,S may also
contribute to development of a toxic benthic environment for many aquatic invertebrates
(Environment Canada, 1979). During our sampling we observed a gradation from a low
of pH (2.0) in some bottom sediments adjacent to the waste rock piles to almost neutral

conditions (pH 6.8) in more distant areas of the southern basin of the lake. The position
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of the outlet stream immediately adjacent to the mine site coupled with the overall north
south flow of water in the lake helps maintain this gradient.

Several metals, most notably Al and Fe, are being leached out of the waste rock.
Aluminum concentrations in pore water varied between 0.19 mg/L to 415 mg/L near the
waste rock pile. Aluminum values in the lake water itself varied from 0.24 mg/L near the
waste rock pile to 0.05 mg/L in the northern basin (Gale, 1990). Although Aluminum is
not essential for survival it is found in almost all plant and animal species. Aluminum
complexes into relatively stable complexes mostly unabsorbable by organisms in higher
pH regimes (Plankey and Patterson, 1987, 1988). However, in lower pH environments
(<pH 5.5) such as found in the southern basin of James Lake it mobilizes into
biologically useable forms (Burrows, 1977). There are differing opinions as to the degree
of hazard posed by aluminum in drinking water. Thus the guidelines for control of
aluminum are highly variable. However, 0.2 mg/L seems to be the maximum allowable
concentration agreed to by most agencies (Moore, 1991). In Canada and several
European nations the guidelines for the protection of aquatic life are 0.1 mg/L at pH >6.5
and 0.005 mg/L at pH<®.5.

Sediment pore water iron levels vary from a high of 11,800 mg/L near the waste
rock pile to only 1.52 mg/L in the northern basin. Iron concentration in lake water varies
from 0.09 mg/L in the northern basin to 2.4 mg/L near the waste rock pile (Gale, 1990).
The pH of the lake water rises to nearly neutral values throughout the lake during freshet
and particularly during spring turnover (Gale, 1990). When near neutral water found in
most parts of the lake mixes with acidic, metal-laden water near the waste dump, the

metal precipitates out as iron hydroxide (FeOH). All measured pore water and lake water
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iron concentration were found to be well in excess of the maximum value (0.3 mg/L) set
by the Ontario provincial drinking water guideline. However, Iron is so plentiful in the
environment that very high levels often accumulate in invertebrates. Since iron is an
essential trace element, a certain amount of bioconcentration can occur with little ill
effect (Vymazal, 1984; Tessier et al., 1984). Low drinking water guidelines are based
primarily on aesthetics rather than any serious health concerns. As an example the taste
of iron can readily be detected at 1.8 mg/L. High iron concentrations also lead to staining
of laundry and plumbing and massive growth of bacteria in water systems (Moore, 1991 )-
The recommended daily intake for men is 10 mg and 18 mg for women. Using the
provincial guideline of 0.3 mg Fe/L H,O the intake of iron from drinking water would be
only 0.6 mg, far below the recommended human daily intake. Although guidelines for the
protection for aquatic life range from 0.3 mg/L to 1.0 mg/L their tolerance is much higher
(>10 mg/L; Moore, 1991). The observation by both Gale (1990) and ourselves of a large
number of vertebrates (fish and amphibians) in the southern basin, corroborates this

finding.

RESULTS AND DISCUSSION

James Lake provides a unique opportunity for assessing the sensitivity of
arcellaceans to industrial pollutants (Kumar and Patterson, in press). Most small lakes in
natural settings are characterized by a single environment (Smol, 1992).
Paleolimnological studies therefore usually require proxy data collected from several
lakes, each characterized by distinct environmental conditions and fauna. However, in

James Lake the flow of lake water from north to south, exiting near the pollution point
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source at the old mine site, has created habitats that range from unimpacted conditions in
the northern basin to extremely contaminated conditions near the mine site itself. The
gradation of environmental conditions in James Lake permits the more precise
assessment of the limiting factors that control boundary states for arcellacean

assemblages and individual taxa.

R-Mode Analysis

The results of the R-Mode cluster analysis revealed that the morphologically
defined strains are useful for environmental discrimination in this lake as strains from the
same species often did not cluster together (Figure 3). If the distribution of strains were
not affected by environmental parameters it would be expected that R-mode cluster
analysis would have grouped all the strains of one species together. Reinhardt et al.,
(1998) observed similar results in lakes from the nearby Cobalt area of Ontario where £+
using strains they were able to resolve subenvironments and faunal relationships that
were otherwise unrecognizable.

Two species, C. tricuspis and A. vulgaris clustered distinctly from all the others in
the R-Mode analysis (Figure 3). As discussed earlier when tests of the seasonally
planktic C. tricuspis finally sink they tend to be equitably distributed around lakes in an
assortment of environments much different from where they never actually lived
(Schonborn, 1984; Patterson et al., 1985; Medioli et al. 1987; Collins et al. 1990). This
species thus has no distinct association with any particular environment resulting in its

isolated position in the R-mode cluster analysis.
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Arcella vulgaris clustered distinctly from all other taxa because in the low pH
samples where it dominates no other species can survive in appreciable numbers. Arcella
vulgaris and C. tricuspis form a weak association in the R-mode analysis only because

transported planktic C. rricuspis specimens are found in the same samples as 4. vulgaris.

Q-Mode Analysis

Subjective interpretation of the Q-mode cluster analysis resulted in recognition of
six assemblages, each characterized by a distinct fauna (Table 3).

