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INTRODUCTION

Ellen T. Drake
College of Oceanography
Oregon State University
Corvallis, OR 97331

On 21st June1988, researchers from different
disciplines representing various organiza-
tions and institutions convened at Corvallis, Oregon,
on the campus of Oregon State University, to share
knowledge concerning Crater Lake. The Sympo-
sium was organized under the aegis of the Pacific
Division of the American Association for the Ad-
vancement of Science, in the hopes that by pooling
our knowledge and understanding the ecosystem of
Crater Lake we, as temporary custodians of this
planet, might make the right decisions that will
ensure the preservation of this most precious na-
tional heritage for future generations.

All participants invited to present papers were and
are closely involved in scientific research of various
aspects of the Crater Lake ecosystem. The articles
in this volume represent reports of the results of
these scientific investigations and their interpreta-
tions, irrelevant to the politico-economical ramifi-
cations of such reporting. The geological setting and
background of Crater Lake with its violent history
isdetailed. The ten-year limnological program of the
National Park Service in studying Crater Lake is
summarized. The chemistry of Crater Lake water
and the chemistry and history of the caldera sedi-
ments are given. Evidence for possible hydrother-
mal activity at Crater Lake is presented and an
alternative explanation for some of the data ob-
served is hypothesized. The chemistry and ecology
of caldera streams and nearby cold springs are dis-
cussed, as well as the relationship of lake water level
and climate. Secchi disk readings with respect to
phytoplankton data and possible long-term sewage
influx are presented. Phytoplankton and zooplank-
ton assemblages, including some non-native fish
populations, are characterized. The volume con-

Copyright © 1990, Pacific Division, AAAS

cludes with a summary of Crater Lake studies in a
comparison of Crater Lake with the early stages of
eutrophication of Lake Tahoe.

As much as scientists try to remain immune to
societal pressures, however, science can no longer
be practised in total isolation within ivory towers.
At the same time, scientists cannot allow outside
pressures to subvert the scientific process. As a
historian of science I have been greatly impressed
that out of purely scientific questions, i.e., has the
clarity of the lake changed and does hydrothermal
venting occur at the bottom of Crater Lake, has
emerged a complex situation involving people from
industry, government agencies, scientists and other
individuals. The crux of the controversy is whether
resources surrounding the Crater Lake Park should
be tapped and whether such activities could have an
impact on the pristine environment of the lake.

Similar situations surrounding other environmen-
tal-developmental issues have arisen in many parts
of this country, resulting often in bitter debate and
even violent confrontations. In such struggles, sci-
entists who are best equipped with studied opinions,
unfettered by motives other than scientific, should
be allowed to present their results without vigorous
opposition from factions with private interests or
political jurisdictions at stake.

The articles in this volume are devoid of political
taints. If any hint of the latter had appeared during
earlier drafts, these have been expunged. This vol-
ume, therefore, represents the reporting to-date of
what has been done in a concerted attempt to under-
stand the ecosystem of Crater Lake in the best tradi-
tion of science.
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STATUS OF THE TEN-YEAR LIMNOLOGICAL
STUDY OF CRATER LAKE, CRATER LAKE
NATIONAL PARK

Gary L. Larson
Cooperative Park Studies Unit, National Park Service
College of Forestry, Oregon State University
Corvallis, Oregon 97331

This paper summarizes the development
and program status and planning of a 10-
year limnological study of Crater Lake in
Crater Lake National Park, Oregon. The
program was mandated by Congress in the
fall of 1982 after the lake data base (1896-
1981) was found to be inadequate to deter-
mine whether the lake was decreasing in
clarity as had been suggested from indepen-
dent studies between 1978 and 1981. Goals of
the study include establishing a data base for
future comparisons, evaluating relationships
among physical, chemical, and biological fea-
tures, and establishing a long-term monitor-
ing program. We want to know whether the
lake is changing. If changes are detected, we
will develop studies to identify the causes and
recommend mitigation measures for anthro-
pogenic changes.

Crater Lake is a primary natural resource of
Crater Lake National Park in southern Ore-

gon. The lake covers the floor of Mt. Mazama cal-
dera that formed about 6,800 years ago (Fig. 1;
Bacon 1983). It is one of the largest (48 km?) and
highest (1883 m) caldera lakes in the world, and it
is the decpest (Larson, 1989). Steep walls form a
high rim around the lake, inflowing waters originate
within the caldera, and there is no surface outlet
(Larson 1988).

Numerous aquatic studies were conducted on the
lake from 1896 to 1969, including physical, chemi-
cal and biological features (Larson 1987). Many of
these studics, however, were short and limited in
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scope. Enough information was collected to indicate
that the lake was very deep, extremely transparent,
moderate in alkalinity and conductivity, thermally
stratified in summer, well oxygenated, low in phos-
phorus and nitrate, and containing low densities of
phytoplankton and zooplankton. Based on data col-
lected between 1978 and 1981, the transparency of
the lake apparently has decreased and the algal
community has changed (Table 1).

The limnological data were evaluated in 1982 by
apanel of limnologists. They concluded that the lake
may be changing, but the data base was too sparse
to substantiate their conclusion. On their recommen-
dation, the National Park Service sponsored a lim-
nological study of the lake in the summer of 1982.
However, in the fall of 1982, Congress passed a
public law (97-250) mandating that the Secretary of
the Interior conduct a 10-year limnological study of
Crater Lake. The broad goals of the 10-year study
include:

1. Develop a reliable data base for use in the
future.

2. Develop an understanding of the physical,
chemical and biological features of the lake.

3. Establish a long-term monitoring program to
examine the limnological characteristics
through time. If changes in lake conditions are
detected, studies will be developed to identify
the cause(s) and if anthropogenic, mitigation
measures recommended.

PROGRAM DEVELOPMENT

The project began in the summer of 1983 with
emphasis on establishment of the monitoring pro-
gram (D. W. Larson 1983 and 1984a; and G. L.



Figure 1. Crater Lake station grid system established by Hoffman (1969). The main trend station (13) is 589 m deep.
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TABLE 1. COMPARATIVE DATA FOR SECCHI DISK READINGS AND DOMINANT
PHYTOPLANKTON SPECIES FOR SAMPLES TAKEN BETWEEN 1913

AND 1969 AND BETWEEN 1978 AND 1981 (FROM LARSON 1987)

1913-1969 1978-1981
Reference Method/Comment Observation Reference Method/Comment Observation
Secchi disk Larson (1984a) General lack of envi- 2561040m Larson (1984a) Environmental cond- 2191t10365m
ronmental conditions tions documented
when readings taken
except for the data
collected from 1968-69.
Dominant Kemmerer Net plankton samples Mougeotia sp. present Larson (1984b) Filtered or settled Nitzschia gracilis,
phytoplankton etal (1924) (1913) throughout water samples (1978-1980) maximum 0 to 20 m
column but maximum
at60to 150 m
Asterionella sp. found Tribonema sp., maxi-
only below 60 m, mum 80 to 120 m
maximum at 100 to
200 m
Utterback Net and centrifugal Few algal cells found Stephanodiscus hantz-
etal (1942) water samples in upper 20 m schii, maximum 160

(1340)

Greatest abundance

between 50 and 200 m

maximum at 75 m
Anabaena sp. most

abundant alga.
Mougeotia sp.
Asterionella sp.
Nitzschia sp.

t0 200 m
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Larson 1985). By 1985, much of the ground work
had been done and conceptual models were devel-
oped to focus the monitoring and research (Figs. 2
and 3). The first model illustrates the overall com-
ponents and their interrelationships within the eco-
system, such as the interrelationships among cli-
matic, terrestrial, and limnological characteristics as
well as anthropogenic perturbations. The second
model focuses on the ecosystem components within
the lake. Based on these models, a set of working

objectives was developed, and a format for the mon-
itoring program was completed (Tables 2 and 3).
The working objectives can be divided into three
subdivisions: (1) baseline; (2) lake structure and
organization (the parts of the lake system and how
they are organized); and (3) examination of chang-
ing lake conditions through an analysis of baselinc
data, paleolimnology, and color and optical proper-
ties.

CE— CLIMATE MAN —
Temperature Pollution
Solar radiation
Atmospheric deposition
Wind
EVAPORATION
Water loss
WATERSHED
Runoff LAKE
Groundwater J

Nutrients - PHYSICAL/CHEMICAL

Debris Volume, Temperature, pH, Conductivity
Alkalinity, Nutrients, Debris
Detritus, etc.

LAKE

.

BIOLOGICAL

Algae, Zooplankton
Benthos, Fish

LAKE
\_ : SEDIMENT HYDROTHERMAL
Debris Temperature
Nutrients Water
Fossils Nutrients
LOSS
SEEPAGE

Figure 2. Conceptual model of the Crater Lake ecosystem (after Larson 1988).
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TABLE 2. WORKING OBJECTIVES OF THE CRATER LAKE
LIMNOLOGICAL STUDIES (AFTER LARSON, 1988)

1. BASELINE DATA BASE

A. Describe the general physical, chemical, and
biological characteristics of the lake for the
period 1983-1992.

1.

2.

3

4.

Determine the amount of seasonal and annual
variation of each variable.

Determine how each variable varies with
depth.

Determine the amount of spatial (horizontal)
variation of each variable.

Evaluate the lake clarity data relative to the
physical, chemical, and biological conditions
of the lake.

2. LAKE ORGANIZATION AND STRUCTURE

A. Lake volume, stratification and circulation.

1.
2.

3.

4.

Estimate water input into the caldera.
Document relationships between input and
changing lake levels.

Evaluate the conditions necessary for the
development of thermal stratification.
Describe the circulation patterns and
processes of the lake.

B. Nutrients.

1.

2.
3.

Estimate nutrient loading from atmospheric
sources and caldera springs into the lake.
Estimate loss of nutrients to sedimentation.
Evaluate nutrient levels in the lake through
time relative to inputs, losses, and recycling.

C. Biological features.

1

. Describe the relationships of phytoplankton

species, abundance, biovolume, distribution,
and production relative to physical and
chemical lake features and zooplankton.

. Describe the relationships of zooplankton

species, abundance, biomass, and
distribution relative to physical and
chemical lake features, phytoplankton,
and fish.

. Describe the relationships of benthic

macro-invertebrate species, distribution, and
abundance relative to physical and chemical
lake features.

11

4. Describe the relationships of fish species,

abundance, biomass, and distribution
relative to physical and chemical lake
features and zooplankton, benthic macro-
invertebrates and terrestrial insects.

3. OPTICAL CHARACTERISTICS, LAKE
COLOR, AND PALEOLIMNOLOGY

A. Color and optical properties.
1. Determine color and optical properties of the

lake.

a. Compare with Pettit’s 1935 lake color
study.

b. Compare with Smith et al., 1969 optical
study.

2. If changes are observed, (3.A1), interpret

these relative to modern lake clarity
conditions (1.A4).

B. Paleolimnology
1. Evaluate historic lake conditions from

analyses of sediment cores from the lake.

a. Determine selected physical characteristics
through time.

b. Determine selected chemical characteristics
through time.

c. Examine the fossil record through time.

. Determine relationships between the

characteristics of surface sediments and
settling materials.

4. EVALUATE THE SYSTEM FOR CHANGE
(FROM 1, 2, AND 3)

A. Determine if any variable under study shows
signs of change greater than would be expected
from modern annual variations.

B. Determine if any detected changes could result
in a loss of lake clarity.

C. To the extent necessary, identify and conduct
special studies to evaluate factors that may be
impacting lake water quality.
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TABLE 3. COMPONENTS OF THE CRATER LAKE BASELINE LIMNOLOGICAL
MONITORING AT THE MAIN TREND STATION (13)AND
INTRACALDERA SPRINGS (AFTER LARSON, 1988)

1. LAKE PROGRAM
A. Temperature
1. Record temperature profiles to 250 m
(maximum length of thermister cable) at:
1 m intervals from 0 to 20 m
5 m intervals from 20 to 100 m
20 m intervals from 100 to 200 m, and
25 m intervals from 200 to 250 m
2. Conductivity, temperature and depth probe
(CTD) to 550 m
B. Optical
1. Secchi disc (20 cm)
2. Photometer (to 150 m)
3. Transmissometer (to 550 m)
C. Chemical.
Determine pH, total alkalinity, specific
conductance, dissolved oxygen, total
phosphorus, orthophosphate, nitrate-nitrogen,
total Kjeldahl-nitrogen, ammonia-nitrogen,
silica, and trace elements at all or selected
depths from the following depth sequence: 0, 5,
10, 20, 60, 100, 200, 300, 400, 500, and 550 m.
D. Biological
1. Chlorophyll-a
Estimate the in vitro chlorophyll at the
following depth sequence:
5 m intervals from 0 to 10 m
20 m intervals from 20 to 200 m
25 m intervals from 200 to 300 m

From 1983 to 1985, studies of the lake were con-
ducted from late June through September because
the lake was not accessible during winter. In 1985,
a boathouse was constructed on Wizard Island (Fig.
1), which permitted sampling the lake during winter.
The first winter trip took place in March, 1986; since
then, one or two winter trips have been made each
year.

Monitoring is limited to deep-water station 13
(Fig. 1) for two reasons. First, much of the historical
data were collected at this site. Second, limnological
conditions at station 13 are representative of the
other deep-water station (23).

The program has increased in breadth since 1983.
Studies of the sources and fates of particles and
initial testing for the presence of hydrothermal ac-
tivity began in 1983. Zooplankton studies began in
1985. Studies on lake color, climate and lake level

12

2. Primary production (carbon14 light/dark bottle)
Estimate primary production at the
chlorphyll sampling depths to 180 m.

3 Phytoplankton
Determine species, densities, and
biovolumes at all chlorophyll sampling
depths.

4. Zooplankton
Determine species, densities, and biomasses.
Samples taken with a vertical haul .5 m
diameter number 25 closing net.

5. Fish
Determine species, abundances, biomasses,
distributions, age, sex, growth and food
habits. Samples collected with gill nets,
hook and line and down rigger. Pelagic
distributions will be estimated using an
echo-sounder.

2. SPRINGS

A. Location
Each spring identified by a numbered tag.

B. Physical and chemical water quality and

bacteria.

Record temperature and take samples for pH,
conductivity, alkalinity, nutrients, trace
elements, and bacteria (total coliforms, fecal
coliforms, and fecal streptococcus).

fluctuations, and fish began in 1986. A conductivity,
depth and temperature probe and a transmissometer
were purchased in 1987 so that temperature, con-
ductivity and turbidity could be measured from the
top to the bottom of the water column. Collection of
bulk atmospheric deposition began in 1987, as did
initial surveys of periphyton. The current investiga-
tors are listed in Table 4.

SUMMARY OF IMPORTANT FINDINGS

Thermal stratification of the lake occurs between
August and September. A thermocline can form as
early as mid-August or as late as September. The
epilimnion extends to greater depths in September
than in August due to cooler air temperatures and
mixing from fall storms. Surface temperatures from
late June/early July to September have ranged from
8.8 to 19.2°C. In summer, water temperature de-
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TABLE 4. CURRENT INVESTIGATORS WORKING ON THE CRATER LAKE PROGRAM

Project Investigator Affiliation
Water Quality NPS!
Cameron Jones Forestry Sciences
Laboratory (OSU)?
Climate/Lake Level Kelly Redmond State Climatologist
(water budget) Climatic Institute (OSU)
Optical Properties
Secchi disc NPS
Photometer NPS
Transmissometer NPS
Robert Collier Oceanography (OSU)
Color Peter Fontana Physics (OSU)
Caldera Springs
Chemistry Stan Gregory Fisheries and Wildlife (OSU)
NPS
Bacteria NPS
Bulk Deposition NPS
(mass balance) Peter Nelson Civil Engineering (OSU)
Joe Reilly’ Civil Engineering (OSU)
Phytoplankton
Chlorophyll NPS
Primary production NPS
Mike Conrady Radiation Center (OSU)
Community analysis C. David MclIntire Botany (OSU)
Mary DeBacon’ Botany (OSU)
Periphyton C. David MclIntire Botany (OSU)
Harry Phinney Botany (OSU)
Standford Loeb Purdue University
Macrophytes C. David MclIntire Botany (OSU)
Harry Phinney Botany (OSU)
Zooplankton Elena Karnaugh Fisheries and Wildlife (OSU)
(Thomas)
Macrobenthos Norm Anderson Entomology (OSU)
Bob Wisseman Entomology (OSU)
Fish Mark Buktenica Fisheries and Wildlife (OSU)
NPS
Particle Flux Jack Dymond Oceanography (OSU)
Albert Collier Oceanography (OSU)
Hydrothermal processes Jack Dymond Oceanography (OSU)
Robert Collier Oceanography (OSU)

! National Park Service includes Gary Larson, Mark Buktenica, and Mike Hurley
2 . . . .

OSU indicates Oregon State University.
3 Masters of Science project.

13



CRATER LAKE ECOSYSTEM

creases to a depth of about 300 m, and thereafter
increases slightly with increased depth. The ambient
temperature at the lake bottom is 3.5 C at Station 13.
In the south basin (grids 23 and 24, Fig. 1), small
increases in temperature have been recorded near
the lake bottom (Collier et al. 1990).

Lake pH is slightly basic, total alkalinity ranges
from about 25 to 31 mg/1, and conductivity ranges
from 100 to 125 pumhos/cm. Alkalinity and conduc-
tivity increase in the deep lake, especially near the
lake bottom in the south basin. The pH decreases
slightly in the deep lake. The water column is well
oxygenated, although small decreases in concentra-
tion have been detected near the lake bottom in fall.
Orthophosphate-P ranges between 9 and 24 pg/1,
with the highest concentrations typically occurring
in the deep lake. Nitrate-N is near or below detection
limits in the upper 200 m of the lake. Below 200 m
the concentrations increase and are typically highest
at 550 m (11-17 pg/1).

Secchi disk readings vary seasonally and annually.
The highest readings usually occurred in June and
July and the lowest in August and September. The
lowest August readings were recorded in 1982. A
reading of 37 m was recorded in early July 1985, but
thereafter the readings were in the high 20s. In 1986,
the readings were low in mid-August (high 20s),
increased in late August to near July levels (low 30s)
and then decreased slightly again in mid-September.
In 1987, the readings were in the low- to mid-30s in
late June and early July, decreased to the high 20s
by early August, and then increased to the low- to
mid-30s in late August and in September. Secchi
disk readings have a positive correlation with the
depth of the 1% level of incident light (Larson and
Hurley, in press). The 1% depths range from about
80 to 100 m.

Laboratory studies of near-surface lake samples
have shown the water to be very blue. This suggests
that the water contains a small amount of particles.
Considerable seasonal variation has been observed,
however (Fontana 1988).

Crater Lake has undergone pronounced variations
inlake level since 1900. Recent studies by Redmond
(this volume) have modelled these fluctuations rel-
ative to the amount of precipitation. The model has
been used to revise the lake water budget. One
important finding is that the amount of evaporation
appears to be greater in winter than in summer.
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Results from the particle flux study are developing
important insights about recycling of nutrients and
organic matter in the lake. Preliminary results sug-
gest that most of the primary production is recycled
in the euphotic zone; additional particulate organic
matter is recycled between the euphotic zone and the
lake bottom, and more than 80% of the organic
carbon and nitrogen that reach the sediments is
recycled back into the lake (Dymond and Collier
1990).

In addition to changes of water quality noted ear-
lier near the lake bottom in the south basin, the
studies of possible hydrothermal processes by Col-
lier et al. (1990). have also shown that the normal
homogeneous, light-colored, smooth surface sedi-
ment is dotted with coarse grained and multicolored
areas. These may represent hydrothermal precipi-
tates (Dymond and Collier 1990).

Chlorophyll is in low concentration (<2g/1) in
Crater Lake. During winter and spring there is a
fairly uniform concentration from the lake surface
to about 200 m, thereafter decreasing in concentra-
tion with increased depth. By early summer, a deep
water maximum begins to develop between 100 and
120 m (sometimes to 140 m) and is fully developed
by July and remains through September (no October
samples have been taken). The vertical depth profile
for chlorophyll does not correlate well with the
vertical profiles for phytoplankton density and
biovolume (Debacon and MclIntire 1988).

During summer months, primary production max-
ima occur from 80-100 m. Small peaks in primary
production have been observed near the lake surface
in August. There is some indication that peak pro-
duction occurs at shallower depths in winter, spring
and fall. The vertical distribution of primary produc-
tion does not correlate very well with those for
chlorophyll and phytoplankton density and
biovolume (Debacon and Mclntire 1988).

Crater Lake phytoplankton community can be de-
scribed as a sparse but diverse assemblage of 132
taxa (Debacon and Mclntire 1990). During winter,
Stephanodiscus hantzschii and Gymnodinium in-
versum are the dominant taxa from the lake surface
to depths of about 250 m. In spring, G. fuscum, §.
hantzschii, Tribonema affine, and Synedra delica-
tissima have relatively high cell densities from the
lake surface to a depth of 180 m. In summer, Nitz-
schia gracilis dominates the upper 20 m, Tribonema
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sp. is present between 40 and 100 m, G. inversum is
found throughout the water column to about 140 m,
and S. hantzschii is rare above 100 m and has a
maximum density at about 140 m. The maximum
biovolume occurs between April and September.

The zooplankton community includes nine species
of rotifer and two crustacean species (Karnaugh
1990). The rotifers include Keratella cochlearis,
Keratella quadrata, Kellicotia longispina, Poly-
arthra dolichoptera, Philodina cf. acuticornis,
Filinia terminalis, Synchaeta oblonga, Conochilus
unicornis and Collotheca pelagica. The crustacean
species include Daphnia pulicaria and Bosmina
longirostris. No invertebrate predators have been
collected. The community is dominated numerically
by rotifers. Most rotifer populations occurred be-
tween 80 and 120 m and the crustaceans between 20
and 100 m, but vertical zonation occurs during sum-
mer. Only Polyarthra has been found in substantial
numbers in the upper 40 m of the lake and Philodina
is the only species in high density below 160 m.

K. cochlearis was the most abundant species in
1986, but its density decreased in 1987, while that
of Philodina increased. Daphnia has been less abun-
dant than Bosmina, but both increased in abundance
in 1987 as compared to 1986.

Although naturally barren of fish, the lake was
stocked with several salmonid species between 1888
and 1941. Kokanee salmon and rainbow trout are the
only known species in the lake at this time. Kokanee
are mainly in deep water (maximum depth of cap-
ture was about 86 m) and offshore during the day
and then migrate into shallower water at night.
Rainbow trout appear to be nearshore during the day
and night. Growth rates of both species were similar
to other northwest populations in oligotrophic lakes.
Kokanee fed almost entirely on small-bodied (1.2
mg mean dry weight) aquatic prey; less than 5% (by
weight) of ingested prey are terrestrial, and all are
presumably eaten at the lake surface. Their primary
prey were Chironomidae, Trichoptera, Amphipoda
and Cladocera (Daphnia). Rainbow trout fed heav-
ily on large-bodied prey (9.8 mg mean dry weight).
Primary prey include Trichoptera, Hymenoptera,
Chironomidae pupae, terrestrial Coleoptera, Dip-
tera, aquatic Coleoptera, Ephemeroptera, Gas-
tropoda and terrestrial Hemioptera (Buktenica
1989).
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PROGRAM PLANNING 1988-1992

Development of a data base and a long-term mon-
itoring program are two of the main goals of the
10-year study. In this context, year-round baseline
monitoring of water quality, nutrients, optical prop-
erties, chlorophyll, phytoplankton, primary produc-
tion, zooplankton, and fish studies will continue.
Phytoplankton and zooplankton studies, however,
will continue to consume considerable processing
time in the laboratory. Studies of the periphyton and
macrobenthos are scheduled for 1988-90. Studies of
caldera spring water quality also will continue and,
to the extent possible, will include discharge mea-
surements at selected sites. Based on these results, a
long-term monitoring program will be designed by
1992 and implemented in 1993.

The study of the relationships between the climate
and fluctuations of the lake level will continue in
1988 and 1989. The objectives are to refine the
climate-lake fluctuation model for the period from
1900 to 1988 and evaluate the hydrologic budget
each year since 1900 relative to runoff patterns, the
amount of precipitation, how the lake level re-
sponded to such variations, and nutrient loading
from the atmosphere and watershed. This work also
will contribute to our evaluation of changes in
Secchi disk clarity, especially for the years with high
readings (1937 and 1969) and readings in 1954 and
since 1978, lake color, spectral sensitivity, light
transmission, and turbidity.

Lake color studies will continue to evaluate the
small change in color noted since 1934-1935. It is
anticipated that samples from lakes of different tro-
phic status will be compared as well.

The transmissometer will be used extensively in
1988-1992 to evaluate spatial and temporal changes
in lake turbidity. The quality and quantity of parti-
cles in the water column relative to our other optical
studies will be emphasized. Another study will be a
repeat of the 1969 optical assessment conducted by
Smith, Tyler, and Goldman (1970). This project
involves an assessment of the downwelling and
upwelling spectral characteristics of light in the
lake. The project will be conducted when funding is
available.

Particle flux studies in 1988 and 1989 will again
center on deployment of moorings. These will be
retrieved in July, set, retrieved again in September
and set for winter. These studies will add to our
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understanding of nutrient fluxes from the euphotic
zone, recycling within the water column, and burial
of particles on the lake bottom. Studies of the chem-
ical history of the lake will be initiated on lake cores.
Work on hydrothermal activity will be emphasized
in 1988-90. In 1988, the primary goals were to: (1)
locate and sample hydrothermal fluids using a 1-per-
son submarine; (2) evaluate specific ecosystem re-
sponses to hydrothermal inputs in the past from
paleolimnological studies of sediment chemistry
and phytoplankton and zooplankton fossils, and 3)
explore the lake bottom for unusual features such as
deep-water moss and periphyton. In 1989, detailed
sampling of hydrothermal fluids were carried out in
order to evaluate the influences of the hydrothermal
system on mixing of the water column and water
chemistry. Detailed biological studies and sampling
of lake bottom deposits around the sources of the
fluids also were conducted. In 1990, data will be
synthesized and the project completed.

A study of the internal movement of the water
column was conducted in 1988-89. This work will
provide important knowledge about how much the
lake “turns over” in the classical limnological sense.
Understanding the extent of such mixing and the
processes involved will provide a much better inter-
pretation of the nutrient cycling and the movement
of particles within the lake.