Arcella Assemblage (1)

The Arcella Assemblage (1) is restricted to the area immediately adjacent to the
mine waste rock pile in the Southemn Basin and is characterized by 7 samples (Table 1,3).
With the exception of a large proportion of allochthonous C. tricuspis the fauna is almost
exclusively comprised of 4. vulgaris. The overall diversity of the various assemblages
recognized in this study was determined by using the Shannon Diversity Index, defined
as H(S) = -pi*In(p; ) where p; is the proportion of the i species (and/or strains) in the
assemblage. The Shannon Diversity Index is a better measure of diversity than numbers
of species because it also takes into account the relative proportions of species in the
population.

An extremely hostile habitat is indicated for the stations from where this
assemblage was identified because of the extremely low diversity faunas identified
(mean Shannon Diversity Index value (xSDI)=0.655) and generally low abundances.

In contrast, healthy arcellacean faunas usually have Shannon Diversity Index values

approaching 2.5 and abundances of near 500 specimens/cc. As in most stable climax
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communities, there is an equitable distribution of species in these healthy
environments with none overwhelmingly dominating the fauna. Various strains of
Difflugia oblonga typically characterize these assemblages.

Although these samples were well oxygenated (5.9-8.8 mg/1 at the sediment
water interface) and found in warm water (up to 23.7°C at time of collection) they were
all restricted to relatively shallow water depths (0.9 and 1.4 m) in silt and/or clay
environments. Levels of iron and aluminum were very high in samples collected in the
vicinity of the waste rock pile (Table 2). However, the most serious ecological
constraint at stations where these samples were collected was probably the extremely low

pH that varied between 2.6 and 35.7.

Higher Diversity Arcella Assemblage (2)

The Higher Diversity Arcella Assemblage (2) was also overwhelmingly
dominated by A. vulgaris, after again deleting C. tricuspis distributional data (Table 1.3).
It is also found adjacent to the waste rock pile under conditions similar to those
characterizing the Arcella Assemblage and under pH conditions as low as 2.1. The only
difference between the two assemblages is the presence of a low proportion of a few
additional taxa most notably Centropyxis aculeata *aculeata’ and Lesquereusia spiralis.
The Q-mode cluster analysis only grouped the Higher Diversity 4rcella Assemblage
more closely with samples from elsewhere in the lake because of the presence of at least
some additional taxa (xSDI=1.079), as opposed to the monospecies distribution in the

Arcella assemblage. As these assemblages are so similar they will be discussed together.
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Arcella vulgaris dominates assemblages (90-100 %) found in the most
contaminated areas of the lake in areas where pH is < 5.7. However this species is
almost totally absent in less contaminated regions where pH values of 6.5-7.5 were
recorded (Table 1). A clue to the observed distribution of 4. vulgaris can be provided by
assessing its distribution in uncontaminated settings. The species is an important
component of arcellacean faunas in boggy ponds in the Arctic and further south. The low
pH values typical of these ponds has preadapted this species to dominate similar low pH
environments. Other indications that pH may be the dominant controlling factor on
arcellacean distribution in these assemblages, rather that elevated Al or Fe levels, is the
greatly reduced presence of opportunistic centropyxid taxa. In higher pH environments
in the Cobalt area strains of species such as C. aculeata dominate contaminated
substrates (Patterson, et al., 1996; Reinhardt et al., 1998).

Also notably missing from these lower pH environments of this lake are any
strains of Difflugia protaeiformis, although the species is often abundant in portions of
James Lake with pH of 6.5-7.5, and in higher pH and highly contaminated areas of

Peterson and Crosswise lakes.

Difflugia Assemblage (3)

The Difflugia Assemblage characterizes 10 samples in relatively shallow water
(x=1.7m) from higher pH area (x=6.7) of both the southern and northern basin of James
Lake on a variety of muddy to silty substrates (Table 1,3). The fauna is very diverse and
equitably distributed (xSDI=2.364). Excluding C. tricuspis from consideration the fauna

is dominated by varying strains of Difflugia oblonga, most notably D. oblonga
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“lithophila™ (x=13.9) and D. oblonga “glans™ (x=11.1). Dominance of difflugids is
generally associated with high levels of organic content in the substrate (Collins et al.,
1990). The high diversity and great abundance of arcellaceans found at these sites also
indicates an abundant source of organics sufficient to maintain a habitat with high
carrying capacity. Variants of this assemblage are common in eutrophic lakes throughout
castern North America (Patterson et al., 1985; Collins et al., 1990; Patterson et al., 1996).
The very high proportions of C. tricuspis in the lake, associated with various algal species
such as Spyrogyra and known to bloom under eutrophic conditions (Collins et al., 1990),

corroborate this assessment.

Difflugia protaeiformis Assemblage (4)

The Difflugia protaeiformis Assemblage was only found in two samples, 96JL5
and 96JL24, found in close approximation to each other in the northern part of the lake
(Table 1.3). The lake substrate consisted of clay at these sites, varying between 4.2 and
5.5 m water depth. The sites were well oxygenated (7.2-7.7 mg/l) with near neutral pH
values. The arcellacean fauna found in this assemblage was diverse (xSDI=2.268),
although excluding C. tricuspis only one strain D. protaeiformis “amphoralis” (x=22.9%)
was really dominant, followed by Lesquereusia spiralis (x=9.1%), D. protaeiformis
“claviformis™ (8.6%) and D. proraeiformis “acuminata” (x=5.5%). Dominance of D.
protaeiformis strains in an assemblage has generally been related to either polluted or
stressed environments in northern Ontario and Italy (Asioli et al., 1996; Reinhardt et al.,
1998). Reinhardt et al found that D. protaeiformis “claviformis™ comprised nearly 60%

of the fauna in highly contaminated raw tailings substrates in Peterson Lake near Cobalt
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Ontario. However, water and substrate quality in the northemn part of James Lake is very
good. It is interesting to note that Reinhardt et al. (1998) also reported relatively high
proportions of D. protaeiformis “amphoralis and D. protaeiformis “acuminata” (up to
10%) on muddy substrates, particularly those characterized by high numbers of pennate
diatoms. It is quite significant that the muds characterizing the substrate where these
samples were collected also had very high diatom abundances. These results seem to
indicate that while high proportions of some strains of D. protaeiformis are key indicators
of normal pH and highly contaminated conditions some strains are more characteristic of
the host substrate. It is plausible that D. protaeiformis “amphoralis” and D. protaeiformis
“acuminata” preferentially graze on pennate diatoms and their abundance in this part of

the lake is related to ample supplies of a preferred food source.