Our studies have shown Crater Lake to be a dy-
namic and complex ecosystem. The ongoing studies
and ones planned as discussed above will add to our
understanding of the lake system. Yet several impor-
tant questions remain, including a main goal of the
project—has the lake changed?

Although the basic water quality of the lake does
not appear to have changed substantially during the
last 75 years (Larson 1988), two important questions
need to be resolved. First, why is the conductivity
and alkalinity of the lake so high? Is this a conse-
quence of hydrothermal sources? Second, how does
the deep water nitrate pool form, what maintains it,
does the nitrate circulate into the euphotic zone, and
how does it affect the productivity of the lake?
Important clues to the answers to these questions
will be addressed from the studies of particle flux,
lake circulation and hydrothermal processes.

Spatial and temporal patterns of phytoplankton,
zooplankton and fish illustrate the diversity of the
lake habitats and food web. Studies are needed to
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evaluate the discontinuity in the vertical distribu-
tions of chlorophyll, phytoplankton abundance and
biovolume, and primary production, and how these
discontinuities relate to the zooplankton commu-
nity. Additional studies are required to define the
long-term relationships between fish and their prey.
This is especially important for kokanee salmon
because of their interaction in the food web with
rainbow trout and their predation on Daphnia.

Secchi disk readings have fluctuated from the low
20 m to the high 30 m range since 1982. For the
month of August, however, the readings since 1978
have been substantially lower than those recorded in
1937 and 1969. This change has been the basis for
the hypothesis that the lake has changed in clarity,
but two points must be made about this hypothesis.
First, a Secchi reading of about 33 m was made in
1954 in the middle of August using proper tech-
niques under acceptable environmental conditions
(mid-day, clear, bright and calm). This reading doc-
uments that lake clarity has not always been at 39 -
40 m during the month of August between 1937 and
1969, suggesting that dynamic fluctuations in lake
clarity are a natural part of the lake system and not
necessarily a result of anthropogenic contamination.
Second, disk readings in very clear lakes are subject
to large changes because the Secchi disk depth and
particle density relationships are hyperbolic, and the
relationships for Crater Lake are probably on the
upper descending portion of the curve. Small
changes in particle density, therefore, can cause
large changes in disk readings. Evaluating the rea-
sons for changing disk readings will require identi-
fication of the total particle community and an un-
derstanding of how it changes in density and optical
properties through time. Particle densities, kinds,
types and shapes could be influenced by natural
environmental conditions, distant and on-site an-
thropogenic sources and lake processes, such as
hydrothermal activity and food web interactions
among zooplanktivorous fish, zooplankton, phyto-
plankton and nutrients.

Decreasing disk readings relative to increased pro-
ductivity have been demonstrated in Lake Washing-
ton (Edmondson 1972) and Lake Tahoe (Goldman
1988). For Crater Lake, however, a weak negative
relationship was found between disk readings and
primary production (Larson and Hurley, in press).
As is the case at Lake Tahoe, many years of moni-
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toring may be required to document a decrease in
clarity if lake productivity is actually increasing.
Studies of climate, nutrient loading, lake circulation
and possible hydrothermal inputs will assist in our
evaluation of this possible long-term trend.

Very little is known about the phytoplankton com-
munity prior to the late 1970s. Based on the infor-
mation in Table 1, the present community appears to
differ in species structure and distribution as com-
pared to the findings by Kemmerer et al. (1924) and
Utterback et al. (1940). Two important studies are
planned to evaluate these changes. First, sampling
methodologies will be compared, i.e., net samples,
centrifuge, and settled samples. Second, a pale-
olimnological study will be conducted using dated
cores collected in the hydrothermal study. This in-
formation should provide considerable insight about
how the algal communities have changed through
time.

Like the phytoplankton community, very little his-
torical information is available about the Crater
Lake zooplankton community, especially rotifers.
Part of this problem undoubtedly results from differ-
ent sampling techniques. But the historical data
from Evermann (1897) showed that the community
included Cyclops in 1896. In 1913, three years after
the first large stocking of rainbow trout (50,000),
Kemmerer, et al. (1924) did not collect Cyclops, but
Asplanchna was present. A paleolimnological study
of zooplankton fossils is planned from the same
cores used in the diatom study. The results should
provide valuable insight about the structure of the
zooplankton community in the past. These data may
provide information about the periodicity of certain
species, such as Daphnia pulicaria.

Synthesis of the data collected from 1982-1992
will involve extensive statistical treatments and
modeling. Much of this work will be done on an
annual basis as individual projects are completed.
The major synthesis, however, will begin in 1990.
We will emphasize how climate and nutrients affect
the ecology of the lake and how the structural com-
ponents of the lake and their organization are inter-
related.
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THE GEOLOGIC SETTING OF
CRATER LAKE, OREGON

Charles R. Bacon and Marvin A. Lanphere
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Menlo Park, California 94025

Crater Lake partly fills the 8-by-10-km
diameter caldera that collapsed during the
climactic eruption of Mount Mazama about
6850 yr. B.P. This eruption vented S0 km® of
magma and deposited pumice and ash over a
large part of the Pacific Northwest. Mount
Mazama was a large composite volcano
whose summit elevation apparently was
about 3600 m. This volcano was made up of
several overlapping shield and stratovolca-
noes constructed episodically from at least
420 ka to about 40 ka. Most rocks older than
100 ka are hydrothermally altered and are
therefore less permeable than younger lava
flows and fragmental deposits. Relatively
young, permeable materials are below lake
level between Pumice Point and Wineglass,
and these may regulate seepage from the lake
and limit maximum lake level. Beneath the
east half of Mount Mazama is a large field of
older rhyodacite lava, itself resting on basal-
tic andesite on its southwest side and on an-
desite and dacite on the southeast. The
mountain lies at the head of the Klamath
graben, a downfaulted basin. Related north-
south-trending normal faults cut Mazama
lavas on the southwest flank of the volcano.
Postcaldera andesitic lava flows and pyro-
clastic material formed the central platform,
Merriam Cone, and Wizard Island within
the caldera shortly after it collapsed. The
small rhyodacite dome east of Wizard Island
was erupted later, about 4000 yr. B.P. All
postcaldera lavas save the top of the Wizard
Island pile are beneath the lake surface.

Copyright © 1990, Pacific Division, AAAS
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C rater Lake partly fills one of the most spectac-
ular collapse calderas of the world. This cal-
dera, a basin at least 1 km deep formed by
catastrophic collapse associated with a violent pyro-
clastic eruption, was first described by Diller and
Patton (1902), and later became widely renowned
through Howel Williams’ (1942) vivid account of its
geology. It was Williams who built the accepted
theory of caldera formation (Williams 1941) largely
on his experience at Crater Lake, and as a result, this
caldera has become well known to geologists as a
type example. More recent studies have benefited
from modern analytical techniques so that the erup-
tive and glacial history of Mount Mazama, the vol-
canic mountain in which the caldera formed, is
known with more precision. Details of the geology
and physical volcanology can be found in Bacon
(1983), Druitt and Bacon (1986), and Nelson et al.
(1988); the chemistry and mineralogy of volcanic
rocks in Ritchey (1980), Bacon (1986), Bacon and
Druitt (1988), Druitt and Bacon (1989), and Bacon
(1990); and a road guide to the geology in Bacon
(1987). This paper is an attempt to give an overview
of the geology of the Crater Lake area, with com-
ments on how it may affect conditions in the lake.

ANALYTICAL METHODS

The geologic history of the Crater Lake area has
been interpreted from detailed geologic mapping by
one of the authors (CRB) of approximately the area
of Crater Lake National Park and of the caldera
walls. Various analytical methods have been em-
ployed to quantify the compositions and ages of
samples.

Terminology of volcanic rocks has come to be
defined on chemical composition. The classification
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of LeBas et al. (1986) is used, slightly modified at
the silicic end, in which basalt has <52 wt.% SiOz2,
basaltic andesite 52-57%, andesite 57-63%, dacite
63-68%, and rhyodacite >68%. Analytical methods
are described in Bacon and Druitt (1988).

Ages of volcanic rocks determined by the K-Ar
method are used in constructing the chronology of
events described in this paper. The K-Ar data are
supplemented by radiocarbon ages determined by
S.W. Robinson (Bacon 1983, and unpublished data)
and paleomagnetic studies by D. E. Champion (un-
published data, 1988). Radiocarbon ages are given
in years before present (yr. B.P. where “present” =
1950 A.D.), which are not strictly equivalent to
calendar years; K-Ar ages are given in ka ( 10° years)
B.P.

GEOLOGY BENEATH AND AROUND
MOUNT MAZAMA

Mapping of the flanks of Mount Mazama and
study of rocks brought up in its climactic eruption
reveal something of the geology beneath the volcano
(Fig. 1). On the southwest, Mazama lies on a lava
field composed of Pleistocene basaltic andesite. The
heavily glaciated Union Peak volcano (Williams
1942) is a large shield southwest of Mount Mazama
that typifies basaltic andesitic volcanism in the High
Cascades near Crater Lake. Similar basaltic andesite
occurs northwest of the limit of Mazama lavas. On
the south at least two thick rhyodacite lava flows are
sandwiched between pre-Mazama basaltic andesite
and Mazama lavas. More rhyodacite extends be-
neath Mazama andesites, including the dacite flows
of Mount Scott (part of Mount Mazama), counter-
clockwise around Mount Mazama to its northeast
flank. Pre-Mazama rhyodacite flows yield K-Ar
ages of 400-500 ka and around 725 ka. Locally, on
the southeast in the canyons of Sun and Sand Creeks
and at Dry Butte, the rhyodacite lies on older andes-
ite and dacite. The north flank of Mazama is largely
buried by ignimbrite of the climactic eruption so that
pre-Mazama rocks are not exposed. Accidental
lithic (rock) fragments in deposits of the climactic
eruption suggest that the pre-Mazama rhyodacite
extends beneath the east part of the caldera. The
same reasoning suggests that at somewhat greater
depth there exists a granodiorite pluton, the origin
of which may be related to erupted Mazama dacites
or, perhaps, the pre-Mazama rhyodacite. Bits of this
rock are found all around the caldera, indicating a
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body at least 5 km in diameter (the minimum diam-
eter of a subsided block beneath the caldera floor).

The basaltic andesite lava fields described above
were fed by “monogenetic” volcanoes—fissures
and local vents marked by cinder cones. The petrol-
ogy of lavas of monogenetic volcanoes near Crater
Lake is described by Bacon (1990). Many are youn-
ger than Mount Mazama (e.g., Red Cone), and some
are older. A few produced andesite (Crater Peak).
The largest of the young features is Timber Crater
(north of area of Fig. 1), a shield composed of
uniform andesite too young to date by K-Ar (c. 20
ka). These lavas represent the sort of magma input
to the Mazama system over time and are typical of
High Cascade volcanism in Oregon.

Tholeiitic basalt flows in Castle Creek, along the
Rogue River from Bybee Creek to Prospect, and east
of Bald Crater (north of area of Fig. 1), probably
issued from fissures near the Cascade axis. These are
the only true basalts in the Crater Lake area (Bacon,
1990). Their ages, except for basalt at Prospect
(1250£110 ka, Fiebelkomn et al. 1982), and their
relation to the calc-alkaline lavas are uncertain.

Monogenetic vents commonly form north-south
alignments or are associated with normal faults of
like trend. Normal faults, virtually all of which show
down-to-the-east displacement, have been mapped
from west of Annie Creek to the vicinity of Discov-
ery Point and north of Red Cone as far west as the
headwaters of Crater Creek. The faults die out
within relatively young lavas of Mount Mazama, or
at least are not detectable, probably because dis-
placements are too subtle to be evident in the glaci-
ated, forested, and ash-covered slopes. No tectonic
faults have been observed to cut rocks of the caldera
walls. Maklaks Crater and Sand Ridge to its south-
southeast lie on the northward extension of the
down-to-the-west fault that forms the east boundary
of the Klamath Graben as it trends into Crater Lake
National Park. These observations are consistent
with a mildly extensional tectonic regime, which is
manifested south and east of Mazama by the
Klamath graben and related Basin and Range struc-
tures.

MOUNT MAZAMA

For the present purpose we define Mount Mazama
as the shield and stratovolcano complex, exclusive
of the preclimactic rhyodacite lava flows, that col-
lapsed during the climactic eruption and within
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which the caldera lies (Fig. 1). At its highest, the
summit of Mount Mazama apparently was ~3600m.
The bulk of Mazama consists of andesitic and low-
silica dacitic lavas; basaltic andesitic and dacitic
lavas are locally dominant. Except for a few thick
flows, most of these lavas apparently were erupted
from low fountains because individual flow units
can be traced from proximal agglutinated bomb
deposits through streaky lava to distal homogeneous
lava. Each flow unit consists of a dense lower zone
that generally is at least half the thickness of the unit,
overlain gradationally by fragmental material.
These “rubbly” flow tops were more permeable than
fractured dense lava, and hence show more pro-
nounced alteration effects that appear as light bands
on the caldera walls, particularly on the south side
of the caldera, where hydrothermal fluids within the
volcano reacted with them.

Lavas of the low-silica dacitic cone of Mount Scott
have yielded the oldest K-Ar ages (~420 ka) of any
flows here considered to be part of Mount Mazama.
The oldest lavas of Mount Mazama exposed in the
caldera (~400ka) are andesites of the Phantom Cone
(Williams 1942) at water level below Dutton CIliff.
Andesite and low-silica dacite flows, low on the
walls between there and Redcloud Cliff, range up to
~340 ka; similar lavas extend to the west along
Chaski Bay. Sun Notch is carved in thin andesite
flows dated at ~320 ka that lie on the thicker >340
ka flows. Above Sun Notch, Dutton CIliff itself and
Applegate Peak are composed of comparatively un-
altered silicic andesite flows as young as ~210 ka
that rest on the eroded surface of the ~320 ka andes-
ites. Flows at the top of the caldera wall south of
Sentinel Rock and just below Garfield Peak and Rim
Village date from ~225-245 ka, and somewhat older
lava (~275 ka) extends as far clockwise around the
caldera as just south of The Watchman. The highest
flow at Garfield Peak (~225 ka) is distinctive be-
cause, unlike most Mazama lavas, it contains horn-
blende phenocrysts. Apart from Mount Scott and
thin basaltic andesite flows midway up the caldera
wall below Redcloud Cliff that probably were
erupted from a local source around 220 ka, most of
the volcanic activity up to about 200 ka occurred at
vents of the main stratovolcano complex centered
on what is now the south part of the caldera.

The character of volcanism, as interpreted from the
remains of Mount Mazama, changed from andesitic
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stratocone construction to basaltic andesite shield
building around 200 ka. Several monogenetic vents
date from around this time, albeit with relatively
large analytical uncertainty: Desert Cone and Bald
Crater (both north of the area of Fig. 1), Maklaks
Crater, and a poorly preserved cinder cone north of
Crater Peak. Basaltic andesite flows below
Redcloud Cliff (~220 ka) and at lake level below
Llao Rock (~185 ka) were erupted from small shield
volcanoes. During the same period, however, dacite
flowed >9 km west from a vent, now cut by a
north-south normal fault, 2 km west of Rim Village.

The shield below Llao Rock was built in at least
two episodes, apparently ending around 130 ka.
Thick andesite flows that rest on this shicld midway
up the caldera wall between Merriam Point and
Pumice Point, the flow above the boat landing at
Cleetwood Cove, and the Palisades flow (Williams
1942) were all emplaced between ~130 and ~100 ka.
The slightly older (~160 ka) Roundtop flow (Wil-
liams 1942) is another thick andesite flow that, like
the others, apparently issued from vents well north
of the old summit of Mount Mazama. The feeder for
one such eruption is exposed where it cuts the shield
lavas southwest of Merriam Point. Silicic andesite
also formed extensive thick flows on the northwest
flank of Mazama (~80 ka) and above Grotto Cove
(~70 ka).

By ~70 ka, a new stratocone was forming at Hill-
man Peak. This volcano consists of three sets of lava
flows, the lowest lying on the andesite of Merriam
Point. The middle lavas of Hillman Peak are chem-
ically distinctive basaltic andesites with prominent
homblende ghcnocrysts and have been mapped over
several km“ on the west flank of Mazama. The
bottom and top sets are more typical pyroxene an-
desite but differ sufficiently in appearance that they
have been mapped separately. Hillman Peak is the
westernmost of the stratovolcanoes that comprise
Mount Mazama.

Dacitic eruptions became more common and pro-
duced widespread tephra also around 70 ka. Pumice
was erupted at a vent near Redcloud Cliff during a
Plinian eruption (high convective eruption column)
to form the tephra of Pumice Castle, which has been
identified 110 km east at Summer Lake (Davis
1985). Related dacite lava forms thick flows south
of Redcloud CIiff, at Cloudcap, and Scott Bluffs.
The tephra of Pumice Castle can be traced in the
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caldera wall as far west as Llao Rock (e.g., it forms
the lower one-third of the pumice slope at Pumice
Point), and commonly is overlain by one or two
dacitic lava flows. Above these at Steel Bay is an
airfall pumice deposit whose welding indicates a
local source. In short, several vents erupted rather
similar dacite over a brief period. Mazama then
reverted to producing andesitic lava, such as that
found near the caldera rim from Discovery Point
clockwise to Pumice Point; the Devils Backbone
dike fed an eruptive center that has been removed
by glacial erosion. These andesites date from ~60 to
~40 ka. The Watchman (dacite) flow (Williams
1942), whose feeder can be seen in the caldera wall,
isoverlain by such andesite. The Watchman flow has
yielded a K-Ar age of ~50 ka. Dacitic ignimbrite in
the caldera wall to the south, and locally exposed on
the southwest flank of Mount Mazama, probably
records the onset of Watchman eruptive activity,
although the correlation is uncertain. The caldera
rim andesites and the Watchman flow provide the
last direct record of the growth of Mount Mazama—
its final products are only preserved as fragmental
deposits and small flank flows.

At the head of Munson Valley, from Park Head-
quarters to the caldera rim, are debris-flow and
lithic-pyroclastic-flow deposits that apparently are
around 40 ka. Their age is based on glacial features
and on an unusual paleomagnetic direction they
share with Red Cone, a basaltic andesitic cinder
cone northwest of the caldera. Most of the material
consists of blocks of dacite. Similar deposits occur
high on the west side of Garfield Peak, near the
headwaters of Castle Creek, 1.5 km south of The
Watchman, and immediately south of Devils Back-
bone. The distribution and character of these depos-
its suggest that they were formed when a dome, or
cluster of domes, was destroyed during their em-
placement just west of the summit of Mount Ma-
zama. Indeed, dacitic summit domes are common-
place on stratovolcanoes. An analogy can be made
with the familiar Crater Rock dome on Mount Hood
and the apron of related pyroclastic debris below it.
Should the dome in the crater of Mount St. Helens
oversteepen and collapse, it probably would pro-
duce deposits like those in Munson Valley.

The youngest dacite preserved on Mount Mazama
forms a tiny dome by the rim road west of Hillman
Peak and is a major component of the mingled
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(incompletely mixed) basalt/andesite/dacite lava
flows of Williams Crater. Williams Crater, a basaltic
cinder cone 1 km west of Hillman Peak and named
after Howel Williams, marks one of a series of vents
in a west-northwest line that produced first a basalt
flow and cinder cone, and then mingled lava (Bacon,
1990). The “basalt” is in fact basaltic andesite con-
taminated with fragments of gabbro. Besides form-
ing a homogeneous lava flow west of Williams
Crater, the basalt occurs as inclusions in the andesite
and dacite of the mingled lavas. Tephra from Wil-
liams Crater lies on the dacitic pyroclastic-flow
deposits south of Devils Backbone. The dacitic end-
members of both Williams Crater and Munson Val-
ley products are similar and were erupted at about
the same time, suggesting a common source beneath
Mount Mazama. The andesite is simply a mixture of
dacitic and basaltic components. At Williams Crater
gabbro-contaminated basaltic andesitic magma evi-
dently interacted with the margin of this dacitic
magma body to produce inclusions and mingled
lavas. The dacite of Williams Crater represents the
last magma to be erupted from Mount Mazama
before onset of rhyodacitic volcanism that we be-
lieve can be tied to growth of the climactic magma
chamber.

GROWTH AND ERUPTION OF THE
CLIMACTIC MAGMA CHAMBER

The first rhyodacite attributed to the climactic
chamber formed the flows and related domes and
pyroclastic deposits of Grouse Hill, Steel Bay, and
Redcloud Cliff (Fig. 1) between 30 and 25 ka (Bacon
and Druitt 1988). Eruption of an extensive
rhyodacitic pumice fall and the lava flow of Llao
Rock is dated at 7015+45 yr. B.P,; related dikes are
exposed in the caldera wall. All of these rhyodacites
are more differentiated than that of the climactic
eruption, dated at 6845+50 yr. B.P. Rhyodacite of
the Cleetwood flow (Williams 1942) is identical to
that of the climactic eruption and was still hot when
the climactic event started. Rhyodacite domes of
Sharp Peak also are compositionally identical to
climactic rhyodacite, but their precise age is uncer-
tain.

The climactic eruption took place in two phases
within and between which there is no evidence for
any significant pause (Bacon 1983): (1) a single-
vent phase producing a Plinian column that depos-
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ited widespread airfall tehpra, followed by valley-
hugging welded ignimbrite known as the Wineglass
Welded Tuff (Williams 1942) when the column col-
lapsed to a lower height; and (2) a ring-vent phase
of highly-mobile pyroclastic flows generated from
relatively high columns as the caldera collapsed.
The ring-vent-phase deposits consist of lithic brec-
cia near the caldera and on topographically high
areas and of nonwelded to partly welded pumiceous
ignimbrite in valleys (Bacon 1983; Druitt and Bacon
1986). Magmatic products of the single-vent phase
and much of the ring-vent phase consisted of uni-
form rhyodacite and very minor silicic andesite.
Later ring-vent phase products were dominantly
crystal-rich andesitic and basaltic andesitic scoria,
followed by mafic cumulate blocks, some of which
contain olivine. The total volume of magma erupted
was ~50 km”. Partially fused granitoid blocks also
were ejected, particularly near the close of the erup-
tion. The climactic ejecta apparently represent the
contents of a horizontally stratified magma reservoir
(Williams 1942), erupted in a geologic instant. The
layering in this chamber was controlled by densities
of magmas and crystal cumulates. The petrology of
these materials is described in Bacon and Druitt
(1988) and Druitt and Bacon (1988, 1989).

THE CALDERA AND POSTCALDERA
VOLCANISM WITHIN IT

Crater Lake caldera is a collapse depression en-
larged by caving and sliding of the walls to form a
scalloped outline. The area of structural subsidence
probably is not much larger than 5 km in diameter
but the topographic caldera is about 10 km east-west
by 8 km north-south. Within the subsided portion
there may be up to 2 km of intracaldera tuff and
interbedded landslide deposits, virtually all of which
were deposited by the end of the climactic eruption,
although there is no direct evidence for the nature of
rocks beneath “acoustic basement” (Nelson et al.
1988). Filling in the irregularities in the surface of
the syncollapse deposits are sediments described by
Nelson et al. (1988).

Postcaldera volcanism has been confined to the
caldera (Fig. 2). Andesite was erupted from several
vents, apparently in the first few hundred years
following the climactic eruption. This forms the
central platform, Merriam Cone, and Wizard Island
(Bacon and Druitt 1988; Nelson et al. 1988).
Whether these lavas represent magma related to the
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climactic chamber or a new influx is uncertain at
present. In any case, the lake was filled to nearly its
present level before the end of andesitic postcaldera
volcanism. A small rhyodacite dome was extruded
at~4000 yr. B.P. on the east flank of the andesite pile
of Wizard Island.

GLACIATION OF MOUNT MAZAMA

Evidence for glacial erosion and for ice presence
abounds in the caldera walls and on the flanks of
Mount Mazama. For example, low-silica dacite
flowed into a glacial valley carved on the east flank
of Mount Mazama at ~305 ka; these two intracan-
yon flows now form the cliffs at Sentinel Rock.
Other thick massive intracanyon flows now stand as
high ground near the heads of Sun Creek and the east
fork of Annie Creek. Some lava interacted with ice,
such as silicic andesite east of Sun Notch and the
dacite that forms Munson Point (~275 ka) west of
Munson Valley. Fracturing of lava that is believed
to reflect rapid cooling while in contact with ice
occurs in younger flows as well, most notably in the
caldera wall at the top of the “‘stem” of the Wineglass
and the thick flow at Pumice Point.

Glacial ice occupied valleys and the higher parts
of Mount Mazama several times during the
volcano’s history. The deeper valleys, Munson, Sun,
and Kerr (south of Kerr Notch), were carved by
repeated advances of glaciers. Ice-polished surfaces
and unequivocal glacial striae are present both in
caldera wall exposures and on the flanks of Mazama
where they commonly were degraded by passage of
ring-vent-phase pyroclastic flows. Although there is
the possibility that large valley glaciers on
stratovolcanoes do not accurately reflect times of
continental ice presence, it is tempting to correlate
glaciated surfaces and glacial deposits with the ma-
rine oxygen isotope record (Bacon 1983). However,
such is beyond the scope of this paper.

Lateral moraines are preserved in some drainages,
such as Annie, Cavern, Scott, Pothole, and Bear
Creeks, all near the park boundary. These presum-
ably date from the last glaciation. Large areas of till
have been mapped on the west flank of Mazama and
on basaltic andesite farther west, mostly at eleva-
tions lower than 6000 feet. Some of these deposits
are sufficiently weathered that they may be older
than the lateral moraines of the south and east drain-
ages. Glacial deposits in the caldera walls are few
and are confined to the north part of the caldera,
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although Williams (1942) suggested they were
abundant. Reinterpretation of deposits in the caldera
walls is based on increased knowledge of pyroclas-
tic deposits in the 50 years since Howel Williams
was in the field at Crater Lake.

GEOLOGIC FEATURES THAT MAY
AFFECT CRATER LAKE

Permeability of rocks, i.e., their capacity for trans-
mitting fluid, is closely related to the formation of
Crater Lake. Lacking an outlet, it is the combination
of percolation of water through the caldera walls and
evaporative loss that balances precipitation to main-
tain the lake’s level (Phillips and Van Denburgh
1968). Most volcanic rocks are not particularly per-
meable on the scale of a hand specimen. However,
their structure and fracture (joint) pattern exert
strong influences on permeability, so that dense rock
may be highly permeable on the scale of an outcrop.
This is the case with the walls of Crater Lake cal-
dera. All of the lava flows are fractured, mostly due
to contraction during cooling. Some of the more
silicic lavas contain internal breccia zones that
formed before flow ceased. Fracture permeability
may be significant, but even more important is the
high permeability of the rubbly tops of lava flows,
and in many cases, of brecciated or columnar basal
zones. Fragmental deposits, such as formed by de-
bris avalanches, probably are the most permeable.
Glacial till, which typically contains ultrafine matrix
material, and ashy pyroclastic-flow deposits may be
less permeable. In all of these materials, reaction
with fluids, particularly with hot water, causes new
minerals to form that seal fractures and clog spaces
between clasts. As can be seen at many places in the
caldera walls, dikes cutting older deposits may form
relatively impermeable barriers. Tectonic faults, not
seen above lake level, nevertheless may be present
below the lake surface, in which case they could
provide sheet-like conduits parallel to their surfaces
and barriers to flow across them owing to the pres-
ence of gouge. Minor faults parallel to the caldera
wall and related to collapse are present near Garfield
Peak and Chaski Bay; impermeable gouge in these
faults could form barriers to leakage from the lake.

Aspects of the geology of the caldera walls suggest
a possible mechanism of lake level regulation. The
drowned subaerial lava flows of Wizard Island end
in a steeper slope at a depth of ~70 m (Fig. 2), below
which lava appears to have flowed into water. There-
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fore, the lake was within 70 m of its present level
around the time andesitic postcaldera volcanism
ceased, or by ~6000 yr. B.P. It is possible that lake
level has been regulated at approximately this ele-
vation ever since by a change in bulk permeability
of the caldera walls in the following way. Every-
where at lake level except between Pumice Point
and Wineglass (Fig. 2), the rocks at lake level are
subtly to severely hydrothermally altered, and their
bulk permeability may be relatively low. However,
in the northeast sector there are many fresh lava
flows and fragmental deposits at water level where
the upper surface of altered rocks dives gently below
the lake. This may act as a buried spillway of sorts
due to the likely permeability contrast between fresh
fragmental deposits and altered lava flows. Kibby et
al. (1968) found that surface currents from midlake
terminate in Cleetwood Cove, also suggesting that
unaltered rocks in this area may be responsible for
significant leakage.

Other effects of geology on the lake are more
speculative still. The detailed nature of the caldera
fill is unknown (see Nelson et al. 1988), but by
analogy with well-exposed ancient caldera-fill de-
posits (Lipman 1984) it may consist largely of rela-
tively impermeable welded tuff. Nevertheless, the
common occurrence of thermal springs in the ring-
fracture zones of large calderas indicates that frac-
ture permeability can be significant in caldera-fill
deposits. By their nature, hydrothermal systems tend
to be self-sealing: fracture permeability can be de-
stroyed by precipitation of minerals. Maintenance
of permeability in the caldera fill may require re-
peated fracturing, either by tectonic movements or
by seismicity related to volcanism. Vigorous hydro-
thermal venting is common in volcanic areas of
active tectonic extension (e.g., Yellowstone, mid-
ocean ridges). Although Crater Lake lies in an envi-
ronment where slow extension clearly has been tak-
ing place for a long time, events may be sufficiently
infrequent that modern hydrothermal circulation
(Williams and Von Herzen 1983) has a more diffuse
manifestation (Dymond and Collier 1990) than in
areas with active seismicity.
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SEDIMENTARY HISTORY OF
CRATER LAKE CALDERA, OREGON

John H. Barber, Jr. and C. Hans Nelson
U.S. Geological Survey, M/S 999
345 Middlefield Rd., Menlo Park, CA 94025

Reflection seismic and sedimentologic
studies reveal an evolution of depositional
styles in Crater Lake caldera that reflects
waning volcanic and seismic activity during
a 7000-year history. Rapid construction of
volcanic edifices (central platform, Wizard
Island, and Merriam Cone) divided the cal-
dera floor into three basins. A hummocky
acoustic basement is recognized in seismic
records and probably represents the surface
of syncollapse deposits. This irregular sur-
face forms the caldera floor upon which sub-
aerial and lacustrine sediment has
accumulated. The deepest acoustic unit con-
tains both flat-lying and chaotic reflectors
that may reflect subaerial sheet-wash and
mass-wasting. It is followed by subaerial de-
bris flows that are recognized by their chaotic
acoustic signature and wedge-shaped geom-
etry and appear to be a response to seismicity
associated with post-caldera volcanism.
Among these is a major landslide wedge off
the southern margin of the lake. Subaerial
conditions may have prevailed only a short
time (hundreds of years?) following the for-
mation of the caldera, because hemipelagic
lake sediment on the central platform dates
almost as old as the caldera itself, indicating
subaqueous deposition over most of the cal-
dera history.

Basin-margin sediment wedges evolving to
flat-lying, parallel, basin-wide acoustic re-
flectors, a decrease in mean grain size from
basin edge to basin center, and graded sand
beds indicate that lacustrine deposits consist
of base-of-slope aprons and basin-filling
turbidites. A change from high- to low-ampli-
tude acoustic reflectors may be related to a
reduction in turbidite sedimentation about

Copyright © 1990, Pacific Division, AAAS

29

4,000 years ago that resulted from waning
volcanism and seismicity.

T here has been a history of deposition in Crater
Lake caldera following its formation about
6,900 yr B.P. (Bacon 1983). In this paper, we char-
acterize stratigraphy and sedimentary processes
within the caldera that suggest the timing of the
onset of lake filling as well as other post-caldera
volcanic and sedimentary events. We also speculate
on aspects of the lake-floor geology that may influ-
ence present-day sedimentation patterns.

Initial studies of the sediment on the floor of Crater
Lake focused on the surface sediment distribution,
near-surface sediment lithology from shallow (50-
cm) cores, and sedimentary processes (Nelson
1967). Later studies have described seismic stratig-
raphy and its relationship to sedimentary history and
the caldera collapse (Nelson et al. 1986b and 1988).
This paper summarizes prior work, and provides an
overview of sedimentary history on the caldera floor
and its relationship to present-day processes.

METHODS OF STUDY

Boomer and air-gun seismic-reflection surveys
were conducted in 1979 and cores were collected in
1980. The seismic surveys provide a means of look-
ing at cross-sections of the lake-floor stratigraphy,
revealing strata up to 100 m below the lake floor.
Seismic profiles were spaced approximately 200 to
500 m apart. Techniques used to assign acoustic
velocities and determine thickness of the acoustic
units described below are described in greater detail
in Nelson et al. (1988). Radiocarbon ages of lake
sediment were provided by S.W. Robinson (U. S.
Geol. Surv., written comm., 1986) and are reported
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inyr B.P. (years before present, where present =1950
AD.).

MORPHOLOGY OF THE LAKE FLOOR

The present lake floor is dominated by volcanic
edifices (emergent Wizard Island, submerged
Merriam Cone and the central platform) and three
basins (Fig. 1). Other important morphological fea-
tures include (1) a small rhyodacite dome between
Wizard Island and the central platform, and (2) a
hummocky ramp extending out from Chaski Bay off
the southern margin of the lake.

SEISMIC STRATIGRAPHY

Seismic profiles over the caldera walls and volca-
nic edifices show acoustic basement at the surface,
which indicates that there is little sediment cover on
these features. Bottom photographs, however, show
a thin drape (on the order of mm to cm) of fine-
grained sediment covering outcrops. Cores recov-
ered as much as 2 m of sediment in local depressions
on the central platform (Nelson 1967; Dymond and
Collier 1990). This sediment on the platform pro-
vided a condensed stratigraphic section that was
critical for establishing a chronology for deposition-
al events in the caldera. The thick deposits underly-
ing the basin floors required seismic stratigraphy to
differentiate and characterize the sedimentary units.

A classification of the seismic units in Crater Lake
was developed by Nelson et al. (1986b, 1988) and
is summarized here. Five acoustic units have been
identified on seismic-reflection profiles in the basins
(Figs. 2 and 3). The five units are: (I) acoustic
basement; (II) a heterogeneous unit that typically
contains high-amplitude, parallel reflectors that are
locally discontinuous or inclined; (III) a well-de-
fined unit containing disorganized, chaotic reflec-
tions, that generally thickens toward the caldera
walls, forming a wedge; (IV) a well-layered se-
quence of flat-lying, high-amplitude (strong), paral-
lel reflectors; and (V) a well-layered sequence of
flat-lying, low-amplitude (weak), parallel reflectors.

UnitI

Unit I consists of incoherent and attenuated acous-
tic returns. The top surface of unit I can be identified
on most airgun profiles and is the limit of acoustic
penetration, or acoustic basement (Figs. 2 and 3). A
contour map showing depth to this surface gives an
indication of how the caldera looked before any
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post-collapse sedimentation took place (Fig. 4).
This surface shows two main features underlying the
sediment in the basins: (1) small depressions (~50-
100 m diameter) that are possibly phreatic-explo-
sion craters (see Nelson et al. 1988 for a more
thorough discussion of these features), and (2) an
irregular surface that may outline coherent blocks
topping the syncollapse deposits of unit I created
during caldera formation (see Bacon and Lanphere
1990). The depressions, together with presently
known areas of high heat flow (Williams and Von
Herzen 1968) and the summit craters of Wizard
Island and Merriam Cone outline an elliptical zone
that may define a ring-fracture zone along which Mt.
Mazama collapsed when the caldera was formed
(Fig. 4) (Bacon 1983; Nelson et al. 1988).

Unit II

The next unit (II) has covered and filled in the
depressions and irregularities of the acoustic base-
ment, and is as much as 50 m thick in the east basin,
30 m thick in the northwest basin, and 20 m thick in
the southwest basin (Nelson et al. 1988). Unit II has
a complex and heterogeneous character. The reflec-
tors are only locally continuous, strong, and parallel.
They are sometimes flat-lying and sometimes in-
clined, and change character across the basins (Figs.
2 and 3). We interpret this unit generally as bedded
volcaniclastics that were deposited shortly after the
caldera collapse: the flat-lying reflectors may out-
line ejecta from phreatic-explosion craters and/or
sheetwash deposits similar to those noted as the first
post-eruption deposits at Mount St. Helens
(Brantley and Power 1985; Collins and Dunne
1986).

Unit 111

Because of the ponding of unit II, unit III has been
deposited on a surface of low relief compared to the
acoustic basement (Figs. 2 and 3). The thickness of
the unit is a relatively constant 10 m in all basins,
increasing to 20 m in wedges at the base of the
caldera wall in the east basin. Reflections within the
unit are chaotic and poorly bedded. Because of the
lack of internal organization and the shape of unit
111, we think that it is composed of single or multiple
debris flows and avalanches that make up debris
fans (Nelson et al. 1988).

Unit III also appears to crop out at the lake floor,
where a major landslide under Chaski Bay is out-
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Figure 4. Structure-contour map of the acoustic-basement surface (unit I), and heat-flow contours (1 H.F.U.=10®
cal/cm®s) from Williams and Von Herzen (1983) (modified from Nelson et al. 1988). Note the proposed ring-fracture zone
and Chaski Bay slide. Note also the small depressions (phreatic-explosion craters?) associated with the ring-fracture zone.
Contour interval on the acoustic basement is 100 m (above 400 m) and 20 m (below 400 m), with 10-m contours added to

help define the craters. Modified from Nelson et al. (1988).

lined by surface-reflector characteristics, low slope
gradient, and contours bowed downslope (Nelson et
al. 1988). We further distinguish the landslide by the
pronounced hyperbolic reflections seen on high-res-
olution seismic profiles, indicative of an irregular,
hummocky, blocky surface sloping to the north and
plunging beneath the basin floor (Fig. 5). This large
landslide extends from the base of the caldera wall
to the southeastern edge of the central platform (Fig.
4), and includes a ‘dome’ that has been dredged. C.
R.Bacon (written comm. 1989) describes the dredge
sample as containing rocks of heterogeneous lithol-
ogy that indicate a rubble mound rather than a vol-
canic dome or cone.
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Units IV and V

Overlying unit III is a 20-to-40-m-thick sequence
of flat-lying, parallel reflectors that are continuous
across each of the basins (Fig. 6). The seismic char-
acteristics of this unit are typical of turbidites in
other lacustrine and marine environments (Hyne et
al. 1972; Poppe et al. 1985, Newhall et al. 1987).
We believe this set of parallel reflectors represents
subaqueous sediment that was deposited after sig-
nificant accumulation of lake water in the caldera
(Nelson et al. 1988). High-amplitude (strong) re-
flectors, apparently related to coarser-grained, thic-
ker sand beds (Nelson et al. 1986b) are characteristic
of the entire sequence above unit III in the small
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Figure 5. High-resolution (boomer) profiles over Chaski Bay slide, showing hummocky, hyperbolic acoustic returns
indicative of the slide surface. Vertical exaggeration is about 5x in A and about 2x in B. Locations of the profiles are shown

on Figure 1.
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Figure 6. Isopach map of units IV and V combined, showing base-of-slope aprons in the east and northwest basins,
with some inferred caldera-wall debris-chute sources (modified from Nelson et al., in press).

northwestern and southwestern basins (Fig. 3). In
the large eastern basin, however, the reflections can
be separated into a lower set of high-amplitude
reflections (unit IV), and an upper set of low-ampli-
tude (weak) reflectors (unit V) that probably indi-
cate fine-grained and thin-bedded turbidites similar
to those noted in near-surface cores (Fig. 2) (Nelson
1967; Nelson et al. 1986b).

SEDIMENT OF THE BASIN FLOORS

Basin fill over the collapse debris of unit I reaches
a total thickness of 90 to 100 m in the east basin and
70 to 80 m in the smaller western basins (Fig. 4).
Sediment at these depths is beyond the reach of
present sampling techniques, so the acoustic units
cannot be characterized and dated directly.

We have sampled three types of near-surface sed-
imentary deposits from the basin floors:
hemipelagic interbeds, basin-plain turbidites, and
base-of-slope aprons with sediment-gravity-flow
deposits. Basin-plain sediment has an alternation of
hemipelagic mud, and silty to sandy beds character-
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ized by vertical grading of (a) texture, (b) Bouma
sequences of sedimentary structures, and (c) com-
position that are typical of turbidites (Nelson 1967;
Nelson et al. 1986b). Base-of-slope aprons exhibit
higher sand/shale ratios, thicker sand and gravel
beds, and coarser-grained turbidites. The aprons
form single or coalescing cones that are observed in
the seismic records and can be outlined in isopach
maps of the lacustrine sequence (units IV and V
combined) (Fig. 6) (Nelson et al., in press).

SEDIMENT OF THE CENTRAL PLATFORM

Sediment deposited on the central platform 200 to
300 m above the basin floors is much thinner (<2 m)
than in the basins, as it is sheltered from basin-floor
turbidite deposition and thus is formed largely by
hemipelagic deposition. Consequently, the central-
platform sediment provides a condensed strati-
graphic section that probably encompasses the en-
tire sedimentary history of the lake. The age of the
oldest lacustrine sediment recovered from the plat-
form is ~6900 yr B.P., approximately as old as the



BARBER AND NELSON: SEDIMENTARY HISTORY

VOLCANIC EVENTS TIME SEDIMENTARY EVENTS

LATE LAKE TURBIDITES

(UNIT V)

RHYODACITE DOME

| 4000 BP

EARLY LAKE TURBIDITES

(UNIT IV)

6900 B8P

MERRIAM CONE AND [~

WIZARD ISLAND

SUBAERIAL DEBRIS FLOWS
(UNIT 1)

SUBAERIAL SHEETWASH
(UNIT 1)

CENTRAL PLATFORM

L
VAL XYY
COLLAPSE BRECCIA
UNIT 1

PHREATIC EXPLOSION
CRATERS

Figure 7. Schematic stratigraphic column showing the
development of volcanic and sedimentary deposits on the
floor of Crater Lake.

formation time of the caldera (Nelson et al. 1986a).
The middle of the sequence of hemipelagic sediment
is interrupted by an ash layer that correlates with the
rhyodacite dome at the northwestern edge of the
central platform (Bacon and Lanphere 1990). This
ash is the last record of volcanic eruptions in the
caldera (Nelson et al. 1986a; Bacon and Lanphere
1990).

SEQUENCE OF EVENTS

We have developed a history of volcanic and sed-
imentary events in the caldera by combining inter-
pretation of the acoustic profiles with the constraints
provided by dating and analyses of sediment from
cores (Fig. 7). Immediately following the formation
of the caldera, the region remained unstable and
volcanic activity continued on the caldera floor.
Evidence for phreatic-explosion craters is suggested
by depressions of the acoustic basement surface in
the ring-fracture zone (Nelson et al. 1988). The
central platform formed early in the history of the
caldera, prior to formation of the lake (Bacon and
Lanphere, 1990). This is confirmed by the old age
of lacustrine sediment covering the platform (Nel-
son et al. 1986a). Merriam Cone and much of Wiz-
ard Island formed after there was standing water in
the caldera (Bacon and Lanphere 1990).
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Sheetwash and/or phreatic-explosion debris, to-
gether with debris flows, (unit II) initially filled in
the crater depressions of the ring-fracture zone (Nel-
son et al. 1988). This was followed by deposition of
major landslides (Figs. 3-5), debris avalanches, and
debris flows (unit IIT) that covered all the basin
floors and probably resulted from seismic activity
associated with the intracaldera eruptions that
formed the subaerial volcanic edifices such as the
central platform.

Deposition of units II and III was probably very
closely spaced in time and occurred shortly after the
caldera collapse. This is similar to the rapid post-
eruption sheet-flow and debris-flow deposition of
12-80 m of subaerial sediment on the caldera floor
of Mount St. Helens in the years since the 1980
eruption (Beach 1985; Brantley and Power 1985;
Collins and Dunne 1986).

We associate the onset of lake sedimentation with
the sharp change in style of seismic stratigraphy that
begins with the nearly flat-lying, continuous and
parallel reflections of unit IV in seismic profiles
(Figs. 2 and 3). These characteristics are similar to
those of subaqueous turbidites in other lakes (Hyne
et al. 1972; Poppe et al. 1985; Newhall et al. 1987)
as well as the marine environment (see Nelson and
Nilsen 1984, for many examples). Graded turbidite
beds have been sampled in near-surface deposits of
unit V, which has seismic reflections similar to unit
IV (Nelson et al. 1986b).

In contrast, we attribute unit III to subaerial mass-
wasting processes, because of the chaotic nature and
lack of continuity of reflections and the inclined and
wedge-shaped geometry of the deposits (Nelson et
al. 1988) and, in particular, the general absence of
uniform, flat seismic reflectors and persistence of
chaotic reflectors across entire basin floors (Figs. 2
and 3). Iflarge, basin-filling mass flows (Chaski Bay
slide, for example) had occurred underwater, they
would have deposited gradational turbidite sheets
similar to those that result from present subaqueous
mass flows of coarse-grained debris from the cal-
dera walls (Nelson et al. 1986b). Sand-rich subaque-
ous apron systems like those seen in the near-surface
of Crater Lake have an evolution of sediment-grav-
ity flows that result in nearly flat-lying, gradational
and continuous reflectors across the entire basin
(Nelson et al., in press).
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An age of ~6900 yr B.P. in hemipelagic mud on the
central platform (Nelson et al. 1986a) shows that
subaqueous deposition started very early in the his-
tory of the caldera, and that the east basin was at least
370 m below the lake surface at this time (depth of
the central platform — depth of the top of unit Il in
the east basin) (Figs. 1 and 7). Therefore, subaerial
deposition is constrained to within hundreds of years
of the caldera collapse (Nelson et al. 1986a). Assum-
ing present conditions of precipitation and evapora-
tion, but no leakage, the lake would take a minimum
of 225 years to accumulate (Nelson 1961, and in
preparation).

The high-amplitude reflections of the earlier
turbidites (unit IV) probably represent coarser-
grained, thicker beds that occurred more frequently
because of seismicity related to postcaldera sub-
aqueous formation of Merriam Cone and much of
Wizard Island. The lack of volcanic and associated
seismic activity since the formation of the rhyodac-
ite dome about 4000 years ago has resulted in the
lower-amplitude reflections of unit V that represent
thinner and finer-grained turbidites of the central
east basin floor (Fig. 2) (Nelson et al. 1986b).

PRESENT-DAY PROCESSES AND
INTER-BASIN RELATIONSHIPS

At present, the floor of the east basin is approxi-
mately 100 m lower than the other two basins (Fig.
1). There is a connection between the east and north-
west basins, and the present-day floor of the north-
west basin dips toward the east basin. Consequently,
sediment from the northwest basin may funnel to the
east basin. A possible fault and channelling related
to sediment funneling at the northwest edge of the
east basin warrant further investigation (Fig. 2).

Sediment from the saddle between the southwest
basin and the east basin has distinctive semi-lithified
and oxidized layers. In this same area Williams and
Von Herzen (1983) recorded relatively high heat
flow values. Recent work has suggested the possi-
bility of hydrothermal vents associated with ele-
vated water temperatures in this area (Dymond and
Collier 1990). The saddle, where there is evidence
of a large landslide on the southern margin of the
lake, seems to isolate the southwest basin from the
east basin (Fig. 4).

The landslide may provide a more permeable path-
way for heated water from ring-fracture sites to
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reach the lake-floor surface. This is suggested by the
coarse, hummocky debris seen on seismic records
(Fig. 5) and confirmed by diving operations (Bacon
and Lanphere 1990; Dymond and Collier 1990).
Elsewhere on the lake floor, the thick sediment fill
and the fine-grained uppermost lake sediments of
unit V may serve as a cap inhibiting such fluid
migration.

SUMMARY

An interplay of volcanic and sedimentary pro-
cesses has produced the deposits on the floor of
Crater Lake. Major volcanic and sedimentary events
occurred rapidly during the early subaerial history
of the caldera floor. Phreatic-explosion craters de-
veloped on the ring fracture and were rapidly filled
by explosion debris, sheetwash and mass-flow de-
posits. Subaerial volcanic flows built the central
platform (Bacon and Lanphere 1990); apparently
the associated volcanic and seismic activity resulted
in deposition of debris fans that covered the basin
floors and included the large Chaski Bay landslide.
Water quickly accumulated in the caldera and cov-
ered the central platform, where hemipelagic depos-
its began accumulating slowly, creating a condensed
section that eventually recorded the entire lacustrine
history. Coarser and thicker turbidites covered the
basin floors in the early lake history and apparently
were associated with subaqueous volcanic and seis-
mic activity related to the formation of Wizard Is-
land and Merriam Cone. Extrusion of the rhyodacite
dome about 4,000 years ago signaled the end of
significant post-caldera volcanic eruptions (Bacon
and Lanphere 1990). Thereafter, reduced turbidity-
current activity continued to build proximal base-of-
slope aprons with sand and gravel layers and distal
basin plains with interbedded sandy turbidites and
hemipelagic mud. These flat-lying lake deposits
show no indication of deformation by recent volca-
nic activity, although there is the possibility that
local permeability could allow heated fluids to reach
the lake floor (Fig. 2).
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THE CHEMISTRY OF CRATER LAKE SEDIMENTS:
DEFINITION OF SOURCES AND IMPLICATIONS
FOR HYDROTHERMAL ACTIVITY

Jack Dymond and Robert Collier
College of Oceanography
Oregon State University
Corvallis, Oregon 97331

Crater Lake sediments exhibit variations
in composition that can largely be explained
by mixtures of three distinct sources: alumi-
nosilicate debris from the caldera walls, bio-
genic materials which settle from the
euphotic zone, and an iron-rich precipitate.
The origin of the precipitate component is
uncertain. Redox mobilization of iron and
other metals driven by decomposition of or-
ganic matter is unlikely, because the spatial
variability of metal enrichments are incom-
patible with this mechanism. Precipitation of
iron from anoxic springs is a feasible expla-
nation. Since the metal deposits have only
been observed in a region of the lake which
has thermal and chemical anomalies in the
water column, the precipitation may be from
thermal springs rather than cold springs.
Precipitation from hydrothermal fluids is the
favored hypothesis because recent submers-
ible observation have demonstrated that
iron-rich precipitates are currently forming
in the lake in association with warmer wa-
ters, anomalous concentrations of tracers of
hydrothermal venting, and bacterial com-
munities.

Comparison between the composition of
surficial sediments and materials collected
with sediment traps moored in the mid-water
column indicates that most of the recycling
of biogenic debris occurs at the sediment-
water interface. Less than 10 % of the or-
ganic carbon and nitrogen that reaches the
bottom as particles is preserved in the sedi-
ments. Approximately 20 % of biogenic opal
is preserved. The sediment trap data also

Copyright © 1990, Pacific Division, AAAS
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reveal that resuspension of sediments and
downslope transport of material are impor-
tant mechanisms for introducing sediments
to the deep basins of the lake.

Downcore analyses of lake sediments indi-
cate the presence of manganese reduction
and mobilization. Manganese mobilization
is most pronounced in sediments from the
portion of the lake that exhibits surficial sed-
iment enrichment of iron and water column
anomalies. We propose that the strong man-
ganese mobilization, iron precipitates, and
observed iron-rich deposition on the lake
bottom are a consequence of slow and dis-
persed advection of thermal fluids through
the lake sediments and rock outcrops.
Downcore variations in opal content may
indicate variations in biological productivity
in the lake in the past. These variations are
positively correlated with variations in the
abundance of the hydrothermally-associated
element, lithium; this observation suggests
that hydrothermal inputs may contribute to
the biological productivity of the lake.

S ediments covering much of the bottom of Cra-
ter Lake provide a record of the lake’s biolog-
ical and chemical status. Interpretation of this record
can enhance our understanding of major lake pro-
cesses. For example, Nelson et al., (1986) demon-
strated the importance of sediment-gravity-flow
(turbidite) processes in Crater Lake. Studies of sed-
iments from other lakes have documented the im-
portance of nutrient recycling at the lake floor and
redox reactions within the sediments. Sediments are
the ultimate sink for dissolved and particulate mate-
rials which are removed within the lake. It is proba-
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ble that the lake approximates a steady-state in
which inputs and outputs of elements are in balance.
Therefore, changes in the burial rates of elements in
lake sediments may be used to define changes in the
input fluxes.

In this paper we will examine the chemical com-
position of Crater Lake sediments in order to under-
stand the sources of particulate and dissolved mate-
rial to the lake. In addition we will address the
question of temporal variability in these sources by
examining the composition of sediments through
time.