Lesquereusia Assemblage (5)

The Lesquereusia Assemblage is quite similar the Difflugia Assemblage in
diversity (xSDI=2.386), preferred substrate pH (x=6.8) and distribution in both the
southern and northern parts of James Lake (Table 1,3). As with the Difflugia
Assemblage the high diversity and high specimen counts from this assemblage reflects a
high organic content in the substrate. The Lesquereusia Assemblage is found in slightly
deeper water though (x=2.4m) and unlike the Difflugia Assemblage no single species is
overwhelmingly dominant, except of course for C. tricuspis. The most abundant species
is Lesquereusia spiralis (x=10.0). Substrate may be an important control over the
distribution of this species as highest abundances were associated with sandier substrates.

There has unfortunately been very little research done on the distribution of Z. spiralis
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with the exception of results indicating that the species prefers temperate lakes and is
generally not common in polar regions.

There were three sample cluster misclassifications associated with this
Assemblage. Samples 96JL-4, 96JL-23, and 97JL-1 were collected from between 9.8 and
14.1m of water, well below the thermocline depth (5 m) under very low oxyvgen (1.4
mg/1) and temperature (7-9°C) conditions. This environment is not conducive to
arcellacea and faunas examined in similar lakes from beneath the thermocline are
invariable low diversity and depauperate (Patterson et al., 1983; Patterson et al., 1996).
The presence of a diverse fauna here probably indicates that some reworking of material

from shallower water has occurred.

Centropyxis Assemblage (6)

The Centropyxis Assemblage was comprised of only a single sample (97JL-11)
from near the narrows separating the northern and southern portions of James Lake in
1.5m of water under high oxygenation levels (8.0) and near neutral pH (6.4; Table 1,3).
Although diverse (xSDI=2.321) the fauna is overwhelmingly dominated by two strains of
C. aculeata (C. aculeata “aculeata” and C. aculeata “discoides™). Centropyxids are
opportunistic species and faunas dominated by these species are typically stressed. For
example, in the Cobalt region Centropyxid dominated faunas are typical of highly metal
contaminated lake environments under near neutral pH conditions. The presence of this
fauna here is enigmatic. This portion of the lake is well away from the contaminated
regions of the lake near the mine site and although near a commercial lodge the only

potential source of pollutants from that site would be sewage. The influx of organics



would have caused a spike in difflugids not centropyxids. Recovery of more than a
single sample characterized by this fauna is required to ascertain the validity of this

assemblage.
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Figures in Text

Figure 1. Location Map showing position of James Lake in northeastern Ontario.
Bathymetric map of lake shows relative position of sample and core stations as well as
general layout of abandoned Northland Pyrite Mine Co. site.

Figure 2. Q-Mode Cluster Analysis results dividing samples into 6 distinct groupings as
indicated by the dashed line. Distinct clusters of samples with correlation coefficients
greater than a subjectively selected level were considered biofacies.

Figure 3. R-Mode Cluster Analysis results dividing species into groupings.
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Tables in Text

Table 1. Arcellacean occurrences in samples from James Lake. Samples were
quantitatively analyzed and are recorded as fractional abundances. Total counts, water
depth. assemblage designation, Shannon Diversity, and various other physiographic
parameters are also indicated.

Table 2. Pore-water pH and geochemistry values for Al, Fe and sulfate in mg/L from
selected sample stations. Al and Fe values determined by microwave digestion for
inductively coupled plasma atomic emission spectroscopy (ICP-AES) and granite furnace
atomic absorption spectroscopy (GFAAS, 26 element scan). Sulfate values were
determined by ion chromatography.

Table 3. Mean fractional abundances and various parameters characterizing the six

arcellacean assemblages identified in James Lake.
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Table 2.

Sample pH Al (mg/L) Fe (mg/L.)  Sulfate (mg/L)
JL97-2 6.73 0.46 2.44 7.5
JL97-3 6.51 0.38 2.84 7.5
JL 974 6.55 0.37 2.36 92
JL 97-5 6.33 0.19 1.52 12.4
JL97-6 2.49 64 1240 2884
JL97-7 2.12 415 11800 17238
JL 97-8 6.24 1.11 59.7 9.9
JL 97-9 5.56 0.94 649 25.2
JL97-10 2.69 146 6200 682
JL 97-11 6.31 0.43 14.3 18.8
JL97-12 2.07 155.5 4190 668
JL97-15 3.46 1.13 324 396
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Table 3.
Species/Sample Arcella Diverse Difflugia Difflugiu Lesquerasia Centropyxis
Assemblage Asscmblage (1) Arcellu Assemblage (3) protaeiformis Assemblage (S)  Assemblage (6)
Assemblage (2) Assemblage (4)

Water Depth (m) 1.1 1.1 1.7 49 24 1.5
Sed/water Interface pH 4.5 3.0 6.7 6.8 6.8 64
Sed/water Interface 02 7.2 6.5 74 74 7.8 8
Scd/water Interface Temperature 220 215 21.1 19.7 18.6 18
Shannon Diversity Index (.655 1.079 2.364 2.268 2.386 2.321
Arcella vulgaris 0.691 0.266 0.011 0.015 0.039 0.014
Centropyxis aculeata "aculeata” 0.000 0.038 0.049 0.012 0.055 0.248
Centropyxis aculeata "discoides” 0.001 0.017 0.078 0.035 0.069 0.149
Centropyxix constricta "constricta” 0.000 0.000 0.073 0.047 0.051 0.041
Cenitropyxis constricta “aerophila” 0.000 0.003 0.020 0.005 0.019 0.017
Cucurbitella triscuspis 0.294 0.583 0.152 0.179 0.269 0.132
Difflugia corona 0.002 0.008 0.025 0.015 0.028 0.003
Difflugia oblonga "glans" 0.001 0.004 o 0.098 0.076 0.058
Difflugia oblonga "lithophila” 0.001 0.000 0.139 0.060 0.032 0.014
Difflugia oblonga "oblonga’ 0.000 0.015 0.048 0.017 0.016 0.000
Difflugia oblonga "spinosa 0.000 0.000 0.014 0.014 0.009 0.008
Diffligia protaeiformis "acuminata” 0.002 0.006 0.040 0.055 0.066 0.047
Difflugia protaeiformis "amphoralis” 0.000 0.000 0.033 0.229 0.046 0.044
Difflugia protaeiformis "claviformis" 0.000 0.002 0.027 0.086 0.034 0.028
Difflugia urceolata 0.000 0.003 0.052 0.017 0.045 0.036
Lagenodifflugia vas 0.000 0.004 0.004 0.000 0.034 0.094
Lesquerasia spiralis 0.002 0.045 0.072 0.091 0.100 0.058



Photoplate 1

All bars of 10um length unless mentioned otherwise
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Cucurbitella tricuspis (Carter 1856) Medioli, Scott and Abbott, 1987

Difflugia oblonga “oblonga” (Ehrenberg 1832) Reinhardt et al. 1998

Difflugia corona Wallich 1864

Difflugia corona Wallich 1864

Difflugia oblonga “oblonga” (Ehrenberg 1832) Reinhardt et al. 1998 (bar length
100pm)

Centropyxis aculeata “discoides™ (Ehrenberg 1832) Reinhardt et al. 1998 (bar length
100um)

Difflugia corona Wallich 1864

Difflugia oblonga “glans” (Ehrenberg 1832) Reinhardt et al. 1998 (bar length 100um)
Lagenodifflugia vas Leidy 1874

Difflugia urceolata “urceolata” (Carter 1864) Reinhardt et al. 1998

- Difflugia oblonga “glans™ (Ehrenberg 1832) Reinhardt et al. 1998
12.
13.

Difflugia urens Patterson et al. 1985

Difflugia oblonga “glans™ (Ehrenberg 1832) Reinhardt et al. 1998

Difflugia oblonga “bryophila” (Ehrenberg 1832) Reinhardt et al. 1998

Difflugia oblonga “linearis” (Ehrenberg 1832) Reinhardt et al. 1998

Difflugia urceolata “urceolata” (Carter 1864) Reinhardt et al. 1998

Centropyxis aculeata “discoides™ (Ehrenberg 1832) Reinhardt et al. 1998 (bar length
100pm)

Difflugia urceolata “elongata” (Carter 1864) Reinhardt et al. 1998

Difflugia oblonga “glans™ (Ehrenberg 1832) Reinhardt et al. 1998 (bar length 100um)
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Photoplate 2

All bars of 10um length unless mentioned otherwise

]
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Difflugia corona Wallich 1864

Pontigulasia compressa (Carter 1864) Medioli and Scott 1983

Centropyxis constricta “constricta” (Ehrenberg 1843) Reinhardt et al. 1998
Centropyxis constricta “aerophila” (Ehrenberg 1843) Reinhardt et al. 1998
Lagenodifflugia vas Leidy 1874

Difflugia protaeiformis “claviformis™ (Lamarck 1816) Reinhardt et al. 1998 ( bar
length 100um)

Cucurbitella tricuspis (Carter 1856) Medioli, Scott and Abbott, 1987

Difflugia protaeiformis “claviformis™ (Lamarck 1816) Reinhardt et al. 1998 ( bar
length 100um)

Cucurbitella tricuspis (Carter 1856) Medioli, Scott and Abbott, 1987

- Centropyxis aculeata “discoides” (Ehrenberg 1832) Reinhardt et al. 1998 (bar length

100pum)

. Pontigulasia compressa (Carter 1864) Medioli and Scott 1983 (bar length 100pum)
. Centropyxis aculeata “aculeata™ (Ehrenberg 1832) Reinhardt et al. 1998
. Centropyxis aculeata “spinosa” (Ehrenberg 1843) Reinhardt et al. 1998 (bar length

100um)

- Difflugia protaeiformis “amphoralis” (Lamarck 1816) Reinhardt et al. 1998
- Difflugia protaeiformis “amphoralis” (Lamarck 1816) Reinhardt et al. 1998
. Pontigulasia compressa (Carter 1864) Medioli and Scott 1983