Data
Figure 1 shows the location of five gravity cores
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from the lake. Three of the cores, 79-1, 80-7, and
80-14, were collected by the U.S. Geological Sur-
vey. Cores 85-3 and 85-4, were collected by Oregon
State University. The cores represent three distinct
areas of the lake. Core 80-14 is from the Eastern
Basin, which has the greatest water depths in the
lake. The relatively flat basin floor appears to be a
consequence of the catastrophic slumps and gravity
flow deposits which are believed to have been com-
mon during the first few hundred years of lake
history (Nelson et al. 1986; Barber and Nelson
1990). Currently, individual particle settling may be
the dominant mechanism of sedimentation, and the
sedimentation rates are probably much lower than
during the early part of lake history. Cores 79-1 and
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Figure 1. The location map for sediment cores discussed in this report. 79-1, 80-7, and 80-14 are cores recovered by
the U. S. Geological Survey. 85-3 and 85-4 are cores recovered by Oregon State University.
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85-4 are from the South Basin. This basin contains
localized regions of exceptional heat flow and
anomalous bottom water temperatures (Williams
and von Herzen 1983; Collier ez al. 1990). The South
basin also experienced landslide and gravity flow
inputs during early lake history (Barber and Nelson
1990). Cores 80-7 and 85-3 are from the Wizard
Island Platform, a relatively shallow area to the east
of Wizard Island. This shallow platform appears to
have been formed by late stage volcanism which
followed the catastrophic eruption and caldera col-
lapse that took place 6850 years ago (Bacon and
Lanphere 1990). Because of the relatively shallow
depths, sedimentation in this area is due to particle
settling rather than debris or turbidity flow from the
caldera walls. Thus, the sedimentation rates are
probably much slower and the area has only thin
sediments (Barber and Nelson 1990).

The sediment samples were analyzed by atomic
absorption spectrometry (AAS) and instrumental
neutron activation analysis (INAA) following pro-
cedures reported in Dymond and Lyle (1985) and
Fischer (1984). The samples were analyzed in du-
plicate, and the averages of the two analyses are
shown in Table 1. The precision of the measure-
ments varies between 2 and 10%, with the poorer
precision appropriate for minor elements such as Li,

Zn, and Ba. The accuracy, determined by analyses
of USGS standards and comparisons between INAA
and AAS for Al, Ca, Mn, and Ba, is similar to the
precision. Organic carbon and nitrogen were mea-
sured by combustion using a CHN analyzer.

Compositional data from sediment traps which
were deployed at various depths on moorings are
reported as well (Table 2). Samples from CL-1 and
CL-2 were from in the South Basin. The other trap
deployments were in the central portion of the East-
emn Basin. Material collected with sediment traps
can define the composition of settling particles prior
to undergoing alteration, dissolution, and decompo-
sition which may occur at the sediment-water inter-
face.

Sediment Compositional Types
(End-Members)

Generalized sources of Crater Lake sediments can
be defined from their elemental compositions. For
example, iron and aluminum concentrations (Fig. 2)
define three end-members: (1) aluminosilicate de-
bris from the caldera wall which typically has high
aluminum content and Fe/Al values between 0.3 and
0.4; (2) biogenic debris, an important component in
sediment trap samples, is depleted in both Al and Fe;
(3) material with relatively low aluminum and high
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Figure 2. A plot of the concentration of Fe against the concentration of Al for all sediment core and trap samples listed
in Tables 1 and 2. Arrows indicate the inferred three end-members.
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Sample

791

80-7

80-14

853

Water  Depth in
Depth Core (em) N P
<-— ppm-->
463 m 0 3745
2 5183
5 6651
6
9
10 19833
20 530
30 s11
32
33 384
36 436
45 535
58 556
66 446
74 620
256 m 0 4000
2 3100
5 4100
9
20 3200
30 3200
40
50
60
67
70
95
120
140
145
590 m 0 4200
2 2600
S 2200
9 3200
17 2700
30 3800
45
60
69
!
n
85
100
130
162
170
185
265 m 0 8800
1 8700
2 8500
3 6100
4 9300

TABLE 1. CHEMICAL COMPOSITION OF CRATER LAKE

LOCATIONS OF SAMPLES ARE SHOWN IN FIGURE 1

Corg
i
1.65
0.80
0.83

1.38
045
0.68

0.15
0.18

0.20
0.32
0.08

2.19
2.23
2.70

1.49
115

227
1.08
1.00
1.07
0.80
1.82

3.49
274
3.17
3.26
3.75

Si

26.4
254
249
222
222
225
28.0
28.6
273
283
283
28.6
29.1
29.8
29.0

284
303
274
274
293
289
29.6
28.6
29.1
28.6
28.0
29.2
29.6
30.8
219

215
283
28.0
28.5
28.1
285
293
279
28.1
28.0
28.0
29.0
272
294
30.5
29.0
28.6

274
28.2
215
27.6
274

Al

7.60
7.67
7.01
5.84
6.13
6.26
8.82
8.58
8.20
8.03
8.60
9.07
9.27
8.71
9.05

8.27
8.14
7.89
8.52
7.95
8.60
9.01
8.55
8.56
9.07
9.02
8.98
8.70
9.47
9.59

7.98
8.58
8.68
8.57
8.82
8.34
8.15
7.88
8.37
8.42
8.63
8.12
8.59
8.85
8.52
8.75
8.46

7.80
8.16
8.18
8.04
7.66

Opal

A i

9.4
6.3
10.1
122
9.9
9.6
4.0
73
14
10.9
6.4
35
3.2
9.5
48

Mg

131

1.51

137
154
1.42
1.37
145
144
1.46
1.79
144
143
1.28
1.34

232

1.62
1.42
1.54
1.57
0.83
1.3
1.31

154
1.53
1.54
1.6

1.54

K

1.00
1.01
0.93
0.78
0.83
0.87
1.10
1.08
0.93
0.94
1.00
1.20
1.25
1.13
1.07

115
1.14
1.16
1.20
1.22
1.15
129
1.14
1.17
1.18

Ca

244
2.58
244
2.1
217
223
272
2.38
2.53
2.55
233
2.88
2.06
2.52
2.81

247
231
2.38
2.66
2.64
274
2.98
2.82
275

3.6
3.06
2.96
274
3.1
4.59

235
272
2.86
2.83
2.06
247
238
247
2.66
247

2.7
2.62
2.98
3.25
234
3.01

25

232
2.34
235
236
232

Fe
—_<

6.65
7.57
9.55
14.70
12.20
11.55
3.87
4.13
513
6.01
4.56
2.57
2.61
4.16
3.10

3.57
3.29
3.93
3.67
3.37
3.41
3.52
3.53
4.01
429
3.69
3.67
2.88
3.68
4.42

3.94
3.89
3.90
3.83
4.08
3.65
347
332
3N
4.04
375
3.65
337
3.50
2.65
343
3.37

3n
3.62
3.74
3.89
3.64

Li Ti Mn Cu Zn Sr Ba
14

24 1545 96 74 511 659
22 1490 84 102 521 706
23 1580 83 67 510 858
20 1780 78 88 524 1300
23 1340 173 105 669 2500
22 1040 190 86 664 2480
26 530 95 60 555 450
28 643 120 79 483 455
15 475 5 62 559 530
15 559 84 5 517 457
22 505 81 52 524 485
27 331 152 3 594 516
26 276 158 58 380 416
29 359 112 68 541 467
14 203 82 55 668 611

36 3950 1145 135 84 420 490
38 3700 1190 130 80 410 545
34 3850 n 145 80 435 515
36 4080 814 150 83 460 505
38 3950 1150 150 79 480 505
44 4000 836 155 75 470 565
42 4150 860 185 80 505 520
40 4050 557 205 78 520 525
36 4000 671 290 87 460 515
26 4500 654 120 75 645 490
35 4300 520 150 77 540 550
38 4200 617 285 83 500 510
41 4050 440 260 74 465 530
40 4350 1455 275 80 500 560
16 4850 945 505 T2 765 410
37 848 130 78 435 505
29 832 106 2 500 521

29 830 92 68 515 531

28 877 97 69 520 532
29 1015 116 71 420 485
33 1260 141 72 460 491

37 844 144 69 450 539
32 812 160 69 425 516
31 818 138 70 470 494

29 875 130 85 460 492
26 4200 845 120 86 565 495
35 3800 892 182 81 440 4%
28 3850 1375 161 2 510 530
30 4050 1200 133 68 505 525

34 2540 565 105 57 445 655

35 4250 839 140 1 450 530
36 3800 938 179 75 435 540
34 3635 1470 124 7 420 485
36 3785 1070 122 7 410 455
37 3830 1030 127 78 420 465
36 3830 1130 135 81 440 500
36 3735 999 133 79 405 4ss
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TABLE 1 (continued): CHEMICAL COMPOSITION OF CRATER LAKE

7300
5000
5800
6100
6400

2800
3000
4100
4300
3100
29500
5300
3600
3000
3100

LOCATIONS OF SAMPLES ARE SHOWN IN FIGURE 1

3.50
3.03
3.14
3.17
3.38

1.44
1.31
1.14
1.35
1.06
0.26
1.46
1.04
1.05
1.30

272
282
286
279
28.0
27.8
219
284
215
215
26.4
284
29.0
29.0
29.2

30.0
285
289
29.2
29.2
29.2
28.3
29.0
29.1
28.9
28.5
29.2
28.7
28.9
28.5
283
283
29.2
284
289
28.6
283
297
29.2
29.7
29.0
29.5
292
29.0
28.5
28.8
28.1
28.3
29.2
289
28.8
28.6
289
29.0
29.5
28.9

7.80
7.62
7.80
7.90
8.03
7.88
8.01
8.17
8.16
822
7.84
8.60
8.91
8.58
8.70

8.76
873
9.14
8.71
9.07
8.74
8.55
9.04
8.74
8.96
8.87
8.98
8.66
8.16
8.59
8.46
8.28
8.78
9.01
9.04
8.74
8.80
9.26
9.14
9.06
8.70
9.01
9.06
8.72
8.56
8.47
8.53
8.96
9.34
9.12
9.20
8.96
8.64
9.06
9.22
8.88

9.9
139
13.6
11.0
102
10.9
10.1
10.2
7.9
74
15
6.8
59
8.5
8.1

9.7
5.9
37
8.0
5.2
7.1
6.9
48
74
5.1

49
59
7.0
11.4
7.0
16
8.9
73
35
4.7
6.1

5.0
49
4.5
6.5
74
63
53
13
72
8.7
6.4
37
3.1

4.0
31

4.5
7.1
48
47
59

1.5
137
1.22
148
1.53
1.54
1.53
1.48
1.5
1.44
1.42
1.45
1.63
1.4
1.38

1.48
1.46
1.52
1.55
1.54
1.47
1.48
1.48
1.52
1.46
1.53
1.46
1.55
1.46
1.58
1.52
1.56
1.58
1.46
1.54
1.8

1.56
1.4

1.42
1.39
1.45
1.45
1.44
1.42
1.6

1.6

1.86
1.64
1.32
1.33
134
1.39
1.63
1.49
1.36
1.52

223
2.16
2.01
224
237
22
222
2.3
2.36
2.3
2.54
243
3.1
2.52

2.3

3.15
2.83
R |
297
3.04
2.7
273
2.92
27
2.85
2.84
2.95
275
2.54
2.92
2.86
2.66
2.54
2.88
2n
1.97
2.73
322
3.16
2.86
2.88
279
3.04
292
274
2.65
244
2.84
3.24
3.08
3.24
2.76
2.06

3.09
3.06

3.54
331
3.10
3
3.69
3.88
3.66
3.79
573
5.30
Td2
4.49
335
4.47
3.58

4.21
4.16
3.52
37
3.59
3.40
4.07
3.60
3.69
3.58
3.69
3.80
3.78
3.86
4.69
3.83
4.06
373
3.90
3.62
4.48
3.67
334
3.38
3.34
4.06
3.62
3.68
3.78
3.88
3.86
4.48
3.89
3.24
334
3.39
378
4.06
372
3.40
3.90

36
39
42
37
37
37
37
38
36
38
37
40
26
44
39

20
17
16
18
19
17
19
15
18
16
17
16
20
26
24
21
22
17
14
18
30
21
15
15
16
18
17
15
14
19
21
18
17
12
11

12
15
28
18
16
17

3690
3560
3355
3645
3760
3680
3660
3905
3835
3850
3745
4075
4725
3990
3965

4110
3035
4265
4120
4170
4160
3990
4125
4140
4175
4255
4175
4035
3700
3895
3990
3910
4170
4170
4435
3915
4050
4585
4485
4780
4465
4730
4715
4695
4060
4110
4250
4365
4365
4650
4565
4430
3895
4220
4335
4690

914
808
758

1045
1150
747
583
934
1050
1370
5020
494
2260
2880

3155
1565
1210
1120
930
1085
1360
1080
1115
1060
1015
1235
1225
1100
1359
1130
1190
1085
905
910
1215
966
752
719

888
846
806

1135
890

1020
838

738
1050
1000
829
792

136
126
116
142
147
155
181
186
161
148
148
208
132
251
214

7
72
62
79
65
68
83
63
82
63
74
62
91
110
96
83
102
7
53
!
124
79
38
38
48
67
57
a4
42
82
88
83
72
39
36
39
61
125
62
43
61

80
75
70
79
8

84
83
83
8

8
3
81
69
76
3

68
70
62
68
64
67
66
64
65
62
68
63
68
68
66
64
68
64
60
64
5
66
59
58
60
63
63
61
58
67
69
79
72
58
64
59
60
70
63
56
64

405
390
350
410
440
450
440
487
509
460
554
498
606
492
480

650
639
122
639
658
615
614
650
600
640
636
667
614
545
606
618
5713
584
656
602
428
610
602
692
660
619
620
667
632
569
570
532
600
698
715
704
610
465
664
699
686

485
545
550
505
495
505
520
494
756
500
876
665
496
578
718

500
500
515
540
595
470
510
500
489
510
485
495
500
475
450
515
455
520
490
490
470
505
475
498
575
539
503
552
536
504
433

406
519
554
543
485
508
518
556
617
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TABLE 2. CHEMICAL COMPOSITION OF SEDIMENT TRAP SAMPLES
N Al* Al Opal Mg Ca*

Corg

Depth Depth

Water Trap

Time of
Year

CRATER LAKE ECOSYSTEM

iron concentrations. We believe this component is
© dominated by iron oxyhydroxide which forms by

N =W
feemar precipitation from solution.
SSRGS End-member mixing occurs primarily between the
OO O WO MW . g
o onde s aluminosilicate component and the other two com-
ponents (Fig. 2). In other words, there are mixing
OO O N« & . .
uRese lines both between the biogenic end-member and the
aluminosilicate end-member and between the iron
- 35580883 precipitate and the aluminosilicate end-member.
There is no clear mixing line between biogenic and
Nee2n o the precipitate end- member, and there is little filling
o~ 0w 0o . » . .
of the field which would result from significant
0¥oS0noNn contributions of all three components in any given
RIo¥l0ea

sample. The probable explanation of this observa-
tion is that aluminosilicate material dominates the

58 §E§E§'§ sediment at most sites. Only in sediment traps is
biogenic debris a major component. Upon reaching
FEEEE: 388 the bottom much of this component decomposes and
oNead e dissolves (i.e., it is recycled at the sediment-water
926033389 interface). Also, only at certain sites is the precipi-
o 8% o el o tate component significant. The samples which de-
Loy arn fine the trend to high iron in Fig. 2 are from the near
| #8 = = s surface portions of 79-1 and near the bottom of 85-3.
-1 2288%R The most iron-enriched samplesin 79-1is alithified,
o TTeTTT ochre-colored crust from a depth of 6 cm depth in
23837283 the core. The iron enrichments observed in both 79-1
TTrenee and 85-3 are not present in nearby cores (Fig. 3a and
Fib ek 3c). The spatial variability in the abundance of the
Temessn precipitate end-member is relevant for clarifying the
GneR33ry source of this component.

The detrital aluminosilicate end-member is pri-

8 g=83ar g marily debris weathered and eroded from the caldera
w0 nwmnwoon . . .
z walls. This material with Al values between 8 and
P g e x 9% is typical of Cascade volcanics. For example, the
2 rhyodacite expelled by the climactic eruption has an
K .
SENRB8RETE2EREN © Al content of 8.1% (McBirney 1968). Our analyses
COrOr MMM rr~-ONNT— o - % .
K| of fine debris from seven scree slopes at various
NlecdeneseaNeds & locau'ons around the caldera walls reveal an average
. 2 aluminum content of 8.9 + 0.5% and Fe/Al values
ho2a222392258888 = ranging between 0.3 to 0.5.
T ANNLANLANOOLANOODNOW © - i .
g g The biogenic end-member represents remains of
¢ 3 g flora and fauna which settle through the water col-
Q . . .
SE3 3 8 = = s umn and are preserved in the sediments. This mate-
R E e age s P g rial is depleted in Fe and Al and composed of organic
RerR o =~ © K~ F

matter and siliceous shell material from diatoms and
other phytoplankton. In general, materials from sed-
iment traps deployed at 200 m water depths are more
enriched in the biogenic end-member than samples
from deeper traps. This is a consequence of two
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Figure 3a. Iron to aluminum ratio as a function of depth in the sediment core.
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Figure 3b. Iron to aluminum ratio as a function of depth in the sediment core from the Central Basin (Fig. 1). Note

the changes in scales compared to Figure 3a.
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Figure 3c. Iron to aluminum ratio as a function of depth in two sediment cores from Wizard Platform (see Fig. 2).

47



CRATER LAKE ECOSYSTEM

processes. First, dissolution and decomposition of
labile biogenic material during settling produces a
relative enrichment of refractory sediment compo-
nents. Second, resuspension of bottom sediments
results in the downslope transport of material that
has undergone more loss of labile biogenic material.
The downslope inputs predominantly affect the
deepest traps.

If the third end-member is a hydrated iron oxide
precipitate we can estimate its iron content by ex-
trapolating the Fe/Al relationship shown in Fig. 2 to
zero aluminum. This is a reasonable assumption
since Al is relatively immobile in aqueous solution,
and natural hydrated iron oxide precipitates have
only trace quantities of Al. This extrapolation sug-
gests the iron content of the pure precipitate is 33%,
similar to values reported for iron oxide precipitates
associated with marine hydrothermal systems
(Corliss et al. 1978; Bostrom and Widenfalk 1984).
Examination of the covariation between Fe and
other elements in the 79-1 core suggests this com-
ponent is depleted relative to volcanogenic debris in
Si, K, and Ca, all of which are major elements in Mt.
Mazama volcanics. In contrast, the precipitate com-
ponent appears to be enriched in P, Mn, and Ba.
Precipitates with enrichments of these elements
could be formed by several processes, and we will
discuss the possible mechanisms in the next section.

Origin of Iron-rich Precipitates

We will consider three mechanisms for the forma-
tion of the precipitate end-member: (1) low temper-
ature redox-driven mobilization within the sediment
column; (2) precipitation from cold springs; and (3)
precipitation from thermal springs.

The burial of organic matter in sediments can result
in low temperature redox mobilization of iron and
manganese within the sediment column. This pro-
cess occurs in some lake and marine sediments and
has been described in detail by many researchers
(e.g., Froelich et al. 1979; Berner 1980). Free oxy-
gen and oxygen-bearing compounds within sedi-
ment pore waters serve as the oxidants for organic
matter, and solid-phase manganese and iron oxy-
hydroxides are reduced to soluble +2 valence forms
which diffuse upward along concentration gradi-
ents. Precipitation of manganese and iron oxy-
hydroxides in oxygenated sediments near the sedi-
ment-water interface can produce surficial
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enrichments. Figure 3a shows that iron enrichment
in the 79-1 core is surficial as would be expected by
aredox mobilization process. In contrast, however,
neither the nearby core, 85-4, nor any of the other
cores exhibit surface iron enrichments (Fig. 3b and
3c). This suggests that the process which forms the
precipitates is localized. Since redox mobilization is
driven by organic carbon burial, localized mobiliza-
tion would require heterogeneities in surface pri-
mary productivity and/or sedimentation rates on an
unreasonably small horizontal scale. Also of signif-
icance is the fact that both 85-3 and 85-4 exhibitiron
enrichments at depth (Fig. 3a and 3c), an observa-
tion which is incompatible with active iron reduc-
tion and mobilization.

Precipitation from cool springs is an alternative
explanation for the iron-rich component. Since iron
and manganese can be mobilized in anoxic waters,
these elements are enriched in certain cold springs.
Because both iron and manganese would be highly
insoluble in the oxygenated lake waters, mixing of
spring waters with lake water could form hydrated
metal oxide deposits. The enrichments of some ele-
ments, particularly barium and phosphorus noted in
the Crater Lake precipitate end-member could be
accounted for by coprecipitation or scavenging of
these elements from normal bottom waters by the
newly formed precipitates. This mechanism can ex-
plain the localized distribution of the precipitate
material in our sediment samples. It requires, how-
ever, that cold springs occur in a portion of the lake
which has anomalous bottom water temperatures
and compositions (Williams and von Herzen 1983;
Collier et al. 1990). Such an association would be a
surprising coincidence; however, it cannot be ruled
out.

Anoxic thermal springs are similarly conducive to
leaching and transport of iron and manganese. Al-
though reports of thermal springs in deep lakes are
rare, research in the oceans during the past decade
has revealed a variety of hydrothermal vents and
associated deposits. These marine counterparts,
which are a consequence of seawater circulation
through cooling igneous rocks, occur both in rocky
and in sedimented areas of the ocean floor. Some
springs are extensively mixed with cool formation
waters prior to venting into the bottom; other springs
vent into the oceans at temperatures above 300°C.
Venting at some sites is by diffuse advection through
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TABLE 3. ESTIMATED PERCIPITATE CONCENTRATIONS (WT %)
AND COMPARISONS WITH OTHER SAMPLES

Precipitate Bacterial

Component1 Mat®

Al 0? 0.21
Si 9.2 72
P 53 3.7
Ca 1.2 0.80
Fe 32.7 379
Mn - 0.01
Ba 03 0.02

Deep Rover Hydrothermal Oxides
Crusts® Galapagos5 Santorini®

0.46 0.32 0.87
11.7 133 6.8
2.0 - -
0.87 1.4 13
355 21.5 27.8
0.45 7.9 0.045
0.05 0.07 0.005

!The estimate of this component was based on fitting the Fe-Al relationship in 79-1 and extrapolating to zero Al to produce the value
of 32.7% Fe shown above. Then, the relationships between Fe and the other elements were determined and values for these other elements

at an iron concentration of 32.7% were computed.
ro by assumption.

3Bacterial mat sample collected by Deep Rover, Dive 179 (Dymond et al., submitted).
4Crust data for sample collected during Deep Rover Dive 187 (Collier and Dymond 1989).

SData from Corliss et al. 1978
%Data from Bostrom and Widenfalk 1984

the sediments, and manganese and iron oxides and
silicate are deposited as near surface crusts (Corliss
et al. 1978). The more than 300,000 years of volca-
nic history of Mt. Mazama (Bacon and Lanphere
1990) and the explosive volcanic origin of Crater
Lake are compatible with a consistent and relatively
young magmatic source that could drive hydrother-
mal systems and produce localized thermal springs
within the lake.

Supporting a thermal spring origin for the precip-
itate component is the fact that the 79-1 core was
recovered from a region of high sediment heat flow
and bottom waters which have both anomalous tem-
peratures and dissolved contents (Collier et al. 1987,
Collier and Dymond 1988a; Collier et al. 1990).
These observations include enrichments in some
tracers which have been used with great success to
locate thermal springs in the deep sea and correla-
tion of the dissolved components with water temper-
ature.

In addition, remotely operated vehicle (ROV) and
manned-submersible observations (Collier and
Dymond 1988a; Collier and Dymond 1988b) have
revealed deposits in the South Basin which may be
examples of presently forming precipitates. Perhaps
the most striking submersible observations were
bacterial mats found within the South Basin (Collier
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and Dymond 1988b; Dymond et al., submitted).
Some of these mats are 2-3 m across and blanket cliff
faces; others are small patches a few tens of centi-
meters across covering sediment surfaces. These
mats appear to be the result of bacterially mediated
iron and manganese oxidation. They have high
(nearly 38%) iron concentrations and relatively
large amounts of phosphorus and silicon. In Table 3
we compare the mat compositions with an estimated
composition of pure precipitate component and find
that the two materials have sufficiently similar com-
positions to suggest they are products of the same
process. Although no shimmering waters or other
evidence of outflow could be observed, measured
temperatures within the mat were three to six de-
grees above ambient, and a water sample taken at a
mat site was strongly enriched in a number of ele-
ments (e.g., Li, Si, Na, Ca, K, Mn, Cl and SO4). The
mats appear to mark sites of diffuse venting of warm
fluids into the lake.

At other sites lithified crusts of what appears to be
iron and manganese enriched material were ob-
served with the submersibles (Fig. 4), and at some
locations slumping revealed lithified iron-rich
bands (Fig. 5). Multicolored, pebble-sized material
covered the bottom at a number of locations (Fig. 6).
The reddish-brown to black color of these pebbles
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Figure 4. Lithified crusts observed
in the South Basin area, near 79-1 loca-
tion. The coloration suggests Mn enrich-
ments overlie iron enrichments.

Figure 5. Lithified crust exposed
by slumping at a South Basin site. The
coloration suggests strong iron enrich-
ment.

Figure 6. Pebble field from the
South Basin area. The various colors are
very similar to those in the crust observed
in Figure 5, suggesting the pebble field
formed by break-up of intact crusts.
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also suggests iron and manganese enrichment.
These pebbles appear to be broken-up examples of
the lithified crusts shown in Fig. 4. These crusts and
pebbles have a range of compositions; however, all
exhibit strong iron enrichments and relatively low
aluminum values (Collier and Dymond 1989). In
Table 3 we show the composition of a representative
crust sample which appears to have little contami-
nation from typical lake sediments. The composi-
tional range exhibited by other crusts appears to
reflect the degree of sediment contamination of the
crust and the ease with which manganese is sepa-
rated from iron by redox processes (Collier and
Dymond 1989). X-ray diffraction analysis of the
crusts samples demonstrate that the most Al-poor,
pure iron oxyhydroxide precipitates are amorphous
rather than crystalline iron phases.