- Difflugia protaeiformis “amphoralis” (Lamarck 1816) Reinhardt et al. 1998






CHAPTER 4. Allochthonous Foraminifera as Evidence of Subaqueous Debris

Flows From ODP Site 1033 (Leg 169S), Saanich Inlet, British Columbia

ABSTRACT

The foraminiferal contents of 150 Holocene - latest Pleistocene samples from
ODP Site 1033 (Leg 169 S), Saanich Inlet. were analyzed. Sediments of this anoxic fjérd
in southern Vancouver Island, British Columbia consist of varved clays inter bedded with
slightly coarser massive layers. The 25 species of benthic foraminifera found were
predominantly shallow water, calcareous forms, although a few planktic foraminifera and
rare arcellaceans as well as deeper water dysoxic benthic forms were also recorded. Most
samples contained an impoverished fauna (average of 235 to 30 individuals), but massive
layers contained statistically (sign test) higher numbers and diversity of foraminifera than
varves. A high proportion (> 50 %) of the foraminiferal fauna was also found to be either
damaged or broken. Such a high proportion of broken/damaged foraminifera along with
the presence of arcellaceans in the massive layers lend credence to the hypothesis that
they were transported from both the coastal regions and shallow well oxygenated parts of
the inlet and deposited on the anoxic bottom of Saanich Inlet during seismically induced
subaqueous debris flows. The varved sediments also contain broken specimens of
foraminifera. Although intact benthic foraminifera within the varves are typically forms
capable of withstanding dysoxic conditions and appear to be autochthonous. broken

specimens are usually of an allochthonous origin being transported to the deeper anoxic
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parts of the inlet during spring freshet along with mineral rich silt. Based on these resuits
the maximum periodicity of slumps generated by small to medium sized earthquakes
(minimum M > 4.5) at Site 1033 is around 170 vears. The high recurrence rate here is
because of the relatively steep walls in the narrow part of the fjérd are less stable than

other areas of Saanich Inlet.



INTRODUCTION

Seismic activity related to subduction of the Juan de Fuca plate under the North
American plate along the Cascadia subduction zone is a major cause for concern in the
states of Washington and Oregon and for the province of southern British Columbia
(Riddihough and Hyndman, 1976; Hyndman et al. 1996; Clague, 1996). Geophysical
models predict that very large earthquakes (magnitude (M) = 8) are rare, occurring
approximately every 500 - 600 years at the boundary between the plate margins (Rogers,
1988: Atwater et al. 1995; Hyndman, 1995). Smaller but still dangerous earthquakes are
more frequent and tend to be centered within the plates (Shedlock and Weaver, 1991:
Rogers, 1994). The geophysical models developed to predict the periodicity of
earthquakes requires extensive geologic ground testing. The physical effects of Holocene
paleoseismic activity in this region have been studied in terms of sea-level changes,
isostasy, and records of tsunamis (Long and Shennan, 1994, 1998; Hutchinson et al. 1997,
Clague et al. 1999). Research in tidal wetlands, coastal salt marshes and other coastal
deposits have proven especially useful in interpreting Holocene paleoseismic events in
terms of the resulting geological and geomorphological changes, and environmental
damages (Mathewes and Clague, 1994; Nelson et al., 1995, 1996 a, 1996 b,1998:; Shennan
etal. 1996; Reinhardt et al. 1996). The geologic evidence of Paleoseismicity caused by
submarine slides, slumps and debris flows, has also been extensively studied (Middleton

and Hampton, 1976; Saxov and Nieuwenhuis, 1980). In particular, Hill et al. (1980)
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discussed in detail the mechanism for deposition of thin bedded subaqueous debris flow
deposits and sedimentological criteria for identifying them in sediments.

The very well preserved varved sediments of Saanich Inlet on Vancouver Island
offer an excellent opportunity to assess the long term history of seismic activity in this
region, both in terms of event frequency and intensity. The silty, clavey massive layers
interbedded with varves have been demonstrated to be the result of subaqueous debris
flows triggered mostly by past earthquakes (Bobrowsky and Clague, 1990; Bobrowsky et
al. 1993; Blais, 1992, 1995; Blais-Stevens et al.1997). Blais-Stevens et al. (1997) have
estimated that the average occurrence is one debris flow every hundred years with
minimum M > 4.5 earthquake required to generate such subaqueous gravity flows in
Saanich Inlet. This conclusion is compatible both with historical seismicity data and with
the rate of liquefaction events observed in Pleistocene lake deposits in Washington State
(Sims, 1975). Blais-Stevens (1998) determined that not all massive lavers have been
formed by seismically induced debris flows though. Some flows have resulted from
gravity slumping of sediments along the steep margins of the inlet. For example.
bioturbation can destabilize substrates resulting in subaqueous sediment gravity flows
(Hecker, 1980).

The long return time for major earthquakes in this region requires detailed analysis
of proxy data from the geological record to determine the history of seismic activity.
Blais-Stevens et al. (1997) utilized the distribution of allochthonous benthic foraminifera
in piston cores from Saanich Inlet to determine the provenance of massive layers. The

objective of this study is to similarly use benthic foraminiferal faunas recorded from very



long cores at Ocean Drilling Project (ODP) Site 1033 in Saanich Inlet to determine the
applicability of foraminifera to assess the frequency and magnitude of earthquake events

during the Holocene.

MATERIAL AND METHODS

Twelve cores (1H to 12H) of varying length were taken at ODP Site 1033 (Hole
1033B) in 238 m of water in southern narrower part of the inlet (Figure 1). Each core was
partitioned into 1.5 m sections and numbered from the top. The lowermost section of
each core was a shorter core catcher (CC). Details of the standard ODP methods
employed for coring and core handling are outlined in Bornhold and Firth et al. (1998) and
Westbrook et al. (1994).

Massive layers interbedded with varves occur only in Holocene and voungest
Pleistocene sediments (11,668-12,336 *C yr BP) penetrated by cores 1H to 6H. O - 48.1
meters below sea floor (mbsf). Therefore, samples from below this level are not included
in this study. The lithology and '*C dates of various core samples are listed in Table 1.
Cores were split and analyzed for color using a Minolta spectrometer. The core was also
CAT-scanned to reveal details of internal structure and composition, such as the presence
of stratified and dispersed sand, ice rafted debris and subtle variations in lithology
(Bornhold and Blais-Stevens, 1997).

Sub-sampling for this research was done at the Pacific Geoscience Centre (PGC),
Sydney, British Columbia. The sand fraction of 150 samples from cores 1H to 6H was

obtained by washing 15 cc core sediment through a 63um sieve and drying at low
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temperature. The resultant sample residues were very small, usually ranging from < 0.001
g100.7 g (rarely 2 1.0 g ) out of 15 cc of core processed. A few processed samples did
not have any measurable sand fraction.

All foraminifera in each sample were picked and transferred to slides for
subsequent identification. Total number of foraminifera, total number of complete
specimens, total number of broken/damaged specimens and number of specimens of
various foraminiferal species were recorded for each sample (Table 2). Selected well
preserved specimens were digitally photographed at the Carleton University Research
Facility for Scanning Electron Microscopy. Identification of foraminifera was primarily
based on illustrations in the Atlas of Common Benthic Foraminiferal Species from

Quaternary Shelf Environments of Western Canada (Patterson et al 1998).

SAANICH INLET AND ITS SEDIMENTARY RECORD

Saanich Inlet is a 26 km long and 0.4 to 7.6 km wide fj6rd in southern Vancouver
Island. Surface sediments surrounding Saanich Inlet were deposited during the
Wisconsinan glaciation and the Holocene (Blyth and Rutter, 1993; Blyth et al. 1993). The
inlet is a single basin separated from the oceanic waters of Haro Strait by a bedrock sill at
the north end in Satellite Channel (Holland, 1980). The average depth of the inletis 120 m
and its maximum depth is 238 m. The sill at the mouth of the inlet rises to 70 m below the
water surface, restricting deep-water circulation. The lower part of the water column,
below 70 m, is anoxic (Blais-Stevens et al. 1998). High primary productivity in the inlet

in the spring and summer, sluggish estuarine circulation and the presence of abundant
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fresh water from Fraser River into Haro Strait, further contribute to the development of
bottom water anoxia almost vear round in the inlet. The anoxia leads to an absence of
most benthic fauna, thus preserving the seasonal record of deposition as fine laminae
alternating between an organic-rich plankton fall and terrigenous sediments (Bornhold and
Firth et al. 1998). The distribution of the various modem sediment types and sedimentary
environments found in this basin along with their associated foraminiferal biofacies (Blais,
1995; Blais-Stevens and Patterson, 1998) has been documented. These data have been
invaluable in identifying the source of various foraminiferal species found in the Saanich
Inlet cores.

Cores recovered from Hole 1033B can be broadly divided into two sedimentary
units. The uppermost approximately 50 m of sediments are a laminated sequence of
Holocene olive-gray diatomaceous mud overlying a pre-Holocene sequence of dense.
massive to irregularly laminated glaciomarine mud (older than about 12 k yr BP)
containing poorly sorted sand lenses and dropstones, as well as graded and contorted sand
and silt beds (Bornhold, 1998).

The Holocene sediments are rhythmically-laminated varves of various thickness
(5-15 mm thick) as is common in coastal settings at temperate latitudes. Such laminated
sediments can provide ultra-high resolution information, providing valuable data on
seasonal scale processes as well as intra and inter annual variability (Kemp, 1996). Each
laminated sequence consists of “triplets” of thin dark gray terrigenous mud (< 1-2 mm

thick), gray terrigenous mud, and light olive laminae of diatom ooze (Bornhold, 1998).



The observed sequence in Saanich Inlet is related to late fall and winter, early
spring, and late spring and summer deposition respectively. Unit thickness vary
considerably reflecting changes in the amount and seasonal distribution of runoff in
nearby watersheds, and in primary productivity (Gross et al., 1963; Sancetta and Calvert,
1988; Bobrowsky and Clague, 1990; Blais-Stevens et al. 1997; Bomhold, 1998).

Sedimentation rates for the varved sediments have been estimated at berween 4
and 6 mm per year (Gucluer and Gross, 1964; Blais et al. 1997). According to Bobrowski
and Clague (1990), average varve thickness over the past 1.400 years has been 4 mm.
Varves are thicker (9 mm) in the northern part of the inlet than in southern (5 mm) part
confirming that the primary source of sediments is the Cowichan River watershed at the
north end of the inlet (Blais-Stevens et al. 1998).

X-radiography and SEM studies of these varves show that laminated triplets can
be consistently subdivided into 12 intra-annual sub-laminae. Inter-annual differences in
the number of sub-laminae result from the presence or the absence of ; (1) distinct siit
layers, (2) pelletised/diatom “hash™ layers, (3) intact, un-pelletised diatom assemblages,
(4) monospecific diatom blooms, and (5) exotic diatoms, such as Thalassiothrix mats,
indicating ocean input (Kemp and Dean, 1998). SEM sediment fabric studies also identify
some evidence of micro-benthic bioturbation, probably due to episodes of bottom water
renewal resulting from the flow of oxygenated, higher salinity, oceanic water over the sill
(Kemp and Dean, 1998).