We suggest that the bacterial mats, lithified crusts,
and pebbled surfaces observed in some parts of the
lake and the iron enrichments noted in the upper part
of core 79-1 represent different stages in the evolu-
tion of precipitates forming from hydrothermal flu-
ids. Precipitation from hydrothermal fluids is indi-
cated by the fact that waters with anomalous
concentrations of 3He, Mn, 222Rn, Li, Si, and CI
have been observed at and near these iron-rich de-
posits, (Collier el al. 1987; Lupton et al. 1987,
Collier and Dymond 1989). In addition, these en-
richments exhibit positive correlations with temper-
ature, and overall the data suggest the fluids are the
result of hydrothermal circulation, meaning they
result from interaction between local formation wa-
ters and a cooling igneous body. Iron-oxidizing,
chemolithotrophic bacteria precipitate large
amounts of iron in mats at interfaces between the
anoxic advecting fluids and the oxic lake waters.
Since these organisms require a source of ferrous
(soluble, reduced) iron, they thrive only as long as
the advection of fluids continues. Precipitation
within the conduits of hydrothermal systems, how-
ever, eventually blocks the flow and shuts down
venting at any given site. When this occurs the
bacterial mat will be transformed from a gelatinous,
living structure to a lithified crust. If the thermal
fluid advection is through sediments, rather than
through rock, excess pore pressure and doming of
the sediments similar to that observed in sediment-
hosted hydrothermal systems in the oceans will re-
sult (Williams et al. 1979; Maris et al. 1984; Wheat

S1

and McDuff 1988). Cessation of venting would re-
sult in dome collapse and breaking of the lithified
crusts would account for the pebble fields of mixed
crust varieties. These pebbles eventually become
buried by aluminosilicate and biogenic debris which
comprise the typical sedimentation in the lake. The
lithified piece found at a depth of 6 cm in core 79-1
is probably an example of a buried iron-rich crust.

In addition to iron and manganese, other elements
are enriched in the precipitate component. For ex-
ample, barium, zinc, and phosphorus are enriched in
the near surface sediments of 79-1 and could be used
to define these three end-members as well. Figure 7
exhibits the same three end-members using Ba and
Al compositions.

A few measurements of arsenic and antimony
demonstrate enrichments of these elements in the
iron enriched sediments from the South Basin (Table
1). For example, the sample from 6 cm depth in core
79-1 has: 14.7% iron, 860 ppm arsenic, and 2.6 ppm
of antimony. In contrast, the sample from 1 cm depth
in core 85-4 has: 4.2% iron (a typical value for
Crater Lake sediments), 78 ppm arsenic, and 0.7
ppm antimony. Assuming the 79-1 sample repre-
sents a mixture of iron-rich precipitate and typical
Crater Lake sediments with iron and As values sim-
ilar to the sample from 85-4, we can estimate the As
content in the pure precipitate. This calculation sug-
gests an arsenic content of the Fe-rich precipitate of
over 2000 ppm.

Since arsenic and antimony are anions in aqueous
solution, they are easily coprecipitated with iron.
Both elements are similar to phosphorus in this
respect. Thus, high concentrations in the iron-rich
sediments may not indicate enrichment in the spring
solution. The observed phosphorus enrichments in
iron-rich crusts probably can be explained by
coprecipitation of phosphorus derived from the lake.
For arsenic and antimony, however, the case is not
so clear. Neither element has been analyzed in Cra-
ter Lake waters, but in general, arsenic and antimony
concentrations in surface waters from volcanic ter-
rains are very low compared to the concentrations in
thermal springs (Onishi 1969) and hydrothermal
fluids (Ellis and Mahon 1977). In addition, As con-
centrations in the bacterial mat and several Crater
Lake crust samples collected by submersible
(Dymond et al., submitted) demonstrate very strong
enrichments in the iron- rich precipitates (over 4200
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compositions of the three hypothesized end-members.

ppm in crusts and 3600 ppm in the bacterial mat).
These high values support precipitation from hydro-
thermally-derived waters.

SEDIMENT RECORD

The variations in composition with depth in the
sediment cores reflect the depositional history of
sediments in the lake as well as post-depositional
processes. In this section we will consider some of
the recycling and diagenetic processes that occur
within the sediments and explore the possibility that
the sediment record indicates past episodes of hy-
drothermal inputs to the lake. This latter topic is a
preliminary discussion of a subject that will require
a more thorough paleolimnological study to re-
solve.

The dissolution and decomposition of biogenic
debris in the water column and at the sediment-water
interface are important processes by which nutrients
are recycled within the lake system. The extent of
this recycling is one of the major controls on the
productivity in the lake. For example, more efficient
burial of biogenic particles results in the release of
fewer nutrients to the deep lake, and upwelling from
this diminished pool of nutrients in the deep lake
would support reduced productivity in surface wa-
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ters. Thus, variations in the efficiency of organic
matter burial during the lake’s history could produce
fluctuations in surface water productivity.

Some recycling of biogenic elements may occur
during the settling of the material to the bottom.
The observation that deeper sediment trap samples
are relatively depleted in biogenic elements and
relatively enriched in lithogenic material support
this concept (Fig. 8). We suspect, however, that most
of these compositional differences are a result of
input of resuspended bottom sediments to the set-
tling particle load. Resuspension is indicated by the
fact that particulate fluxes of both labile and refrac-
tory elements increase with depth (Dymond and
Collier, unpublished data). While increases in the
concentration of a given component or element can
be accounted for by a decrease in another compo-
nent, flux increases can only be accounted for by
lateral (resuspended) input from the sides of the
lake. For Crater Lake the flux of biogenic compo-
nents increases by approximately a factor of two
between 200 and 390 m, while the flux aluminosil-
icate-associated elements increases by more than a
factor of three, thus producing an enrichment in
refractory elements in particles collected at greater
depths.
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Comparison of the composition of sediment trap
material and lake floor sediments (Fig. 9) can con-
strain the extent to which carbon, nitrogen, and opal
arerecycled at the sediment-water interface. Assum-
ing that no aluminum is recycled at the bottom, we
can define the extent of recycling from changes in
the ratios of biogenic components to aluminum.
Since nearly all Al is nearly all associated with
refractory aluminosilicate material, this is a reason-
able assumption. Table 4 lists the biogenic compo-
nent to aluminum ratio for both a sediment trap
located 10 m above the bottom and for sediments.
The fraction recycled within the sediments is com-
puted for each biogenic component assuming alumi-
num is conservative, and the decrease in the ratios
is due solely to a loss of the biogenic components.
The data indicate that the fraction of carbon, nitro-
gen, and opal lost within the upper centimeter of
sediments is respectively 86%, 79%, and 60%. At a
depth of 5 centimeters the fraction lost is 94%, 90%,
and 80%. As discussed by Suess and Muller (1980),
a significant portion of the nitrogen and a lesser
fraction of the organic carbon in the upper few
centimeters of sediments is in the form of living
biomass from micro and macroorganisms. Conse-
quently, the extent of carbon and nitrogen recycling
may be underestimated by this comparison method.
The lower degree of opal recycling suggests that this
biogenic component may be more suitable as a
paleoproductivity indicator than either carbon or
nitrogen.

TABLE 4. ACOMPARISON OF THE
ORGANIC CARBON, NITROGEN, AND
OPAL CONCENTRATIONS (NORMALIZED
TO ALUMINUM) OBSERVED IN
SEDIMENT TRAP AND SEDIMENT
SAMPLES FROM CRATER LAKE

Sediment Sediment Sediment

Trap' (0-12 (5-6)

Corg/Al 2+1 0.28 0.12
9%Recycled 86 94

N/Al 0.25 0.053 0.025
%Recycled 79 90
Opal 29 1.15 0.59
%Recycled 60 80

!The sediment trap data are from traps placed at a depth of 584
m (10 m above bottom) in the Eastern Basin.
e sediment samples are from the core 80-14, in the Eastemn
Basin.
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As discussed above, the burial of carbon and oxi-
dative recycling of organic carbon and organic ni-
trogen within the sediment column can result in
mobilization of iron and precipitation at a redox
boundary near the sediment-water interface. We
suggested that the surficial iron enrichments ob-
served in core 79-1 were not due to redox mobiliza-
tion alone since similar enrichments were not ob-
served in a nearby core (Fig. 3) or any other cores
shown in Table 1. Manganese, however, is more
readily mobilized than iron, and downcore data sug-
gest that core 79-1 has experienced extensive man-
ganese mobilization (Fig. 10). In 79-1 the Mn/Al
values are greatest at the sediment-water interface
and decrease with depth to ratios as low as 20x10°,
The nearby core, 85-4, also exhibits Mn enrichment
at the surface; however, the Mn/Al values below a
depth of 25 cm are relatively constant (100+17
x10'4). This ratio is similar to that observed both in
the cores from other parts of the lake and in alumi-
nosilicate debris from the caldera walls (Mn/Al in
caldera wall debris = 96+26x10'4, unpublished
data).

The very low Mn/Al ratios from the deeper sec-
tions of 79-1 could be explained if 60 to 80 % of the
manganese has been mobilized. However, the miss-
ing (i.e., “mobilized”) manganese from the bottom
60-70 cm of the core cannot be accounted for by the
excess manganese in the upper 10-15 cm of the core.
A mass balance comparison between the stock of
Mn in the deeper parts of 79-1 and 854 indicates
that less than 5% of the mobilized Mn can be ac-
counted for. This suggests that the manganese at the
79-1 site has been lost to the water column. In highly
reducing sediments (abundant carbon burial) man-
ganese and iron can diffuse out of the sediments and
precipitate within the water column. But as we sug-
gested earlier, there is no reason to think that sedi-
ments at the 79-1 site are more reduced due to carbon
burial than those at the 85-4 site since the two sites
are less than one kilometer apart and have similar
depths.

We wish to emphasize that the depth profile of iron
for the 79-1 core contrasts with that of manganese.
Although there is a similar surficial enrichment of
Fe, there is no depletion of Fe in the deeper parts of
the core (Fig. 3a). The Fe/Al values are similar or
higher than those measured in the nearby 85-4 core.
Moreover, the Fe/Al values in the deeper parts of
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79-1 are similar to values measured in debris from
the walls, indicating that iron has not been leached
from the sediment column as appears to have been
the case for manganese.

The sediment trap data also indicates manganese
mobilization into the water column. Trap materials
from the nearbottom traps (Table 2) exhibit Mn/Al
values that range between 170 and 460, generally
higher than that observed in aluminosilicate debris
or at depth in the cores. Assuming the materials
collected by these deep traps are a good representa-
tion of the composition of particles reaching the lake
floor, some mobilization of Mn must occur in most
of the cores, and in 79-1 approximately 90% of the
manganese raining to the bottom appears to be re-
cycled to the water column. Thus, the manganese
cycle in the lake involves: (1) particulate input of
aluminosilicate debris into the upper water column;
(2) settling of these particles with biogenic debris
(probably as fecal pellets of zooplankton); (3) scav-
enging of dissolved Mn and aggregation of fine
particulate Mn in the water column by settling par-
ticles; (4) reduction and dissolution of particle-asso-
ciated Mn within the sediments as a consequence of
organic matter oxidation; (5) diffusion of dissolved
Mn*? back into the water column where it is readily
oxidized to particulate Mn**. These processes are
compatible with the observed high concentrations of
particulate manganese in the deep parts of Crater
Lake (Collier et al. 1990).

This cycle, however, cannot account for the low
Mn/Al values in core 79-1 since the five-step pro-
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cess described above should operate similarly in
different parts of the lake. Consequently, we suggest
the enhanced manganese leaching of the sediments
at the 79-1 site and the enrichments of iron and other
elements are the result of advection of pore fluids
through the sediment column. Such advection has
been observed in marine sediments (Sayles and
Jenkins 1982; Becker and von Herzen 1983; Maris
et al. 1984) and has been attributed to geothermally
heated pore fluids. In the case of the 79-1 core the
advecting pore fluids are sufficiently reduced to
leach manganese from the sediment. Because of the
relatively slow kinetics of precipitation and higher
solubility of manganese (Krauskopf 1957), only
minor amounts precipitate within the more oxidized
surface sediments, and the rest escapes into the
water column. Since the surficial sediments are en-
riched in iron, the advecting fluids appear to trans-
port iron. The similarity of Fe/Al values in the
deeper parts of both core 79-1 and all other cores,
however, suggests iron leaching of the sediments is
significant. The lack of iron leaching of the sedi-
ments is probably because the iron in most Crater
Lake sediments is dominantly in volcanic debris
which is relatively unaffected by the advecting pore
fluids. The more rapid kinetics of iron precipitation
results in sufficient deposition to produce strong
enrichment and some lithification of the surficial
sediment.
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HISTORY OF HYDROTHERMAL
ACTIVITY IN THE LAKE

The iron concentration in 79-1 exhibits a subsur-
face peak at 6 cm depth (Fig. 3). As was noted above,
this peak is the result of analyses on a lithified,
ochre-colored crust material. Sedimentation rates
for Crater Lake are not well constrained; however,
the U. S. Geological Survey has made some He
measurements of organic material in the sediments
(S.W. Robinson, pers. comm.). A 14C measurement
on moss in 79-1 indicates a sedimentation rate of
approximately 30 cm/1000 years and implies the
time of maximum hydrothermal influence recorded
by 79-1 is about 300 years ago. A smaller peak in the
Fe/Al ratio at approximately 35 cm suggests en-
hanced iron precipitation at this site approximately
1000 years ago. Core 85-4, also from the south
basin, exhibits an enrichment of iron at approxi-
mately 50 cm depth. In the section below we explore
the possibility that measurements of hydrothermally
mobilized elements in sediment cores from other
parts of the lake may allow evaluation of the history
of hydrothermal venting into the lake. The fact that
the sediments are sufficiently oxidizing in most
parts of the lake to prevent extensive manganese
mobilization, indicates that the less mobile Fe oxide
phases, once formed through hydrothermal activity,
would not be remobilized by sediment redox process
that are controlled by organic carbon burial.

In Fig. 3c we compared the Fe/Al data for two
cores recovered from the Wizard Island Platform .
The most striking feature of these data is the strong
enrichment in the ratio in core 85-3 at depths 40-60
cm. Comparison with the nearby core, 80-7, demon-
strates that the iron enrichment is very localized and
not a ubiquitous redox feature of the sediment re-
cord. The '*C age of a pine cone recovered at a depth
of 21 c¢m in 85-3 is 2220480 years, indicating a
sedimentation rate of 9.5 cm/1000 years (S. W.
Robinson, pers. comm.). The factor of three lower
sedimentation rate for this part of the lake compared
to that suggested above for the South Basin is rea-
sonable, since the Wizard Island platform has a
depth of only 250 meters and would not accumulate
turbidity-flow material and resuspended sediments
transported down slope. If we assume a constant
sedimentation rate of 9.5 cm/1000 years in the core,
the peak iron deposition appears to have occurred
approximately 5000 years ago. This event may be

56

related to the period of volcanism which formed the
dacite dome (Bacon and Lanphere 1990) just to the
east of Wizard Island. A U. S. Geological Survey
estimate based on additional '“C data suggests that
this volcanism occurred 4000 years ago (C. R.
Bacon, pers. comm.), but there may be sufficient
error in both dates to allow the possibility that they
are synchronous events.

It is possible that these metalliferous inputs may
have occurred at a number of sites throughout the
history of the lake. From the observations on the two
cores which exhibit the iron enrichments it appears
that the activity at any one site has limited duration.
This suggestion is consistent with the concept that
conduits for hydrothermal flow become clogged as
aresult of precipitation of the dissolved load carried
by the fluids. Thus, there would be eventual block-
age of any venting site; however, new conduits may
form as a consequence of faulting and fracture for-
mation. It is also possible that crustal injection of
magma and associated hydrothermal activity has
occurred episodically during the history of Mt. Ma-
zama. Consequently, hydrothermal inputs may have
waxed and waned throughout the history of the lake.

IMPLICATIONS OF HYDROTHERMAL
ACTIVITY FOR BIOLOGICAL
PRODUCTIVITY IN THE LAKE

Since we know little about the variability of hydro-
thermal activity in the lake and can only speculate
about the implications of hydrothermal venting on
biology, the discussion which follows is speculative.
However, we wish to include a preliminary discus-
sion of this topic because we believe the concept has
important implications for understanding the pale-
olimnology of the lake and natural variability in
biological productivity. Some relevant examples of
this are found in current discussions concerning
possible decreases in clarity of the lake (see Dahm
et al. 1990; G. Larson 1990). There may be natural
changes in nutrient inputs and cycling which influ-
ence biological productivity and clarity. Hydrother-
mal activity may influence these processes and the
sediments are the recorders of both past biological
productivity and hydrothermal activity.

Variability in the sediment-accumulation rates of
elements enriched in hydrothermal fluids are an
obvious consequence of variable hydrothermal in-
puts. The enhanced iron contents of certain cores
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have been noted above, and we suggested that these
were a consequence of localized advection of ther-
mal fluids through the sediment column. Because of
the insolubility of iron in oxic waters, however, this
element does not serve as an indicator of the whole-
lake hydrothermal input. A chemical species which
is enriched in hydrothermal fluid but is sufficiently
soluble to be distributed throughout the lake could
better indicate the whole-lake hydrothermal influ-
ence. Manganese is one possibility, although it may
also precipitate locally, and redox mobilization re-
sulting from organic matter burial could modify the
original depositional patterns. Alternatively, barium
and lithium, both elements strongly leached from
rocks by hydrothermal fluids and relatively soluble
in oxic waters, could provide a measure of whole-
lake hydrothermal input. In effect, what is needed
for such an analysis is a measure of distal hydrother-
mal deposition. Such a deposition may occur
through scavenging of the hydrothermal elements
by organic matter settling from the upper water
column.

Monitoring biological productivity of the lake is
possibly best accomplished by analysis of the opal
burial flux or study of diatom assemblages. As we
discussed earlier, opal is the biogenic component of
the sediment that is best preserved. Certain species
of diatoms and diatom assemblages are also indica-
tive of nutrient availability and thus productivity.
Biological productivity could be directly correlated
with hydrothermal inputs if limiting nutrients are
carried by the hydrothermal fluids. Nitrogen and
trace metals necessary for nitrogen fixation are pos-
sible candidates in this regard. Also, the input of
buoyant hydrothermal waters may enhance the mix-
ing of deep lake waters with the surface waters.
Since the deep lake is the major reservoir of the
biologically limiting nutrient, nitrogen, more rapid
cycling of deep lake waters could increase primary
productivity in the upper lake. Although this effect
could produce a positive relationship between pro-
ductivity and intensity of venting, enhanced burial
could not be maintained without depleting the nitro-
gen in the deep waters. Thus, any enhanced produc-
tivity due to this effect would be relatively short-
lived. It is possible, however, that the saltier
geothermal waters are denser than typical lake
water, and as a result, would produce stable layers
in the deep basins. If this were the case, these basins
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could be a trap for nutrients released from decom-
posing organic matter that settles to the bottom.
Episodes of enhanced hydrothermal activity, there-
fore, could be times of low biological productivity.
Without more information on the composition and
volume of hydrothermal input to the lake we can
neither define the effects of hydrothermal venting
on the biology of the lake nor interpret its influence
on the sediment record. Nevertheless, there are rea-
sons to suspect that hydrothermal venting is impor-
tant to the chemical and biological evolution of the
lake and its ecology.

As a preliminary entry to this question we examine
the downcore variations in opal and lithium in core
854 (Fig. 11a and b). We have chosen this core
because we have closely spaced analyses downcore,
and the site appears to be distal to venting sources.
We infer the lack of local hydrothermal influence by
the absence of distinctive iron enrichment. We have
normalized Li concentrations to Al because thisratio
is a better indicator of enrichment over the alumino-
silicate debris from the caldera walls. The variations
in opal concentration are more than a factor of three
at this site. There appear to be times of greater opal
burial which are observed over intervals of 10 to 20
centimeters in the core. As noted above the best
estimate of sedimentation rate at this South Basin
site is 30 cm/1000 years. Thus, the episodes of
enhanced productivity appear to have durations of
300 to 600 years. A factor of two variability in Li/Al
is present. In addition, the two measurements appear
to correlate. The estimated R2 for the correlation is
0.57, which is significant at the 99% level.

Taken at face value this relationship indicates that
increased hydrothermal activity is accompanied by
enhanced primary productivity in the lake. As stated
above, the most likely cause of such a relationship
would be due to enhanced nutrient inputs which
accompany venting, since enhanced mixing could
not sustain the implied increases in productivity for
102 to 103 years. We wish to emphasize, however,
the weaknesses in this analysis and suggest that the
data from core 854 be considered illustrative of an
approach rather than a definitive statement on the
relationships between biological and hydrothermal
activity. The major weakness in the data is that we
are using concentration data for opal and Li; concen-
tration of opal and Li could be controlled by in-
creases and decreases in the aluminosilicate fraction
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Figure 11b. Lithium/aluminum variations with depth in 85-4.
rather than true increases in the inputs of these two SUMMARY

variables. What is needed is burial flux of opal and
Li rather than concentration, but examination of
variability in burial fluxes requires much better def-
inition of the sedimentation rate than is currently
available. Alternatively, diatom assemblages, if they
could be related to primary productivity, would not
be affected by aluminosilicate dilution. Thus, we can
not rule out the possibility that the variability in opal
and Li abundances is the result of dilution. We have,
however, examined the core for turbidite deposition
and find the normal fine sediments interrupted by
silt-to-sand-sized layers of a centimeter or two
thickness. These layers are probably turbidites, but
their location and thickness cannot account for the
observed variability in opal and Li abundances.
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The major compositional variability observed in
Crater Lake sediments can be accounted for by
variations in the relative contributions of volcanic
debris from the caldera walls, biogenic debris set-
tling from the euphotic zone, and precipitates which
are predominantly hydrated iron oxides. Biogenic
debris decomposes and dissolves primarily at the
lake floor resulting in preservation of less than 20%
of the biogenic particles which reach the bottom.
The iron-rich component appears to precipitate from
hydrothermal fluids that vent through sediments and
rock outcrops. These precipitates may be more
evolved analogs to mats of iron oxidizing bacteria
that are associated with anomalously warm water
and currently exist on the lake floor. Present day
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sites of hydrothermal iron deposition have only been
found in the South Basin, but additional deposition
appears to have occurred in the Wizard Island Plat-
form 4-5,000 years ago. Possibly the hydrothermal
input to the lake has waxed and waned throughout
the history of the basin. This input may influence the
ecology of the lake and the biological productivity.
Temporal variations in opal accumulation rate and
the assemblage of diatoms recorded in sediment
cores may provide evidence of this effect.
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AN ALTERNATIVE HYPOTHESIS TO
EXPLAIN TEMPERATURE ANOMALY
AND OTHER DATA OBSERVED AT
CRATER LAKE, OREGON

Joseph G. La Fleur
California Energy Company, Inc.
2455 Bennett Valley Road, Suite 214-B
Santa Rosa,California 95404

Various data have led some researchers to
hypothesize that hydrothermal venting is ac-
tive on the floor of Crater Lake and that it
contributes significantly to the chemical and
physical properties of the Lake. Searches in
the southern basin using a remote-controlled
submersible and a one-person submarine
failed to identify any hydrothermal flows,
and elevated temperatures measured are
consistent with normal groundwater temper-
atures. An alternative explanation of the
data is the possibility that cold, mineralized
groundwater seasonally seeps into the south
basin of the Lake. This seepage could be
facilitated by the Chaski Bay slide which
extends from the south caldera wall into the
south basin. This alternative hypothesis is
proposed in view of the apparent absence of
some features normally found associated
with hydrothermal systems.

Active hydrothermal input into the south basin
of Crater Lake was first hypothesized by Wil-
liams and Von Herzen (1983), on the basis of ele-
vated temperature gradients measured in the upper
two meters of the lake floor sediments. Subse-
quently, different authors have attributed various
chemical constituents of the lake as supportive of the
hydrothermal vent hypothesis. White et al. (1985)
contended that the concentrations of Na, K, Li, CI,
SO4= and B measured throughout the Lake evi-
denced thermal water discharges. Lupton et al.
(1987) interpreted measurements of 3He concentra-
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tions as indicative of hydrothermal inflow. La Fleur
(1987) discussed lines of negative evidence which
dispute the hydrothermal hypothesis. These include:
the absence of elevated bicarbonate concentrations
in the Lake water; the absence of vertical hydrother-
mal plumes; heat flow measurements that can be
intrepreted as conductive rather than convective
heat transfer; the apparent absence of hydrothermal
sinter deposits, i.e., secondary silica and/or carbon-
ates; and the absence of recurrent seismicity that
would be necessary for maintaining open hydrother-
mal conduits (La Fleur 1987).

No thermal inflows were observed by Collier and
Dymond (1989), either directly in a one-person sub-
marine or from data collected by a remote-con-
trolled submersible. Temperatures measured could
be interpreted as consistent with normal groundwa-
ter temperatures. Precipitates of iron oxide and dis-
crete colonies of iron-oxidizing bacteria were ob-
served in the south basin of the Lake (Collier and
Dymond 1989). This area of lake floor (Fig. 1) is
coincident with the terminus of the Chaski Bay slide
(Nelson et al. 1988) and with elevated temperature
gradients measured in the sediments (Williams and
Von Herzen 1983) and is transversed by the inferred
location of the caldera ring fracture system (Nelson
et al. 1988). The observations that have been made
in the south basin are consistent with the concept of
meteoric waters being channeled into the south
basin from the Chaski Bay slide and issuing from
the landslide terminus as cold mineral seeps. Cold
mineral seeps at the terminus of the Chaski Bay slide
probably have no relevance to the bulk chemistry of
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Crater Lake. Hypotheses from the modeling of Lake
water chemistry are highly speculative because lev-
els of contribution from diagenetic reactions, long-
dead hydrothermal systems and ascending non-
condensible gases are unknown. Since the lake
contains approximately 4.5 trillion gallons of water
(Phillips and Van Denburgh 1968), any inflows of
mineralized water (no matter the origin) would re-
quire very large flow rates to affect the bulk chem-
istry of the Lake.

The hypothesis of subhorizontal inflow of miner-
alized meteoric water may offer a more practical
explanation of the south basin observations than
does the hypothesis of ascending hydrothermal flu-
ids, because several lines of evidence inherent to
hydrothermal systems are apparently absent.