The laminated sediments are interrupted by thin (< 1-3 mm), light gray clay

laminae and thicker massive intervals, a few cm to few tens of cm thick. The clay laminae



appear between winter and summer layers and were deposited during abnormally high
spring floods from the Cowichan River. They are more abundant in the northern part of
the inlet than southern part, providing further corroboration that the major source of
clastic sediments into the inlet is from north and northwest (Blais-Stevens, 1998). During
the early Holocene, after initiation of diatomaceous mud deposition, there was a brief
period of rapid deposition of gray terrigenous clays with sharp lower contacts. The gray
clay bed occurs as a massive layer with a sharp base and grades upward into
diatomaceous mud in core 6H-5 between 67 and 123 cm. There is palynological and
silicoflagellate evidence suggesting a big terrestrial input of nutrients and fresh water
during its deposition (Melissa McQuoid, personal communication 1999). This interval
has been interpreted to represent a massive flood event that occurred around 11 k vr BP
(Bornhoid, 1998).

The massive units are considered to result from episodic debris flows caused by
slope failure along the inlet sidewalls. There are more massive layers in the southern part
of the inlet (44 at Site 1033) than northern part (22 at Site 1034), where walls are less
steep. As might be intuitively inferred, this difference in failure rate is due to the lower
stability of fine grained sediments on the steeper slopes (Blais-Stevens et al. 1998).

Massive layers interbedded with varved sediments record all major earthquakes in
the region during the past 7 k yr. A diatom marker horizon dated to 1940 AD provides
chronological control for the youngest massive layer. Another massive laver dated at 1946
AD, correlates with a large crustal earthquake on central Vancouver Island. This also

provides stratigraphic control near the top of the unit. There are also two other layers



that are related to the 1700 AD great earthquake on Cascadia Subduction Zone (Blais-
Stevens et al. 1998).
A white volcanic ash layer (1.5-2.0 cm thick) occurs at 37 m depth, and is dated at

7.645 yr BP. This ash layer was deposited following the eruption of Mount Mazama
(Crater Lake, Oregon). The lowermost part of this sequence is not well laminated and
contains a rich bivalve fauna suggesting a period of 2-3 k yr of well oxygenated waters
during the earliest Holocene (Blais-Stevens et al.,1998; Bornhold. 1998). Foraminifera
occur in most of the samples from cores 2H to 7H, but the samples below this level are
usually barren of foraminiferal faunas. Only 9 of 86 samples examined from cores 8H to

12 H contain foraminifera.

LITHOLOGY AND AGE

The following data are summarized from Bornhold and Firth et al.1998.

Core 1H (0.00-0.6 mbsf); Length cored: 0.6 m; Length recovered: 0.62 m
Age: Holocene

Description: Dark gray soupy diatomaceous mud.

Core 2H (0.6-10.1 mbsf); Length cored: 9.5 m; Length recovered: 9.88 m
Age: Holocene

'*C Dates: (2H-7, 28 cm, shell, 1,407-1,715 yr BP)
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Description: Dark gray (8Y 3/1) diatomaceous mud. The core is disturbed by gas
escape. making accurate assessment of the state of lamination in the top 6 m difficult. The
section between 6-10.1 m is less disturbed and laminae are more distinct. Laminae
thickness 5-9 mm ( average 6 mm) between 7.5-9.0 m and 3-4 mm between 9-9.7 m.
Massive layers occur at section 3, 132-150 cm; and section 6, 37-73 cm.

Core 3H (10.1-19.6 mbsf): Length cored: 9.5 m; Length recovered: 10.31 m

Age: Holocene

"*C Dates: (3H-5, 144 cm, charcoal, 2,892-3,316 yr BP)

Description: Dark gray (8Y 3/1) diatomaceous mud. Well laminated sediments
with intermittent massive layers. Laminae thickness range between 3-10 mm (average 4
mm). A thin (few cm) zone of discontinuous laminae commonly occurs at the base of
massive layers. A lamina with abundant plant fragments occurs at section 3. 15 cm.
Massive layers occur at section 1, 17-22 cm; section 2, 64-100 cm, 102-109 cm. 119-136
cm; section 3, 78-83 cm, 94-111 cm; section 3, 3-20 cm, 75-126 cm; section 7, 16-20 cm,
37-86 cm.

Core 4H (19.6-29.1 mbsf); Length cored: 9.5 m; Length recovered: 10.24 m

Age: Holocene

Description: Gray to dark gray (8Y 4/1) diatomaceous mud. Well laminated
sediments with intermittent massive layers. Laminae thickness range from 1 mm in
section 3 to 5 mm in section 5 (average 4 mm). A thin (few cm) zone of discontinuous

laminae commonly occurs at the base of massive layers. Massive layers occur at section



1, 0-48 cm; section 2, 5-9 cm, 22-54 cm, 99-101 cm, 126-139 cm; section 3, 72-75 cm;
section 4, 59-66 cm; section 6, 92-98 cm; section 7, 73-79 cm; and CC, 11-35 cm.

Core 5H (29.1-38.6 mbsf); Length cored: 9.5 m; Length recovered: 10.11 m

Age: Holocene

"“C Dates: (5H-1, 8 cm, charcoal, 6,059-6,389 yr BP; Mazama Ash Bed, 7.645 vr

BP)

Description: Gray to dark gray (8Y 4/1) diatomaceous mud. A 2 cm thick gray
volcanic ash horizon (Mazama Ash Bed) occurs in section 6, 52-54 cm. The sediments are
well laminated in the upper part and discontinuously laminated in the lower part. Laminae
are generally of millimeter thickness. Massive layers occur at section 1, 70-85 cm; section
4, 81 to section 5, 18 cm; section 5, 64-72 ¢cm, 113-116 cm, 133-136 cm. Intervals of
discontinuous laminae occur in section 1, 78-85 cm; section 2, 69-74 cm, 137-139 cm,
section 3, 6-11 cm; section 3, 54-147 cm; section 7, 0-56 cm. Traces of laminae occur in
section 7, 56-89 cm.