ALTERNATIVE EXPLANATION
OF VARIOUS DATA SETS

Calculated “Heat Flow” Value

Williams and Von Herzen (1983) measured tem-
perature gradients in the Lake floor sediments by
inserting a thermal probe to less than 2 meters depth.
They calculated “Heat flow” values by multiplying
all measured gradients by a single determined ther-
mal conductivity value. An area of inferred elevated
heat flow was thus identified in the south basin (Fig.
1). Williams and Von Herzen hypothesized that hy-
drothermal venting caused the elevated thermal gra-
dients measured in the south basin, and this area
became the “detailed study area” for the subsequent
search for hot springs (Collier and Dymond 1988
and 1989). The hydrothermal vent hypothesis is not
a unique solution to the temperature gradient data,
and interpretation of the data to depths beyond the
two meters of penetration is subjective. The steep
gradients measured could reflect conductive heat
transfer and an anomalously cold lake bottom. Any
relatively warmer water or rock mass residing be-
neath the Lake floor would give rise to steeper
temperature gradients. As shown below, because the
bottom of Crater Lake is exceptionally cold (3.6°C),
ordinary ground waters entering the lake could ac-
count for the steep thermal gradients (Fig. 2;
Thompson et al. 1987; Illian 1970).

Because the south basin thermal gradient anomaly
is coincident with the terminus of the Chaski Bay
slide, the possibility that the slide feature produces
the anomaly must be considered. Meteoric waters
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percolating through the slide may attain sufficient
density through mineral dissolution to descend into
the depths of the south basin. This scenario, how-
ever, would require unrealistically high salinities in
the mineralized, warmer descending water. More
reasonably, the slide base might function as an
aquitard, creating a temporary hydraulic head which
would facilitate the transport of relatively warmer
meteoric waters into the south basin during periods
of high runoff. Alternatively, the rubbly slide mass
may act as an aquifer with the overlying fine-grained
sediments acting as a less permeable capping hori-
zon. Either of these scenarios, or a combination of
the two, are reasonable explanations of how warmer,
less dense meteoric waters could be transmitted into
the deep, cold Lake. The proposed geohydrologic
setting is shown in Fig. 3. The reader is referred to
Nelson (1967) and Nelson et al. (1988) for descrip-
tion of the various deposits on the floor of Crater
Lake.

Bacterial Mats and Iron and

Manganese Precipitates

In the area where the Chaski Bay slide terminates
in the south basin, approximately thirteen colonies
of iron-oxidizing bacteria were observed by Collier
and Dymond (1989). These bacterial mats were all
within 300m of each other and are either on or near
an abrupt change in slope. The colonies are com-
posed principally of genera Gallionella and
Leptothrix which require an extraneous source of
reduced iron to sustain their existence. These types
of bacteria are found in low temperature springs,
wells, drainages and occasionally in thermal
springs. They are not thermophyllic organisms.
Flows of water through the flocculent masses of
filiform bacteria were neither observed nor mea-
sured and no mats were observed on any dives away
from the terminus of the Chaski Slide (ibid.). Crusts
composed of precipitates of iron and manganese
oxides were also identified, but these do not neces-
sarily indicate thermal water sources.

The bacterial mats and iron precipitates mark the
specific locations where sources of reduced iron
contact the oxygenated lake water. Because no flows
were observed at any of the locations, the possibility
of seasonally episodic flow must be considered. The
observations were made in the summer dry season
(August 1988), following an unusually dry winter.
A seasonal influx of mineralized water appears to be
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processes in Crater Lake. A report of field studies conducted in 1988 for the National Park Service.” Source: Nelson, C.
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a more reasonable explanation than hydrothermal
venting.

Collier and Dymond (1989) hypothesize that the
bacterial mats may identify where “diffuse flow” or
“advective flow” of hydrothermal fluids are ascend-
ing slowing through a relatively large area of the
lake floor and affect the bulk chemistry of the entire
lake. The observations of 13 discrete bacteria colo-
nies ranging in size from 10cm to 2m across do not
seem to support the concept of diffuse or advective
flow through a larger area. Were diffuse flow taking
place over a large area, a relatively uniform blanket
of bacterial growth would be anticipated as opposed
to a few discrete colonies.

Conceptually, a diffuse flow of hydrothermal flu-
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ids into the cold lake would be subject to more rapid
secondary sealing processes than would channel-
ized flow.

The Chaski Bay Slide-A Potential
Source of Reduced Iron

Ample opportunity exists for waters within the
slide to become mineralized. Lithologies within the
Chaski Slide were subjected to an earlier stage of
hydrothermal alteration that deposited secondary
iron pyrite, prior to collapse of the caldera (Keith
pers.comm. 1988). Diagenetic alteration of this py-
rite is currently taking place within the slide debris.
The dissolution of pyrite can release reduced iron in
solution by the reaction FeS2 (Pyrite) + 7/2 O2 +
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H20 - Fe** + 2S04~ + 2H' (Krauskopf 1967:112).
Data from Thompson et al. (1987) show that waters
within the Chaski Bay slide are anomalously high in
sulfate (SO4-). Two springs issuing subaerially from
the slide measured 12 and 26 mg/l SO4~ whereas the
other caldera wall springs contained one mg/l of
SO4~ or less. Perhaps reduced iron in solution from
the dissolution of pyrite is seeping from the nose of
the slide and supporting the bacteria.
Alternatively, the bacterial mats may identify
where recently exposed concentrations of pyrite
(FeS2) are being oxidized by the Lake water.
Krauskopf (1967:275) states, “Locally the reaction
is catalyzed by bacteria which make use of the
energy released, 2FeS2 + 15/2 O2 + 4H20 — Fe203
+4S04™ + 8H' AF° = —584.2 kcal.” Although this
reaction is strongly exothermic, the temperatures
reported in the bacterial mats, are seemingly too
great to be explained by this reaction alone. If the
bacteria are supported directly by the local oxidation
of pyrite, no inflow of water need be involved.
Albeit possible, this explanation of in-situ alteration
appears to be less likely than delivery of reduced
iron in solution via seasonally active mineral seeps.

Measured Temperatures

As previously mentioned, the bottom of Crater
Lake is a notably cold 3.6°C. It should be appreci-
ated that this temperature is significantly lower than
would be anticipated in any regional groundwaters
which had sufficient residence time to equilibrate
thermally with the country rock. Groundwater tem-
peratures measured in wells in the area range from
4.4°C to 11.7°C and are commonly about 10°C (Ill-
ian 1970). Data from Thompson et al. (1987) show
that large, lower elevation springs in the Mazama
area commonly have temperatures between 9°C and
12°C. The temperatures of two springs sampled in
the subaerial portions of the Chaski Bay slide were
9.5°C and 12°C.

It was reported that the bacterial mats contained
waters with temperatures ranging from 4.3°C to
9.5°C (Collier and Dymond 1989). The average of
the mat water temperatures reported was 6.2°C. No
temperatures in excess of “ordinary” groundwater
temperatures have been recorded. As mentioned
previously, the bacterial mats identify the specific
location where mineralized fluids react with the
oxygenated lake water. Were these fluids from a
high temperature hydrothermal system, some mea-

surements in excess of normal groundwater temper-
atures would be expected. Because all of the rela-
tively elevated temperatures measured in the bacte-
rial mats are equivalent to cold groundwater
temperatures, these measurements support the cold
mineral seep hypothesis.

ABSENCE OF FEATURES
CHARACTERISTIC OF
HYDROTHERMAL VENTING

Low Seismicity

If hot springs are expected to survive, seismic
activity would be required to keep them open. As
William and Von Herzen (1983) has stated, “The
circulating fluids carry large quantities of dissolved
solids that precipitate as the fluids approach the vent
area where they undergo rapid cooling and chemical
changes. These precipitated minerals will eventu-
ally clog the conduit.”

This process would be particularly effective on the
bottom of a 3.6°C lake, and conditions of diffuse
flow of hydrothermal waters would be expected to
seal off more rapidly than channelized flow. Recur-
rent seismic ground rupture is necessary to maintain
open vertical conduits for fluids to vent. The Crater
Lake area, like most of Oregon, has a low level of
recurrent seismicity. Only three macroseismic
events have ever been recorded in the Mazama area,
registering 1,2 and 4 on the Richter scale (Jacobson
1986). Even on the highly tectonically active oce-
anic spreading centers, hot springs apparently per-
sist only for a few weeks to a few decades (Macdon-
ald 1982). Microseismic activity at Crater Lake was
briefly monitored during the fall and winter 1969-70
(Blank et al. 1971); however, it is the opinion of this
author that microseismic events may not provide
crustal disturbances sufficient to break secondary
seals on the lake floor.

Absence of Sinter

True hot springs entering into a 3.6°C lake would
deposit precipitates of minerals dissolved at higher
temperatures. Certainly secondary silica and per-
haps secondary carbonates and/or sulfides could be
anticipated. No such hydrothermal deposits have so
far been identified on the floor of Crater Lake.
Nelson (1967) examined 130 sediment cores from
the floor of Crater Lake and did not report any
findings of secondary silica or carbonate precipi-
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tates. Sediment samples were collected by gravity
coring by Oregon State University in 1985 and 1986,
and by the U.S. Geological Survey in 1979 and 1980
(Collier and Dymond 1988). No secondary silica or
carbonate were reported in these samples, despite
focused sampling in the area of elevated “heat flow.”
Since the rusty spots observed on the floor of Crater
Lake were not associated with secondary silica or
iron silicates, it is reasonable to conclude they were
not actual hot springs deposits but rather from cold
water reactions.

Absence of Elevated Bicarbonate
Concentrations

Carbon dioxide gas is released by hydrothermal
alteration and is dissolved in near neutral pH waters
as bicarbonate (HCO3). Carbon dioxide generally
accounts for more than 90% of the abundant non-
condensable gases present in geothermal reservoirs
(Michels 1969). The solubility of CO2 is propor-
tional to total pressure and inversely proportional to
temperature; therefore, the cold depths of Crater
Lake should facilitate an identifiable bicarbonate
anomaly if a significant hydrothermal input were
actually taking place. No bicarbonate anomalies
have been demonstrated in Crater Lake. Phillips and
Van Denburg (1968) reported that Crater Lake con-
tains 35 ppm HCOs3, the same as nonthermal Davis
Lake. They also reported that hydrothermally af-
fected Paulina Lake and East Lake, Oregon, contain
352 ppm HCO3 and 125 ppm HCOs3 respectively.
No measurement of bicarbonate concentrations
have been made in the waters in the bacterial mats
(Collier and Dymond 1989). These colonies could
well be supplied by cold groundwaters.

According to Lupton (1987), samples from Crater
Lake show that the deep waters of the lake are
enriched in “mantle” helium with elevated 3He/1 He
ratios. Because Crater Lake occupies the floor of a
relatively young (6900 yr. BP) caldera, it is not
surprising that the lake contains enhanced concen-
trations of °He. Expectedly, deep-source helium
would continue to emanate from depth for some
time after such a volcanic event. The extreme mo-
bility of helium allows it to migrate quite freely
through the earth’s crust and it does not require
aqueous transport. Furthermore, it is not possible to
distinc%uish 3He released by hydrothermal alteration
from “He released from magma degassing or di-
rectly from the mantle. Elsewhere, it has been re-
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peatedly observed that elevated 3He/*He ratios in
hydrothermal fluids correlate directly with in-
creased bicarbonate and/or dissolved CO2 concen-
tration (Welhan et al. 1988; Kennedy et al. 1987).
This is not the case in Crater Lake, Oregon, where
the absence of significantly enhanced HCO3 or CO2
may suggest that 3He could be seeping into the lake
independent of hydrothermal inflow.

Absence of Vertical Hydrothermal Plumes

The deep water temperature profiling demon-
strates a gradual increase from 3.5°C at mid-depth
in the lake to approximately 3.6°C on bottom. The
profiles show uniformly layered subhorizontal iso-
therms especially when depicted without vertical
exaggeration (William and Von Herzen 1983; La
Fleur 1987; Collier and Dymond 1988, 1989). If
these isotherms do reflect fluid inflows, such in-
flows would have to be quite cold to remain flat
lying on the bottom of a 3.6°C lake. The absence of
subvertical isotherms argues in favor of conductive
heat transfer or cold groundwater influx.

Absence of Data Indicating True
Convective Heat Transfer

The Williams and Von Herzen (1983) study re-
corded steep temperature gradients in the sediments
in the south basin. Elevated thermal gradients are
indicative of conductive heat transfer. By contrast,
vertically ascending fluids yield nearly isothermal
gradients and significantly elevated temperatures
would have been recorded. Certainly, small areas of
fluid ascension could have gone undetected due to
spacing of the sample points; nevertheless, so far no
measurements identifying ascending thermal fluids
have been recorded (Williams and Von Herzen
1983). The heat flow study, therefore, argues against
the concept of ubiquitous “diffuse flow” of hydro-
thermal fluids to explain the observations made in
the south basin. The alternative hypothesis of sub-
horizontal inflow of groundwaters is not in contra-
diction with the measured temperature gradients and
calculated heat flow values (Fig. 2).

CONCLUSION

Although hydrothermal venting has been proposed
as a hypothetical explanation for temperature anom-
alies, bacterial mats and precipitates of iron and
manganese observed in the south basin of Crater
Lake, an alternative explanation of subhorizontal
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through a large landslide deposit is consistent with
the data and observations. This alternative explana-
tion is supported by the coincidence of the observed
anomalies and the terminus of the landslide and by
measured temperatures equivalent to those of nor-
mal regional groundwater. The apparent absences of
elevated bicarbonate concentrations, sinter deposits,
secondary silica, frequently recurrent seismicity,
subvertical hydrothermal “plumes” in the deep lake
waters and elevated isothermal profiles in the sedi-
ments are all seemingly inconsistent with the hydro-
thermal venting hypothesis but are consistent with
the alternative explanation of cold mineral seeps.
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CHEMICAL AND PHYSICAL PROPERTIES OF THE
WATER COLUMN AT CRATER LAKE, OREGON

Robert Collier, Jack Dymond, James McManus
College of Oceanography, Oregon State University
Corvallis, Oregon 97331-5503

The vertical distribution of temperature
and density in Crater Lake are primarily
controlled by the balance of the strongly-sea-
sonal heat exchange at the lake’s surface and
a continual conductive and convective input
of heat at the lake floor. The net result is a
nearly-uniform density and relatively low
stability in the deep water. To a first approx-
imation, the concentrations of the major cat-
ions and anions in the system are well mixed
vertically. The concentrations of most transi-
tion metals are very low and the vertical
distribution of several trace metals demon-
strate the significance of surface (atmo-
spheric) input. Consistent with the
well-known clarity of the lake, the concentra-
tion of suspended particles, as indicated by a
beam-light transmissometer, is generally
very low, and during the summer the vertical
distribution of particles is primarily con-
trolled by the phytoplankton.

The temperature of the lake water grad-
ually increases below a depth of approxi-
mately 300 meters and shows stronger
increases (AT= 0.1°C) near the east end of the
south basin. These temperature increases are
accompanied by an increase in conductivity.
The overall form and distribution of these
anomalies suggest they are dynamic features
that require active input of thermal waters at
the SE corner of this basin. There is also an
increase in the concentration of the major
cations (Na, K, Ca, Mg, Li) which is directly
proportional to the conductivity and temper-
ature increase.
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The chemical and physical properties of the
water column at Crater Lake reflect its unique
origin and environment. The lake lies totally within
the caldera of Mount Mazama which formed after
the Cascade volcano’s climactic eruption 6900 years
before present. The lake, located at an elevation of
1882 meters, is the deepest lake in the United States
at 589m. The lake surface occupies 78.5% of the
drainage basin defined by the caldera rim, has a
surface area of 53.2 km” and a volume of 17.3 km>
(Phillips 1968). Precipitation input to the lake (171
cm/yr) occurs primarily as snow deposited directly
on the lake surface (Phillips 1968). The output of
water from the system has been estimated as one-
third evaporation and two-thirds seepage (Phillips
1968). Therefore, the residence time of water (with
respect to input) is 150 years and the residence time
of solutes dissolved in the lake (with respect to
seepage) is 225 years. Refinements on the water
budget estimates are presented by Redmond (1990).

Despite its remote location, the lake has been stud-
ied by numerous limnologists and oceanographers
since the turn of the century. A summary of the
earlier chemical studies of Crater Lake by the U. S.
Geological Survey can be found in a USGS water
supply paper by Phillips and Van Denburgh (1968).
More recent work by the USGS is included in three
papers in this volume (Thompson et al.; Nathenson
and Thompson; Nathenson). In 1969, a group of
investigators studied the fission-produced radioiso-
tope distribution and inventory in the lake in order
to study the efficacy of wet vs. dry deposition from
the atmosphere (Volchok et al. 1970; Simpson
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1970). Data collected as part of the on-going 10-year
limnological program at the park are reported within
the annual reports for this project (Crater Lake Na-
tional Park). In general, all investigators have re-
ported that the lake is well-mixed with respect to the
major ion concentrations. The radioisotope distribu-
tions suggest a rapid vertical mixing rate of less than
ten years (Volchok et al. 1970; Simpson 1970). The
concentration of several dissolved ions, notably so-
dium, chloride, boron, lithium, sulfate and silica
(Thompson et al. 1990), are anomalously high com-
pared to atmospheric or known surface inputs to the
lake. Many of these authors have suggested the
possibility of sub-surface thermal springs to account
for these concentrations.

The vertical distribution of temperature in the lake
was discussed by Neal et al. (1972) who presented
the first detailed high-precision measurements of the
complete water column. The general features they
discussed were the strong seasonal thermocline in
the upper 100 meters, a decrease in temperature to a
minimum value of 3.53°C at mid-depth (295 me-
ters), and an increase in temperature below this point
to values as high as 3.69°C. The average temperature
of the sediments below these profiles was 3.80°C.
These authors postulated that the stability of this
hyperadiabatic deep water column was maintained
by an increase in dissolved ions or suspended sedi-
ments with depth. The history of temperature mea-
surements in the lake was reviewed by Williams and
Von Herzen (1983) in a paper presenting detailed
water column temperatures and sediment heat-flow
analyses. This research demonstrated several areas
of the lake bottom with very high heat flow and
provided a detailed demonstration of deep lake
warming. The plume-like structure and horizontal
heterogeneity of several deep profiles were directly
attributed to active thermal springs which seemed to
provide a warm water layer which was “ponding” in
the southwest basin.

This paper will summarize results from on-going
research on biogeochemical cycles in the lake which
have included studies of the lake water, its sus-
pended particles, and its sediments. We have con-
ducted these studies with the support of the National
Park Service’s 10-year limnological study (see G.
Larson 1990). In particular, we will discuss the
distribution of chemical and physical properties
within the lake as these are related to vertical stabil-

70

ity and to element cycling within the lake. Much of
our recent research effort has been focused on the
thermal and density structure of the southwest basin
area identified by Williams and Von Herzen (1983)
as the site of thermal springs. The results of this
research will be presented elsewhere (Collier et al.,
in preparation; Lupton et al., in preparation).

METHODS

Water Temperature, Conductivity
and Light Transmission

A profiling instrument package was deployed on a
hydrographic wire to measure the conductivity, tem-
perature, and light transmissivity as a function of
depth in the water column. This instrument package,
which we will refer to as a “CTD,” was a SEACAT®
model SBE19 (Sea-Bird Electronics, Inc.) coupled
to a 25-cm path length beam transmissometer (Sea
Tech, Inc.). The CTD records all the data internally
(2 scans per second of all sensors) and was also
monitored in real-time through a special conducting
hydrographic cable attached to the computer on the
research boat. The CTD has a temperature resolution
of better than 0.001°C; conductivity resolution of 4
x107 Siemens/meter (0.4 umho/cm); and a pressure
resolution of 0.5 decibars. The CTD was recali-
brated at the OSU calibration facility after its use
during the summer of 1987. The transmissometer
has a precision of £0.2%. Conversion of pressure
(decibars) to depths (meters) is carried out by the
integration of water densities down through the
water column. The depths are effectively equal to
1.02 times the pressure. All physical properties
based on the measurement of temperature, conduc-
tivity and pressure were calculated using an equa-
tion of state for water adapted for application to
lakes (Chen and Millero 1986). The temperature of
specific water samples collected on the hydro-
graphic wire was estimated from the CTD record
collected simultaneously.

Water Samples

Water samples from throughout the water column
were collected from the NPS research boat using the
standard 1/8" stainless steel hydrographic wire. Var-
ious oceanographic water samplers were mounted
on the wire depending on the demands of individual
chemical analyses. Typically, 5- or 30-liter Niskin®-
type samplers (General Oceanics) were used. Some
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of the sampling for trace-metal analyses used teflon-
coated 5- and 20- liter GoFlo®-type (General Oce-
anics) samplers. In order to avoid contamination and
preserve the integrity of each sample, great care is
taken in each step of collection, preservation and
analysis (Bruland et al. 1979). A wide variety of
chemical properties have been considered during
the course of our research efforts. Table 1 summa-
rizes the dates of the relevant samples we have
collected and the investigators involved in their
analysis. This paper will discuss the analyses which
have been completed to date by the OSU investiga-
tors.

TABLE 1. SUMMARY OF WATER SAMPLES
COLLECTED FOR CHEMICAL ANALYSES
(TO 1987)

Chemical Components Year Investigator
Collected
Major components
(NA,K, Mg, CA, Si(OH)) 1987  Collier, OSU
(Si04, Cl, alkalinity, Li) 1987 Thompson, USGS
(high-precision density) 1987  Chen, OSU
Trace components
(Li, V, Mn, Fe, Ni, Cu,Zn, 1984,5,6,7 Collier, OSU
Mo, Cd, Pb)
Trace gases and isotopes
(He-3, He-4) 1985,1987 Lupton, UCSB
(Rn-222) 1985,1986 Dymond, OSU
(Oxygen and hydrogen 1987 Thompson &
isotopes in H20) White, USGS
(methane) 1987 Lilley, UW

Chemical Analyses of Water Samples

Major cations (Na, K, Ca, Mg) were analyzed by
flame atomic absorption spectrophotometry using a
Perkin Elmer model-5000 spectrophotometer. The
precision of these instrumental analyses based on
replicate samples is approximately 0.5% (ranging
from 0.3% for Mg to 0.8% for Na). Lithium was also
determined by flame atomic absorption analysis.
Silicate concentrations were determined by a color-
imetric molybdenum blue method using an Alpkem
rapid flow analyzer. Trace metals were determined
by atomic absorption using Zeeman-graphite fur-
nace atomization. Some trace metals required sub-
stantial chemical preconcentration before analysis,
and this was carried out using methods developed
for seawater trace metal analysis (Boyle et al. 1981;
Collier 1985).
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RESULTS

During three separate deployment periods in 1987,
twenty nine CTD casts (vertical profiles) were car-
ried out (Fig. 1). The data discussed here were
recorded on specific CTD casts and on all
hydrocasts where water samples were collected.
Most sampling focused on the eastern-most portion
of the southern basin (see inset to Fig. 1 where
previous temperature measurements (Williams and
Von Herzen 1983) and our preliminary chemical
data (see below) suggested the presence of thermal
inputs. Other data were collected in the deep central
basin, near Merriam Cone, and near the "saddle"
between the two basins.

The new high-precision CTD data collected in
1987 refine the general descriptions of Neal et al.
(1972) and Williams and Von Herzen (1983) and
adds the first detailed measurements of in situ con-
ductivity allowing the calculation of densities. The
data set focuses on the magnitude and aerial extent
of the thermal anomalies in the deep lake and intro-
duces the first significant evidence of high dissolved
salts associated with these increases in temperature.
Figure 2 shows the full water column distribution of
temperature and density at Station 28, located within
the South Basin (Fig. 1). These data are based on
direct measurements from the CTD package as well
ason calculated quantities derived from the equation
of state applicable to this lake water (Chen and
Millero 1986).

Station 28 was collected late in the summer and
demonstrates the fully developed seasonal thermo-
cline in the upper 100 meters (Fig. 2a) and the
associated decrease in density within this stable
warm surface water layer (Fig. 2b). Below 100
meters depth, the density of the water is very nearly
homogeneous with a total change of less than 4 ppm
(Fig. 2b, 2¢). When the seasonal thermocline erodes
and is cooled during the winter, storms will drive
significant mixing from above. Preliminary data
collected over several months in 1988 demonstrate
a number of mixing events which are evident below
150 meters depth which may have been induced by
storms. As first noted by Williams and Von Herzen
(1983), any significant heating from below by con-
ductive and/or convective inputs may drive convec-
tion and mixing of these deep waters. It is still
difficult to put time scales on mixing rates based on
physical models alone. Rapid mixing is indeed sug-
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Figure 1. Bathymetric map of Crater Lake showing the locations of 29 CTD profiles collected in 1987. The inset at
the lower right shows an expanded view of a special study area (shaded box on map) where most of the data were collected.
The topographic map is taken from the USGS 7.5 minute provisional map (1985), and the bathymetric data overlay is from
the paper by Byme (1965).
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Figure 2. CTD-transmissometer data for the complete water column from the east end of the South Basin (CTD28,
Fig. 1). All calculated physical properties are based on the equation of state for limnologic waters developed by Chen and
Millero (1986): (A) Vertical distribution of temperature (°C) as a function of pressure (decibars, which is numerically
equivalent to [0.98 x depth] in meters). The solid line indicates the temperature of maximum density for Crater Lake water
atinsitu pressure; (B) potential density vs. pressure. The potential density is the density of a water parcel moved adiabatically
to a common reference pressure—in this case to the lake surface. This parameter is critical in considering the stability of
the water column and the rate of turbulent mixing. It can be seen that the water column below 100 meters has a nearly
uniform density; (C) Sigma (8) vs. pressure. This parameter, derived from b, is defined as Sigma (8) = (potential density -

1)x 1000.

gested by the vertically-homogeneous tritium data
of Simpson (1970), and by dissolved oxygen con-
centrations which are near-saturation throughout the
water column. However, further analysis of these
data, new winter data collected in 1988-89, and
lake-based meteorological data will help provide
constraints on the overall mixing rates. It is very
likely that both the intensity of summer heating and
the nature and severity of winter storms will cause
variations in the mixing rate from year to year. This
mixing rate is a critical factor in the interpretation of
the overall rates of input for heat, hydrothermal
chemicals, and other materials to the deep lake.

Deep Lake Temperature Structure

The upper water column can be contrasted to the
expanded view of the lower 100 meters at station 28
shown in Fig. 3. Shown in this figure are: (a) tem-
perature; (b) conductivity; (c) potential density
(sigma). All data scales have been significantly ex-
panded over those in Fig. 2. The major feature
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apparent in Fig. 3a is the increase of temperature
with depth. The slow increase, which begins below
300 meters depth, is seen throughout the lake and
appears to reflect the net effect of conductive and
convective heat inputs. The light dotted line shown
in Fig. 3a shows this temperature structure in the
central basin. The adiabatic increase in temperature
with depth can be calculated from the equation of
state (Chen and Millero 1986) and is shown to be an
insignificant portion of the observed temperature
increase (Fig. 3a). Sharp gradients in temperature,
such as that seen at 430 meters in CTD 28 in the
South Basin (Fig. 3a), are sometimes followed by a
complete reversal in the temperature suggesting a
locally unstable system. These results will be dis-
cussed in detail elsewhere with respect to their pos-
sible hydrothermal origin (Collier et al., in prepara-
tion).

The conductivity (Fig. 3b) also increases with
depth due to an increase in the concentration of
dissolved salts. This is very clearly correlated with
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Figure 3. Expanded plots of the CTD data from Fig. 2 which focus on the bottom 100 meters of the water column: (a)
Plot of temperature vs. pressure. Three major features are demonstrated: (1) the adiabatic increase in temperature, starting
from the minimum temperature in the water column (at 345 decibars), accounts for less than 1 millidegree warming (the
adiabatic gradient over this interval averages 3.2 x 10 degrees/decibar); (2) the general warming below 350 decibars,
which is seen throughout the lake, has a gradient which is two orders of magnitude larger (3.3 x 10™ degrees/decibar) and
is thus hyperadiabatic; (3) the gradient seen near the bottom of the thermal study area is approximately 1 x 102
degrees/decibar - a gradient which is 3400 times larger than the adiabatic increase. The depths of discrete water samples
taken along with the CTD cast are noted along side of (a) for reference; (b) In situ Conductivity (Siemens/meter =10,000
Mmho/cm) vs pressure. This increase is primarily due to the increase in dissolved ions with depth (approximately 5% of
the increase is due to the temperature increase); (c) sigma(8) vs pressure noting the marginal stability of the deep water
column (less than 2ppm in density over 100 meters) driven by the combination of heat and dissolved ion increases.

the temperature signal. The net effect of the temper-
ature and conductivity increase is that the potential
density (Fig. 3c) increases very slightly with depth
such that this water column is stable. Both Neal et
al. (1972) and Williams and VonHerzen (1983) hy-
pothesized that the lake should have an increase in
dissolved solids in order to stabilize the measured
temperature increase. However, the total increase in
density (less than 2 ppm in 100 meters) produces
only a very weak stratification. The static stability,
E, is only 2x10% m’! (E is an expression of the
density gradient normalized to the absolute densny)
and the Brunt-Viisild frequency, N, is 1x10™ cy-
cles/sec. N is related to the density gradient and can
be thought of as the frequency of oscillation of a
water parcel displaced vertically from its equilib-
rium position in the water column (Ruttner 1974;
Pond and Pickard 1978). If the observed tempera-
ture increase is due to hydrothermal inputs, the
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increase in conductivity suggests that the input of
warm water may carry enough salts to stabilize the
fluid relatively near the lake bottom.

Chemical Distributions

In this research, we have focused on the concen-
trations of the major cations, silica, and some trace
metals (see below). Other analyses focused on ques-
tions of mixing and hydrothermal inputs are in prog-
ress (Collier et al., in preparation; Lupton ef al., in
preparation). More data on the composition of the
lake and regional springs are presented in Thompson
et al. (1990). Table 2 presents the mean concentra-
tions of sodium, potassium, magnesium, calcium,
lithium and silicon from 46 samples collected in the
water column during 1987. The standard deviations
around these mean values are all less than 2%,
indicating, to a first approximation, that the lake is
relatively homogeneous with respect to the distribu-
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TABLE 2. MEAN CONCENTRATIONS FOR SODIUM, POTASSIUM, MAGNESIUM,
CALCIUM, LITHIUM, AND SILICON IN CRATER LAKE

Element Na K
Mean concentration (ppm) 10.51 1.72
Standard deviation (n=46) 0.18 0.02

Mg Ca Li Si (Si0y)
2.70 5.06 447 17.7
0.04 0.06 0.7 0.2

Note: Of 46 samples represented in these means, 39 were collected deeper than 300 meters in the lake. Therefore, these data do not

represent a volume-weighted concentration in the lake.

tion of these major ions. A closer look at the vertical
profiles (Fig. 4) of these cations in the southern basin
reveals a systematic increase in concentration of
about 3% below 300 meters which is correlated with
the increase in temperature. This increase in ion
content accounts for the measured increase in con-
ductance (Fig. 3b). Mass balance calculations for the
major ions in the lake (for instance, see M. Nathen-
son 1990) suggest significant deficits in the known
inputs accounting for caldera springs and atmo-
spheric deposition. We will discuss the significance
of these near-bottom gradients in resolving this im-
balance in terms of hydrothermal inputs from
springs (Collier et al., in preparation).

Figure 5a shows the characteristic distribution of
water clarity as a function of depth as determined by
the transmissometer attached to the CTD package.
The total range in light transmission (88-91.3%)
demonstrates the extreme clarity of the lake. A value

of 91.3%, seen in the deep waters, is essentially
equivalent to the theoretical transmission through
distilled water. The lower values in the upper 150
meters are primarily related to the phytoplankton
populations which have a small shallow maximum
near 20 meters depth, possibly related to the species
Nitzschia gracilis, and the deeper population which
is usually coincident with the depth of the produc-
tivity maximum (D. Larson 1972; G. Larson 1987,
1990). Transparency changes very little below 150
meters (<0.4%), and it is certain that suspended
solids are not a significant contribution to the den-
sity structure of the lake during this sampling period.

The lake owes its remarkable clarity primarily to
its oligotrophic nutrient status. The upper 200 me-
ters of the water column contain very little nitrate
(<0.1umol/liter) in the summer while phosphate
remains relatively high (Fig. 5b). The nutrient status
and primary production of the lake are discussed in
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Figure 4. Vertical distribution of magnesium (mg/liter), potassium (mg/liter) and silicate (mg/liter) in the full water
column at station CTD28 (Fig. 1).
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Figure 5. (A)Light transmission (25 cm path, % of air) vs depth. Shallow water minima are due to suspended particles—
mostly phytoplankton; while deep water values are very near to distilled water transmissions. (B) The concentration of
nitrate and phosphate (Lmol/liter) as a function of depth in the central basin. These data were provided by C. Dahm, U. of

New Mexico.

detail elsewhere in this volume (see G. Larson;
Dahm et al.; Geiger and Larson; D. Larson et al.).
Primary production in this nitrogen-limited system
is very sensitive to the introduction of new nitroge-
nous nutrients from exogenous sources and from
exchange with the deep lake reservoir of regenerated
nitrate.

Water sample collection for trace metals started in
1983 and has continued through the present field
season. These samples included several vertical pro-
files, numerous near-bottom profiles related to hy-
drothermal investigations, samples from a transect
of surface waters between Phantom Ship and Cleet-
wood Cove, and a set of samples from several of the
caldera springs collected in 1984. The first two years
of work related to characterizing bulk lake distribu-
tions and the work since then has focused on hydro-
thermal investigations. Figure 6 shows the vertical
profiles for manganese, iron and lead from samples
collected during the summer in 1984. These vertical
profiles show a clear surface maximum which de-
creases rapidly below 75 meters (into the thermo-
cline). Significant surface inputs of these metals
must exist in order to maintain these maxima. The
concentration of both dissolved and particulate alu-
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minum shows a similar surface maximum. Analyses
of the major cation concentrations in these profiles
suggest that the spring snowmelt run-off event is not
the major source of these surface maxima. The com-
positions of the caldera springs also appear to be
insufficient to account for these metal enrichments.
Atmospheric deposition of particulate metals re-
mains as a likely source for these surface features.
The presence of a significant lead maximum at the
surface suggests anthropogenic input from local
sources or long-range transport of aerosols.

The concentrations of iron and manganese in-
crease significantly near the bottom of the lake.
While this is a common feature in many lakes with
deep oxygen depletions and organic-rich anoxic
sediments (Sigg 1985), the high oxygen concentra-
tions seen throughout Crater Lake (Larson 1987)
should limit this type of redox cycling within the
water column. Increases in the concentration of
these metals would also be consistent with primary
inputs from springs in the deep lake. Elsewhere
(Collier et al., in preparation), we will show near-
bottom increases in manganese in the S. E. basin that
are one to two orders of magnitude larger than the
water column profiles shown in Fig. 6 .
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DISCUSSION mixing flux of dissolved nitrogen from the deep

A prerequisite to understanding the overall biogeo-
chemical cycles in the lake is a working model of
the lake’s hydrologic cycle (see Redmond 1990) and
the rates and modes of mixing within the water
column. Much of our on-going research effort has
therefore been focused on the physics of this system.
The major features of the system are its strong
seasonal heat exchange at the surface and the addi-
tion of heat to the deep lake. The system is statically
stable as a result of the slight increase in dissolved
salts which parallels the temperature increase. The
overall system, however, has very low stability and
may mix easily in the winter. High dissolved oxygen
concentrations (Larson 1987) and homogeneous
vertical tritium distributions (Simpson 1970) sup-
port this hypothesis. However, the increase in dis-
solved ions and the associated increase in density
with depth may argue for a slower mixing rate.

The seasonal thermocline demonstrated in Fig. 2,
represents a barrier to mixing between the surface
layers and the deep lake. While this strong pycnocl-
ine exists, materials can accumulate in the upper
waters of the lake (for instance, atmospheric parti-
cles supporting the trace metal distributions) while
other nutrients might be depleted due to biological
activity. The general depletion of nitrate above 200
meters in the lake is an example of this process. The
net vertical flux of particulate organic nitrogen out
of the upper water column driven by primary pro-
duction is balanced by (and limited by) the upward
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lake. Nutrient data outside of the summer season are
scarce, but relatively little nitrate existed in the
upper 200 meters during March 1986 (Larson 1987)
when the water column was nearly isothermal.
These data would suggest that large amounts of deep
lake water had not mixed with the surface during this
period of the winter and that estimates of the overall
mixing rate may be too high. Future research to
answer these questions must include hydrographic
data covering the complete annual cycle at the lake.
We are currently working on our fifth year of sedi-
ment trap deployments in the lake in order to con-
strain the downward flux of particulate organic mat-
ter out of the euphotic zone. These measurements
will allow us to apply nutrient cycling models which
will better constrain the vertical mixing rates within
the basin. As the particulate organic matter decom-
poses in the deep lake, oxygen is consumed. This
consumption rate can be compared to the measured
depletion of O2 (with respect to atmospheric satura-
tion) in order to estimate a mixing rate of oxygen-
ated surface waters into the deep lake. Our research
group and others associated with the on-going lim-
nological study of the lake, are currently collecting
these data which will allow us to constrain these
mixing rates.

Many observations about the lake physics and
chemistry made by our research group and earlier
investigators, have suggested the existence of a hy-
drothermal input in the deep lake. The details of
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these data are presented in Dymond and Collier
(1990), Collier et al. (in preparation), and Lupton et
al. (in preparation). We will briefly summarize these
results here; especially as they relate to the temper-
ature structure of the lake. Following the lead of
Williams and Von Herzen’s (1983) heat flow and
water column measurements, we have demonstrated
both the general warming of the deep lake and have
identified specific regions where the water column
thermal gradient is more than an order of magnitude
larger than this background. These thermal signals
are directly correlated with an increase in major ions
and are enriched in metals such as manganese and
iron. Increases in temperature on the order of 0.3°C
are correlated with increases in conductivity of ap-
proximately a factor of 2 over spatial scales of
meters suggesting the active maintenance of these
strong gradients. Enrichments of radon-222 in these
waters suggest their recent exit from a spring. Ex-
treme enrichment of He-3 in these waters with re-
spect to atmospheric saturation and the "mantle"
isotopic ratios of He-3/He-4 in the added helium
suggest an input from the alteration of a fresh mag-
matic source rock (Lupton et al. 1987; Lupton et al.
in preparation). All of these chemical variations
correlate well with the increase in temperature sug-
gesting a common carrier—warm water. Evidence
of hydrothermal inputs derived from lake sediments
is discussed by Dymond and Collier (1990). On-
going research will continue to test this and other
individual hypotheses which explain these observa-
tions. The composition and heat flux of any convec-
tive input into the lake could have a significant effect
on the stability of the water column and the mixing
of deep regenerated nutrients into the euphotic zone.
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THE ECOLOGY AND CHEMISTRY OF CALDERA
SPRINGS OF CRATER LAKE NATIONAL PARK

Stanley V. Gregory, Randall C. Wildman
Linda R. Ashkenas, Gary A. Lamberti
Department of Fisheries & Wildlife,
Oregon State University, Corvallis, OR 97331

Six springs within the Crater Lake caldera
were investigated in August 1986. Spring 42,
in particular, exhibited high concentrations
of nitrate (287 ppb); the other springs all
contained less than 60 ppb. Annual patterns
of water chemistry indicate high concentra-
tions of nitrate under snow cover, followed by
dilution during snowmelt and a rise in con-
centration in late summer as discharge de-
creases. In Spring 48, there was a rapid
uptake of nitrate from the source to the outlet
into the lake, decreasing from S8 to 18 ppb.
Biological activity in the study springs corre-
sponded to the observed pattern of nutrient
availability. Abundance of benthic algae and
rates of gross primary production were high-
est in Spring 42. At the relative concentra-
tions of nitrogen and phosphorus in these
springs, primary production would be lim-
ited by inorganic nitrogen. Primary produc-
tion was also high in Spring 48. Primary
production in the other springs was less than
half of that observed in Springs 42 and 48,
which may be related to either lower nitrate
concentrations or more unstable channels.
Aquatic invertebrates, excluding chiro-
nomids, were more abundant in Springs 42
and 48, a pattern consistent with the higher
primary production in these two springs. In-
vertebrates were most abundant in Spring
48, which may be related to the greater chan-
nel stability in this stream. Hypotheses for
both natural and man-caused processes re-
sponsible for these patterns of water chemis-
try and biological activity are discussed.

tablished to preserve unique natural ecosystems in
their pristine state, but they must also attract thou-
sands of visitors to view these resources each year.
The very public that visits the National Parks poten-
tially threatens these pristine ecosystems with sew-
age, automobile emissions, damage to vegetation,
disturbance of native wildlife, forest fires, and van-
dalism. Some of these effects can be minimized by
appropriate distribution of visitor facilities within
the National Parks, but others cannot be avoided
because visitors cannot view the natural attractions
without being in close proximity to them. By pro-
moting visitation, land managers may inadvertently
accelerate the degradation of the very resources they
seek to protect.

Crater Lake National Park, due to the central loca-
tion of the lake, faces the inherent risks of visitors
and visitor support activities altering the natural
ecosystem. Crater Lake National Park contains one
of the most oligotrophic lakes in the world. Visitor
facilities and the park highway lie on the rim of the
volcano and are used by more than 600,000 visitors
annually (Mohler 1986). Even small numbers of
visitors pose risks for such a fragile ecosystem.

In 1986, we examined springs within the caldera
of Crater Lake to determine whether human activi-
ties in the Rim Village area are altering water chem-
istry or spring communities. This research was de-
signed to describe water chemistry, aquatic primary
production, and invertebrate assemblages in springs
within the caldera at Crater Lake. The information
provides a foundation for evaluating the current
status of the springs around Crater Lake National

National parks are faced with an inherent con-

tradiction in land management, They are es- Park and establishes a benchmark for monitoring

future changes in spring chemistry and aquatic

Copyright © 1990, Pacific Division, AAAS biota.
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STUDY SITES

In 1986, we studied six springs inside the caldera
rim that drain into Crater Lake. Previous studies of
their water chemistry had found elevated concentra-
tions of nitrate in several springs in the vicinity of
Rim Village and the Lodge (Dr. Cliff Dahm and Dr.
Doug Larson, pers. comm.; Dr. Gary Larson, pers.
comm.).

National Park staff has numbered the caldera
springs within the rim of Crater Lake in a clockwise
direction starting at Cleetwood Cove. The study
streams were Springs 20, 35, 38, 39, 42, and 48, all
located on the southwest wall of the caldera (Fig.1).
Spring 20 is in the Chaski Slide area; Spring 35 is in
the Eagle Point area; Springs 38, 39, and 42 are in
the Rim Village area; and Spring 48 is in the Discov-
ery Point area. Springs 20, 35, and 38 usually exhibit
relatively low concentrations of nitrate and have
little human activity in their vicinity. Spring 48
occasionally has nitrate concentrations between 50
to 100pug NO3-N/1, but there is no concentrated
human activity in its drainage. Spring 39 is immedi-
ately below the Lodge and has exhibited nitrate
concentrations in the range of 50 to 150 pug NO3-N/1.
Spring 42 consistently contains higher concentra-
tions of nitrate (generally in the range of 250 to 300
ug NO3-N/1) than any other stream in the National
Park and is located immediately below the Rim
Village area.

All springs on the walls of the caldera have ex-
tremely high gradients (50%-140%) and are
geomorphically unstable. Snow cover persists for
approximately 7 months, with an average depth of
3m in winter (Sterns 1963). Avalanches occur fre-
quently (i.e., several times each decade, as evi-
denced by age of streamside vegetation), and sub-
strates consist of loose accumulations of gravel,
cobbles, and boulders. Although water chemistry
potentially influences biological activity in these
springs, physical instability exerts profound influ-
ences on the aquatic organisms. Springs 20, 38, and
39 are relatively open and are lined by small shrubs
and herbaceous plants. Sitka alder (Alnus sinuata)
creates a low, narrow thicket along Spring 35.
Springs 42 and 48 flow through mature conifer
forests of mountain hemlock (Tsuga mertensiana),
red fir (Abies procera), and white bark pine (Pinus
albicaulis) with an understory of Sitka aider imme-
diately adjacent to the channels.
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METHODS

Water samples were collected in two 1-1 polypro-
pylene bottles, held on ice in darkness, and filtered
through Whatman GF/F glass fiber filters as soon as
possible (less than 8 hr in all cases). All water
samples were refrigerated and analyzed within one
week. Concentrations of nitrate, ammonium, and
soluble reactive phosphorus were determined by
automated colorimetric analysis using the cadmium
reduction, hypochlorite phenol, and ammonium mo-
lybdate methods, respectively. Total reduced nitro-
gen (Kjeldahl nitrogen) and total phosphorus were
measured by digestion and analyzed as ammonium
and reactive phosphorus; calcium concentrations
were determined by atomic absorption.

Seasonal patterns of nitrate concentration in
Spring 42, particularly increases from early summer
through fall, have been suggested as indications of
possible effects of visitors on spring chemistry. Na-
tional Park Service data on spring chemistry for
1986 and 1987 were analyzed for seasonal patterns
of nitrate and calcium, a cation that would not be
expected to exhibit major seasonal patterns related
to visitor use or biological processes. Spring 42 was
compared to Spring 20, a spring on the southeast
caldera wall that is not directly influenced by human
activity and is not located in a forest.

Substrates were collected for determination of
standing crop of chlorophyll-a, an index of the abun-
dance of benthic algae. Three substrate samples
consisting of three cobbles each were collected from
each site on each sampling date. Substrate samples
were submersed in known volumes of 90% acetone
for 24 hr at 4°C in the dark. Chlorophyll concentra-
tion in the extract was determined by the trichro-
matic method (Strickland and Parsons 1968). Sub-
strate surface area was measured by wrapping the
rocks with aluminum foil, weighing the foil, multi-
plying by the foil area per unit weight, and dividing
by two for surface area exposed to sunlight.

Benthic primary production was measured on sub-
strates collected from each site. Primary production
was measured in the laboratory by placing substrates
in recirculating chambers with water collected from
each site. Chambers were held in a water bath at
13°C; artificial metal arc lamps maintained a light
intensity of 400 uE‘m'z's'1 (photosynthetic satura-
tion). Community respiration, net community pri-
mary production, and gross primary production
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Figure 1. Major study areas within the caldera of Crater Lake (from Larson et al. 1986).

were estimated by measuring changes in dissolved
oxygen concentrations in the closed chambers for
3-hr incubation periods (Bott et al. 1978). Daily P/R
ratio was calculated as gross primary production
divided by community respiration for a 24-hr period.

Benthic invertebrates were collected from all study
sites with a Hess sampler with a 250-um mesh (a
D-frame net with a 500-um mesh was used in Spring
42). Three samples were collected at each site and
preserved in 90% ethanol. Aquatic insects were
counted and identified to genus (species if possible),
and non-insect invertebrates were identified to class.
Invertebrates were assigned to functional feeding
groups (i.e., shredders, scrapers, collectors, and
predators) according to Cummins and Merritt
(1984).

RESULTS

Water Chemistry

In August 1986, the concenuauon of nitrate in
Spring 42 was 287ug NO3- N1 and far exceeded
that observed in any other spring within the crater
rim (T able 1). No other spring exceeded 60pug NO3-
N1 on this sampling date. We climbed to the source
of Spring 48 to examine the longitudinal change in
water chemistry in a rim spring, and mtrate concen-
tration decreased from 58 pg NO3-NT! 10 18 ug
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NO3-N'T"! from the source to the outlet. Ammonium
concentrations were extremely low (<8 ug N‘l'l) or
undetectable in all springs. Organic mtrogen con-
centrations were less than 25 ug NT! in the rim
springs, and were not detectable in Springs 42 and
48.

Phosphorus concentrations were relatively high in
all rim springs, a typical condition in volcanic re-
gions. Most springs contained approx1mately 40 g
PO4-P1! and 80 ug total P! (Table 1). Spring 39
was somewhat lower in phosphorus than the other
streams, and Spring 35 was slightly higher.

TABLE 1. WATER CHEMISTRY OF CALDERA
SPRINGS IN AUGUST 1986, EXPRESSED

AS pg/!

SPRING NO3-N NHs-N TN SRP TP N/P
20 58 1 9 44 65 3.1
35 51 1 16 88 94 1.4
38 7 0 13 57 71 0.3
39 56 0 24 20 29 6.4
42 287 1 0 50 66 13.1
48 18 6 0 43 59 13

1 (NO3-N=Nitrate nitrogen; NH4-N= Ammonium nitrogen;
TN=Total reduced nitrogen; SRP=Soluble reactive phosphorus;
TP=Total phosphorus). N/P ratio is based on molar concentrations
of NO3-N, NHa-N, and SRP.
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In Spring 42 during 1986 and 1987, nitrate exhib-
ited a distinct seasonal pattern, decreasing abruptly
in the spring and increasing sharply during summer.
Concentrations of nitrate in late summer through
late winter generally ranged from 250 to 350 ug
NO3-N'1" (Fig. 2). Calcium exhibited a similar sea-
sonal pattern, decreasing in spring to approximately
60% of concentrations observed from late summer
through winter. In Spring 20, both nitrate and cal-
cium exhibit seasonal patterns that closely resemble
those of Spring 42 in timing (Fig. 3). Concentrations
of calcium in Spring 20 were higher than those of
Spring 42 and nitrate concentrations were lower,
reflecting the more xeric watershed of Spring 20.

Benthic Primary Producers

The standing crop of benthic algae was similar in
all springs except for Spring 42 (Table 2). Chloro-
phyll-a was more than twice as abundant in Spring
42 thanin the other streams, and Spring 35 contained
slightly less plant pigment. The abundance of ben-
thic algae was reflected in the rates of benthic me-
tabolism in these streams. Gross primary production
was greatest in Spring 48, but was also elevated in
Spring 42. Benthic community respiration was also
elevated in Spring 42. P/R ratios for most of the
streams ranged from 1.0 to 1.75, but the P/R ratio in
Spring 48 exceeded 3.5.

Benthic Invertebrates

Benthic invertebrate communities in springs
within the rim of the crater were composed primarily
of aquatic insects. Benthic invertebrates were most

TABLE 2. ABUNDANCE AND METABOLISM
OF ALGAL ASSEMBLAGES IN CALDERA

SPRINGS IN AUGUST 1986’

Spring  Chla GPP CR PR
20 14.8 173 13.1 0.7
35 4.8 229 6.4 1.8
38 10.5 28.4 139 1.0
39 10.4 23.6 99 1.2
42 33.7 39.9 13.2 1.6
48 14.4 41.5 6.0 3.9

l(CHL = chlorophyll-a, GPP = gross primary production, CR =
community respiration, P/R ratio). Abundance of chlorophyll-a is
expressed in mg/mz, metabolism as mg 02/m2/h, and P/R ratio is
based on 14h of primary production and 24h of respiration
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abundant in Springs 20 and 48, but most of the
invertebrates in these two springs were small midges
(Table 3). Chironomids have short generation times
and disperse widely, quickly colonizing disturbed
sites. If the longer-lived component of the insect
fauna is examined by excluding chironomids from
consideration, the pattern changes dramatically.
Densities of aquatic insects or total invertebrates
(excluding chironomids) were 4 to 10 times higher
in Springs 42 and 48 than in the other four springs.
Further, invertebrate density in Spring 48 was ap-
proximately double that in Spring 42. The densities
of aquatic invertebrates in the rim springs were
somewhat lower than those observed in our study of
streams on the outer slopes of Mount Mazama in
1985, and the aquatic insects other than chironomids
were much less abundant in the rim springs. Fewer
taxa of benthic invertebrates were observed in the
springs within the caldera than in streams on the
outer slopes; invertebrate species richness in six
sites in Munson, Sun, Dutton, and Goodbye Creeks
averaged 28 taxa in contrast to an average of 10 taxa
in the caldera springs.

Three major patterns in functional feeding group
composition were observed in the six rim springs
(Table 4). The most common pattern, an equal dom-
inance of both collectors and scrapers, was observed
in Springs 20, 38, and 39. This largely reflects the
dominance of chironomids in these streams, because
the midges were considered to be 50% collectors,
30% scrapers, and 10% predators (Dr. Ken Cum-
mins, pers. comm.). In Springs 35 and 48, scrapers
made up more than 75% of the invertebrate assem-
blage, resulting from the large number of scraping
caddisflies (Neothrema and Imania in Spring 35;
Neothrema in Spring 48). Shredders, primarily the
stonefly Zapada columbiana, comprised half of the
invertebrate assemblage in Spring 42.