Core 6H (38.6-48.1 mbsf); Length cored: 9.5 m; Length recovered: 10.25 m

Age: Holocene - Pleistocene

"“C Dates: (6H-2, 15 cm, shell, 8,929-9,226 yr BP; 6H-2, 60 cm. shell, 9,078-
9.388 yr BP; 6H-2, 90 cm., shell, 9.246-9,474 yr BP; 6H-4. 110 cm, shell, 10,304-
10,879 yr BP; 6H-5, 135, shell, 10,952-11.452 yr BP; 6H-5. 141 cm, shell, 11,003-
11,643 yr BP; 6H-6, 13 cm, shell, 11,000-11,687 yr BP; 6H-6, 88 cm, shell, 11,668-

12,336 yr BP).
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Description: Olive gray (10Y 4/1) diatomaceous mud. It is indistinctly laminated
from section 1 to section 3, 150 cm and contains traces of laminae from section 4, 0 cm to
section 5, 67 cm with massive intervals at section 2, 138 cm to section 3. 17 cm, and
section 5, 23-31 cm. The Gray Clay Bed occurs as a massive layer with a sharp base and

gradational upper contact to the diatomaceous mud in section 35, 67-123 cm.

RESULTS

One hundred and fifty samples from the upper 48.1 mbsf (cores 1H to 6H) were
examined from Hole 1033B. of which 68 samples were from massive layers, and 31 from
varves and the rest from distinct or indistinct laminae, breccia or various combinations of
different kinds of layers (Table 2). Foraminiferal tests occur both in varves and the
massive layers, with typically impoverished foraminiferal assemblages found throughout
(Kumar and Patterson, 1998, a b c). On average, only between 25 to 30 specimens per 15
cc were observed in these samples, and a few samples were barren. However, some
samples in cores SH and 6H contained significantly higher numbers of foraminifera (100 -
500 individuals per 15 cc and rarely even higher, see Table 2). The foraminiferal taxa were
predominantly benthic, calcareous, shallow water forms. Planktic foraminifera were
usually rare, although in a few varves and laminated samples from cores 3H-3, 4H-2, 5H-
2, 5H-5 and 5H-7 they occur in significant numbers (10-50 % of the sample assemblage).
Rare specimens of arcellaceans, freshwater testate rhizopods, were also observed, but

only in the massive layers.
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To determine whether there was a statistical difference between the faunas found
in the varves and massive layers, the nonparametric statistical sign test (Mendenhall and
Beaver, 1994) was conducted on the mean values of total number of foraminifera found in
the massive and varved layers (Table 3). The difference between the foraminiferal
populations in the massive and varved layers is significant, p < 0.05 (calculated value of p
= 0.0352). with foraminifera being more abundant and diverse in the massive layers than
the varves (Figure 2). Species diversity observed in these samples (both massive and
varved sediments) was also low, with most samples containing only 5 to 10 species.

A large proportion (> 50 %) of the observed foraminiferal specimens in both
massive and varved sediments were damaged or broken (Table 2). In some samples
observed from the massive layers all foraminiferal specimens were broken. Few varved
sediment samples were dominated by either planktic foraminifera or unbroken specimens
of the benthic foraminiferal species Stainforthia feylingi.

The most common species of foraminifera observed were Cribroelphidium
excavatum, C. halladense, Lobatula fletcheri, Buccella frigida, B. tenerrima, Nonionella
stella and Stainforthia feylingi. Other less common and rarer species were
Cribroelphidium microgranulosum, C. foraminosum, Homalohedra guntheri, Lagena
striatocollis, Bolivinellina pacifica, Fissurina copiosa, F. lucida, Trochammina
charlottensis, T. nana, Siphonaperta stalkeri, Lagena striaticollis, Miliammina Susca,
Buliminella elegantissima, Nonionella digitata, Astrononion galloway, Rosalina
columbiensis, and Hyalinonetrion clavatum. Most of these species are shallow water

forms and characterize well oxygenated environments, with the exception of some of the
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bolivinid forms and Srainforthia feylingi which are known to inhabit dysoxic benthic

environments on the British Columbia shelf (Patterson et al. in press).

DISCUSSION
Foraminiferal Assemblages
The foraminiferal fauna of Hole 1033B is predominantly calcareous, and is

characterized by the common occurrence of Lobatula fletcheri, Buccella frigida,
Stainforthia feylingi and Cribroelphidium excavatum. The foraminiferal composition
within varves and massive layers does not vary considerably, and correlates well with the
Lobatula fletcheri Biofacies described from shallower well oxygenated regions of Saanich
Inlet by Blais-Stevens and Patterson (1998). This biofacies is characterized by a
calcareous fauna, always containing Lobatula fletcheri, and is subdivided into the
Stainforthia feylingi Sub-biofacies and the Buccella frigida Sub-biofacies. The Stainforthia
Jeylingi Sub-biofacies occurs in deep water, low oxygen environment (basin trough)
whereas the Buccella frigida Sub-biofacies characterizes shallow water (< 20 m) normal
marine environments (bays), and has a patchy distribution probably due to vagaries of
water circulation in this restricted basin. At depths of 20-50 m, Buccella frigida and
Stainforthia feylingi occur in approximately equal abundance (Blais-Stevens and Patterson,
1998). Other important taxa identified by Blais-Stevens and Patterson (1998) and found
in significant numbers in Hole 1033B include Cribroelphidium spp. and Miliammina
Jusca. Cribroelphidium spp. dominate modern assemblages in the inlet at depths of < 5 m.

In addition, dissolved Cribroeiphidium spp. tests, identified by their linings, are found in















































































































































































































































































