If chironomids are excluded from the analysis, the
proportion of collector-gatherers decreases sharply.
Springs 20, 38, 39, and 42 contained high propor-
tions of shredders, reflecting the presence of the
stonefly Zapada columbiana. The greater relative
abundances of scrapers in Springs 35 and 48 are
largely comprised of Neothrema.

DISCUSSION

More than forty perennial springs originate on the
crater wall above the surface of Crater Lake, and
most of these are located on the south wall of the
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Figure 2. Concentrations of dissolved nitrate nitrogen and calcium in Spring 42 during 1986 and 1987, expressed as
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TABLE 3. DENSITY AND SPECIES RICHNESS OF INVERTEBRATE ASSEMBLAGES
IN CALDERA SPRINGS IN AUGUST 1986. DENSITY IS EXPRESSED IN NUMBERS/M?
(*EXCLUDING CHIRONOMIDS), AND RICHNESS IS EXPRESSED AS
NUMBER OF TAXA FOUND IN SAMPLES

Insect Invertebrate
Spring Density* Density*
20 149 177
35 99 103
38 177 197
39 54 68
42 754 856
48 1704 1901

crater. Phillips and Van Denburgh (1968) did not
consider any of these streams to be perennial; but
the Park Service staff has monitored these springs
since 1983, and many flow year round. Diller and
Patton (1902) examined more than 63 springs in
mid-July 1901 and estimated their total discharge to
be 0.30 m>/s. All of these streams have extremely
high gradients (>50%) and exhibit numerous indi-
cations of recent avalanches down the channels.
Previous sampling by the Park Service and other
investigators at Oregon State University found that
several springs in the vicinity of Rim Village often
contained higher concentrations of nitrate than other
springs around the lake. Three springs in the Rim
Village area (Springs 40, 41, and 42) consistently
exhibited nitrate concentrations ranging from 100 to
300ug NO3-NT! in 1983-87. None of the other
springs ever exceeded 100 pg NOs-N‘l'l, and most
were less than 50 ug NOa-N'l'l. This study of
Springs 20, 35, 38, 39, 42, and 48 in August 1986
found a similar pattern. Spring 42 contained 287 ug

Total
Chironomid Invertebrate Species
Density Density Richness
2723 2900 10
2144 2247 10
740 937 10
1548 1616 5
257 1113 9
618 2519 15

NOs-N'l'l, and the other springs all contained less
than 60 pg NO3-NT. In Spring 48, there was a
rapid uptake of nitrate from the source to the outlet
into the lake, thus length of stream and relative
biological activity in different springs may greatly
influence water chemistry observed at stream
mouths along the lake.

Comparison of seasonal patterns of nitrate and
calcium in Springs 20 and 42 illustrates the pro-
nounced hydrologic effect of snowmelt on spring
chemistry. Both biologically active (nitrate) and rel-
atively inactive (calcium) ions exhibit abrupt de-
creases in concentration during spring and early
summer, the period of snowmelt at Crater Lake.
After snowmelt, concentrations of both ions in-
crease to levels observed in late winter. Such pat-
terns in spring chemistry would result from dilution
during higher surface water discharges associated
with snowmelt. Similar seasonal patterns in water
chemistry in Spring 20, a spring with negligible
human influence, suggest that seasonal changes in

TABLE 4. PROPORTIONS OF INVERTEBRATE FUNCTIONAL FEEDING GROUPS IN
CALDERA SPRINGS IN AUGUST 1986. FUNCTIONAL GROUPS EXPRESSED
AS PERCENT OF TOTAL NUMBERS IN EACH GROUP
(SC = Scrapers, SH = Shredders, C/G = Collector/Gatherers, P = Predators)

Including Chironomids
Spring SC(%) SH(%) C/G(%) P(%)
20 29 3 57 11
35 78 5 11 6
38 28 14 48 10
39 29 3 58 10
42 14 52 15 19
48 64 9 20 7
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Excluding Chironomids

SC(%) SH(%) C/G(%) P(%)
8 46 15 31
82 5 7 6
17 66 7 10
0 73 27 0
10 67 2 21
76 11 7 6
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spring chemistry reflect, in part, influences of natu-
ral hydrologic cycles in springs on the caldera wall.

Biological activity in the study springs corre-
sponded to the observed pattern of nutrient avail-
ability. Abundance of benthic algae and rates of
gross primary production were high in Spring 42. At
the relative concentrations of nitrogen and phospho-
rus in these springs, primary production would be
limited by inorganic nitrogen; therefore, the ele-
vated primary production in Spring 42 may be a
result of the higher nutrient supply. Primary produc-
tion was also high in Spring 48, possibly reflecting
greater geomorphic stability relative to the other
springs. Such stability may allow development of a
more abundant assemblage of primary producers.
The lower algal abundance in Spring 48 may be a
result of consumption by the more abundant fauna.
Primary production in the other springs was less
than half of that observed in Springs 42 and 48,
which may be related to either lower nitrate concen-
trations or more unstable channels or possibly to
both conditions.

Aquatic invertebrates, excluding chironomids,
were more abundant in Springs 42 and 48, possibly
aresultof the higher primary production in these two
springs. Invertebrates were most abundant in Spring
48, which may also reflect greater channel stability
in this spring. We hypothesize that Spring 48 was the
most geomorphically stable of the six study springs
because it exhibited the least evidence of recent
avalanches. The faunas of these springs were less
abundant and included fewer taxa than those in
streams outside the caldera, but the steep, unstable
nature of the springs would not be expected to
support dense populations and diverse faunas.
Chironomids were a major portion of the inverte-
brate assemblage in most of these springs, and the
midges would be well suited to the harsh environ-
ments of the rim springs because of their short life
histories and wide array of feeding habits.

Springs within the crater in the vicinity of Rim
Village are more productive than similar adjacent
streams. These streams contained higher concentra-
tions of nitrate, supported greater amounts of ben-
thic algae and higher rates of primary production,
and had more abundant and diverse invertebrate
faunas than their counterparts. Causes for these pat-
terns of production cannot be proven by the re-
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search, but potential mechanisms can be identified
and evaluated.

If it is assumed that these patterns in aquatic pro-
duction are natural and not caused by man’s activi-
ties in the Park, the characteristics of these areas of
the Crater Lake caldera must be unique in some
respect. Springs that have exhibited the highest con-
centrations of nitrate are immediately below the Rim
Village area and are located on the southwest wall
of the crater. Because of the northerly aspect of these
slopes on the south wall, they are cooler and more
moist than those on the north side of the crater. The
slopes on the southwest wall are vegetated by a
mature forest of hemlock, fir, and pine, but the
slopes on the southeast wall are sparsely vegetated.
Although there were trees and shrubs along Springs
20, 35, 38, and 39, their basins were less vegetated
than those of Springs 42 and 48. Forests may have
been present on the southwest wall over the last
several thousand years and possibly have built up a
nitrogen pool in the soil that is reflected in the spring
chemistry.

Nitrate concentrations in all caldera springs are far
greater than those in streams outside the caldera.
This may reflect the shallower soils and sparser
vegetation within the caldera, which would account
for lower demand for nutrients in the terrestrial
ecosystem. The three springs that always have ni-
trate concentrations in excess of 100 ug NO3-NT!
are located immediately below Rim Village, and
other springs in the forested southwest wall of the
crater only occasionally have nitrate concentrations
that approach the lower concentrations found in the
springs below Rim Village. Nitrogen-fixing alder
occur on all springs studied, and it is unlikely that
this natural source of nitrogen would account for the
differences between springs.

We have recently conducted nutrient uptake stud-
ies in streams in the McKenzie River drainage to the
north of Crater Lake, and nitrate was released in
habitats where there was rapid depletion of ammo-
nium (particularly in lateral depositional areas or
depositional areas associated with debris dams), in-
dicating a high potential for microbial nitrification.
We also measured nitrate concentrations in the range
of 100-200 pg NO3-NT!in old-growth, headwater
streams in the Bull Run watershed on the north
flanks of Mt. Hood (unpublished data, Bruce McC-



CRATER LAKE ECOSYSTEM

ammon, U.S. Forest Service). After clearcutting,
nitrate output from watersheds is often elevated,
starting one to three years after harvest and contin-
uing for approximately five years (Fredriksen 1975;
Likens et al. 1977). This response has been attrib-
uted to increased nitrification. When a watershed is
disturbed, the supply of ammonium for autotrophic
nitrifiers increases and vegetative uptake of nitrate
decreases because of the lowered demand by terres-
trial plants (Vitousek et al. 1982). Patterns of nitrate
concentrations found in the springs of the caldera of
Crater Lake might be related to similar phenomena.
On the more mesic forests on the southwest wall of
the caldera, greater soil moisture and availability of
organic matter would enhance decomposition, pro-
viding a more abundant source of ammonium to
nitrifiers. The sparse vegetation associated with the
drier sites on the north wall of the caldera produce
little organic matter for soil decomposers, limiting
the supply of ammonium for nitrifiers; therefore low
concentrations of nitrate might be observed in the
springs. The extended duration of the snowpack and
north aspect contribute to higher soil moisture
through the summer in the watersheds on the south
rim of the caldera. The higher soil moisture and
greater production of organic matter in the forests
within the south rim may create more favorable
conditions for nitrification.

Ifitisassumed that the differences in the chemistry
and biota of the caldera springs are not explained by
natural factors, human activity in the Park might
account for observed responses. Park Headquarters
and residences have been located in the Munson
Valley for more than 55 years, and addition of nutri-
ents to the basin is inevitable. Sewage facilities are
required for the public and park staff, but wastes
from these facilities potentially can enter groundwa-
ter and contribute to the gradual eutrophication of
Crater Lake. In 1975, a sewer line was obstructed,
and sewage flowed out a manhole and into Munson
Springs, the water supply for the visitor facilities and
Park Headquarters, resulting in an outbreak of more
than 1000 cases of diarrhea (Craun 1981). In 1986,
sewer pipes below the Park Headquarters froze,
ruptured, and delivered raw sewage into Munson
Creek. Recent examinations of the sewage pipes
with remote cameras indicated several breaks and
leaks in the pipes, therefore release of sewage to the
groundwater is certain, though the amount of sew-
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age delivery is unknown. Such events and condi-
tions present obvious human health hazards, but
they also demonstrate the potential for chronic con-
tamination of the ecosystem by man’s use of the
National Park.

If contamination of groundwater by sewage was
substantial, elevated concentrations of nitrate would
be expected. If groundwater within the caldera rim
remains aerobic, nitrate from a sewage source would
be the dominant form of inorganic nitrogen in trans-
port because of the greater mobility of this species
of nitrogen ions. If microbial activity makes ground-
waters anaerobic, ammonium would be the domi-
nant form of nitrogen in transport, being converted
to nitrate in shallow, aerobic subsurface soils near
the spring sources. No other spring around the lake
exhibits nitrate concentrations as high as those of
Spring 42. None of the other forms of nitrogen,
either ammonium or organic nitrogen, are elevated
in Spring 42, and organic nitrogen is usually unde-
tectable, a pattern that would be consistent with
microbial nitrification. It is important to note that
concentrations of both organic and inorganic phos-
phorus in Spring 42 resemble those of other springs.
If human wastes were contaminating groundwater
sources for Spring 42, concentrations of other nutri-
ents would be expected to change as well.

Seasonal changes in nitrate concentrations have
been discussed as possible indications of the influ-
ence of human sewage because visitor activity also
increases from early summer through fall, and the
cumulative effect of visitor use would be greatest in
late summer. This mechanism can be examined by
comparison of nitrate concentration patterns in dif-
ferent springs and comparison with chemical spe-
cies that would not be expected to change seasonally
due to biological activity. Nitrate concentrations are
lowest during spring and early summer regardless of
the degree of human activity above the spring
source. In addition, the dominant cation, calcium,
exhibits seasonal patterns that are almost identical
to those of nitrate. These observations indicate that
hydrologic dilution during snowmelt is the most
likely mechanism responsible for these seasonal
trends in spring chemistry.

This study does not prove that human activity in
Crater Lake National Park is responsible for differ-
ences in water chemistry and aquatic biota of springs
below Rim Village, but it does identify a critical
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resources issue for the management of Crater Lake
National Park. The water chemistry and aquatic
productivity of streams are elevated in the area of
greatest human activity, but it is not the productivity
of these streams that is of primary concern. If these
ecological patterns are linked to human activity in
these areas, nutrient loading into Crater Lake could
lead to the gradual eutrophication of this unique
ecosystem.

Several opportunities for research and manage-
ment have been identified in this study of water
chemistry and biological communities of the caldera
springs. The most immediate, short-term need is
better understanding of the dynamics of nitrogen
and groundwater associated with the springs of the
caldera. In the longer term, a more thorough baseline
study of water chemistry in the surface waters of
Crater Lake National Park will contribute to the
evaluation of their current status and provide an
invaluable reference for future management of the
Park. Rather than solely responding to immediate
environmental concerns, resource managers must
establish a broad base of ecological information and
research for effective management of Crater Lake’s
unique ecosystems in the future.
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CHEMICAL AND ISOTOPIC COMPOSITIONS
OF WATERS FROM CRATER LAKE, OREGON,
AND NEARBY VICINITY

J. Michael Thompson, Manuel Nathenson, and L. Douglass White
U. S. Geological Survey
345 Middlefield Road
Menlo Park, California 94025

Crater Lake, Oregon, has no surface outlet
and loses its inflow by evaporation and leak-
age. In order to understand the hydrology of
the lake and the leakage of the lake in relation
to nearby cold springs, water samples were
collected for chemical and isotopic analyses.
No spring analyzed had evidence of more
than 10 percent Crater Lake water. Chemical
and isotopic analyses show that Crater Lake
is well mixed. Crater Lake also has anoma-
lously high chloride, boron, lithium, sulfate,
and silica concentrations compared to
nearby Diamond Lake and to cold springs
discharging on the flanks of Mount Mazama.
This elevated chloride may be caused by
input of thermal water. Weight ratios of CI/Li
are within the range of western United States
hot springs and significantly below those for
surrounding cold spring waters. Estimates of
total heat flow out of the lake bottom range
from 670 to 1380mW/m?, also suggesting ad-
dition of thermal water to the lake bottom.

Crater Lake, Oregon, is located in the 6800
year-old caldera of Mount Mazama (Bacon
1983). The lake receives 85% of its inflow by direct
precipitation with the remainder coming as inflow
from the surrounding drainage area. The lake covers
78% of its drainage area. The lake has no surface
outlet, but loses 72% of its inflow by leakage and
28% by evaporation (Phillips 1968). Van Denburgh
(1968) recognized that chloride and sulfate and per-
haps silica and sodium were anomalously high in the
lake and suggested that these constituents may be
contributed by thermal springs at depth in the lake.

Copyright © 1990, Pacific Division, AAAS
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Based on unpublished analyses, Van Denburgh also
suggested that the lake is quite uniform in chemical
composition both areally and vertically.

Our purpose here is to present chemical and isoto-
pic data for Crater Lake and cold springs emanating
on the flanks of Mount Mazama in order to under-
stand the lake hydrology and the relationship of the
lake water to nearby cold springs. The pertinent
questions are: (1) Are the lake chemistry and isoto-
pic compositions anomalous compared to nearby
cold springs? (2) How well mixed both chemically
and isotopically is the water in Crater Lake? and (3)
Do the dissolved chemical constituents in Crater
Lake water indicate an input of thermal water? In a
companion paper these data are also used to study
how weathering produces the observed cold-spring
water chemistry (Nathenson and Thompson 1990).

Table 1 contains the complete chemical and isoto-
pic data previously discussed in abstracts by
Thompson and White (1983), Salinas et al. (1984),
and White et al. (1985). These abstracts contained
only preliminary answers to the questions posed
above. Additionally, inconsistencies in some of the
previously reported data sets have been identified,
and the values have been redetermined and are given
in Table 1.

SAMPLING METHODS

Cold-spring waters and lake waters were collected
using methods similar to those described in Thomp-
son (1985). Temperatures of springs were deter-
mined using a conventional, total immersion, mer-
cury-in-glass thermometer. In 1981 and 1982 field
measurements of the spring water pH were made
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TABLE 1a. CHEMICAL ANALYSES OF SPRINGS IN THE VICINITY OF MOUNT MAZAMA

Sample Name or Locality Date IpH  SiOy Ca Mg Na K Li HCO3; SO4 Cl F B Cond. Temp. 5180 8D
Numbers < in mg/L > @S/em) T ©foo %/00

1981 Samples

IWHLSASODH AMVT IYALVID

JCL-31-1  Annie Spring 8 Augdl 7.2 38 29 1.0 26 0.8 <0.01 13 4 0.4 0.2 0.1 144 4 -13.89 -994
JCL-81-2 Diamond Lake, S End 9Aug8l 7.3 3.6 1.7 1.0 32 .8 <01 30 1 2 .1 .1 121 22.5 -10.85 -832
JCL-81-3  Boundary Springs 9Aug8l 7.6 34 43 24 33 S5 <01 25 3 2 2 <1l 120 5 -1376 -98.1
JCL-81-4 Lightning Springs 9 Aug8l 7.1 26 1.7 3 1.5 8 <01 12 1 2 ol o 84 4 -1423 966
JCL-81-5 Lodgepole Picnic area 9Aug8l 7.2 36 1.9 S 28 1.5 <.01 17 <0.5 3 sl <1 102 5 -- -
JCL-81-6  Maklaks Spring 10 Aug 81 6.9 24 1.8 4 1.8 .8 <01 12 1 2 .1 <.1 105 10.5 - -
JCL-81-7 Headwaterof LostCreek 10 Aug81 7.2 32 1.8 6 19 4 <01 22 1 3 2 <.1 109 75 - -
JCL-81-8  Vidae Falls 10 Aug 81 7.1 34 2.1 a 2.0 8 <01 16 <0.5 2 2 2 117 9 - --
JCL-81-9  Thousand Springs 11 Aug8l 7.3 34 438 2.5 25 11 =Dl 21 2 2 2 <.1 129 5 -13.70 99.2
JCL-81-10 Source of Wood River 11 Aug81 7.3 40 5.6 2.7 6.1 1.0 .01 34 5 32 2 2 132 9.5 -14.87 -107.6
JCL-81-11 Steel Bay, C.L. 13 Aug81 7.0 26 4 3 1.9 4 <01 14 2 3 2 <.1 105 18  -13.75 -101.7
JCL-81-12 N. Pumice Castle’ C.L. 13 Aug 81 8.6 36 1.6 8 2.5 6 01 18 <0.5 3 2 <.l 102 9 - -
JCL-81-13 S. Pumice Caste' C.L. 13 Aug81 8.2 40 1.6 1.1 27 1.0 <.01 27 1 4 2 <.1 110 6.5 -15.45 -110.5
JCL-81-14 'Chaski Slide-E', C.L. 13 Aug 81 7.1 26 49 1.7 2.0 9 <01 19 12 A 2 <1 125 12 - -
JCL-81-15 'Chaski Slide-W', C.L. 13 Aug 81 6.2 22 10.1 32 33 4 <01 20 26 2 2 <.1 145 9.5 -13.88 -105.2
JCL-81-16 ‘The Watchman Spring' 13 Aug 81 6.6 34 1.6 4 2.1 1.0 <.01 16 <0.5 2 2 <.1 110 5 - -
JCL-81-17 Duton CLiff 13 Aug81 7.8 36 1.1 9 42 6 <.01 21 1 2 2 <.1 115 14 - -
JCL-81-24 Spring near C. L. Lodge 17 Aug 81 6.3 30 2.0 3 19 J <01 24 <0.5 3 2 2 107 6 - -
1982 Samples
JCL-82-1 Cascade Spning 31Aug82 7.06 40 2.5 9 29 14 <01 37 <2 2 <.l 4 - 3.5 -15.11 -108.4
JCL-82-2 _ Cattle Crossing Cafe 1Sep82 7.15 40 23 29 108 7 <01 63 <.2 2 1 1.1 - COLD -14.04 -101.1
1983 Sample
JCL-83-1 _ Crater Spring TAug83 634 35 3.0 1.1 30 16 <01 32 <2 .8 ol <.1 -- 30 -13.36 974
1984 Samples
JCL-84-1  Annie Spring 3Aug84 539 40 2.0 1.4 30 22 <01 30 <I 12 o 2 44 3 -139 -99.3
JCL-84-2 Tecumseh Spring 3Aug84 7.88 34 13 1.8 125 1.4 <01 58 34 49 2 2 95 11 -147  -106.8
JCL-84-3  Source of Crooked Crk 3Aug84 790 36 8.0 24 156 19 <.01 53 62 84 2 4 126 11 -147  -108.0
JCL-84-4  Source of Wood River 3Aug84 6.74 46 2.1 2.4 66 19 <.01 47 18 28 31 2 50 12 -15.1  -105.5
JCL-84-5 Reservation Spring 3AugB4 7.58 40 15.7 1.9 108 2.1 .01 50 46 58 .1 .1 103 8 -146 -106
JCL-84-6  Source of Spring Crk 3Aug84 7.51 41 32 1.8 8.5 1.3 <.01 46 24 33 o1 1 60 6 -143 -105
JCL-84-7  Annic Creck at boundary 3Aug84 N.R. 40 6.4 1.1 34 1.6 <.01 32 1.8 5 <.1 2 50 10 -142 -98
JCL-84-8  Pothole Spring 4AugB4 6.68 43 27 0.90 29 1.7 .01 29 0.2 5 <.1 .1 30 3 -15.1 -110
JCL-84-9  Unnamed spring nr road 4Aug84 679 45 3.0 1.3 36 2.1 <.01 34 0.1 5 <.1 d 47 4 -15.2 -108
JCL-84-10 Unnamed spring, source 4Aug84 694 31 17.8 053 24 14 <.01 21 0.4 9 <.1 2 29 6 -15.0 -103
of Crk 1/4 mi S of Scout Crk
JCL-84-11 Unnamed spring on 4 Aug84 N.R. 99 23.7 51 89 9.1 .03 417 08 42 0.1 2 320 10 -13.2 -90
Minnchaha Creek nr Soda spring
JCL-84-12 Mare's Egg Spring 5Aug84 770 35 10.8 9.0 42 15 <.01 55 03 S5 1 2 71 4 -144 -101
JCL-84-13 Four-mile Spring 5Aug84 7.96 32 6.0 24 44 1.5 <.01 54 0.5 14 <.l 2 74 5 -14.1 -98
JCL-84-14 Ranger Spring 5Aug84 N.R. 39 142 1.0 30 20 <.01 34 <0.1 9 <.1 oz 47 2 -13.6 -95
JCL-84-15 Cedar Springs 5Aug84 6.37 39 11.6 1.2 34 16 <.01 44 <0.1 5 <.1 <.l 60 7 -13.4 -101
JCL-84-16 Geyser Spring 6Aug84 N.R. 31 7.5 2.9 33 12 <.01 57 0.1 5 <.1 2 75 5 -129 91
1985 Sample

JCL-33-T _Soda Spg on Minnch. Cr 6Aug8> 531 71 211 243 106 31.5 0.06 2280 16.  17.7 <.l 0.4 3620 10 -143  -102
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TABLE 1b. CHEMICAL ANALYSES OF CRATER LAKE WATERS

Sample Name or Locality Dae  lpH SiO; Ca Mg Na K Li HCO3 sO; Cl F B Cond. Temp. 8180 8D
Numbers < in mg/L > (uS/em) T %00 %00
1981 Samples
JCL-81-18 E Basin, surface 14 Aug3l 6.0 18.2 6.4 2.8 91 12 004 30 10 9.6 0.2 0.2 155 18 -9.40  -79.4
JCL-81-19 E Basin, 579 m 14 Aug 81 7.2 17.6 74 29 92 13 .04 30 8 9.6 2 3 154 - -9.59  -79.6
JCL-81-20 SW Basin, 448 m 14 Aug 81 8.6 17.8 7.8 2.8 95 1.1 .04 34 8 9.9 -2 3 156 - -9.55 782
JCL-81-21 SW Basin, 489 m 15Aug8l 7.9 18.2 74 3.0 97 12 .04 30 7 9.6 2 V) 157 - -9.53  -79.9
JCL-81-22 SW Basin, 448 m 15 Aug8l 7.4 17.4 7.5 2.7 9.6 1.2 .04 24 8 9.4 2 L 140 -- -9.67 -79.9
JCL-81-23 SW Basin, 468 m 16 Aug 81 7.0 19.6 1.6 2.8 99 1.7 .04 33 5 9.4 32 2 155 - -9.49  -79.6
1983 Samples
JCL-33-2 SW Basin, surface 8§Augd83 724 205 635 24 94 16 03 39 10 10.0 .1 4 - 145 -084 784
JCL-83-3 SW Basin, 50 m 8Aug83 7.77 1838 6.7 2.4 92 1.6 03 42 10 10.1 .1 4 - 11 -9.68 -79.1
JCL-83-4 SW Basin, 100 m 8Aug83 773 215 11 23 93 1.6 03 45 10 10.1 sk 5, - 9 -9.74  -79.3
JCL-83-5 SW Basin, 150 m 8Aug83 7.65 19.1 6.8 2.3 92 1.6 03 42 10 10.1 .1 4 - 10 -9.62 -789
JCL-83-6  SW Basin, 200 m 8Aug83 7.60 19.8 2 2.6 92 16 03 45 10 9.8 sl 4 - 10 -9.86 -78.7
JCL-83-7 SW Basin, 250 m 8Aug83 7.57 2447 94 2.6 92 1.5 03 45 10 10.1 "} .6 - 7 -9.67 -71.3
JCL-83-8  SW Basin, 300 m 8Aug83 7.66 200 1.5 26 90 16 03 31 10 9.8 & .6 - 7 976 186
JCL-83-15 E Basin, surface 8Aug83 7.55 193 2.5 3.7 93 1.7 04 47 10 10.4 J .6 -- 16 -9.74  -782
JCL-83-11 EBasin, 50 m 8Aug83 7.82 178 56 ko 93 138 03 37 10 10.3 " | 4 - 9 -9.69 -78.3
JCL-83-12 E Basin, 100 m 8Aug83 7.77 185 6.0 37 92 17 03 32 10 10.1 A 4 - 8 -9.65 -78.3
JCL-83-9 EBasin, 150 m 8Aug83 7.64 183 7.0 2.6 92 18 03 39 10 9.9 o) 5 - 8 971 776
JCL-83-10 E Basin, 200 m 8Aug83 7.82 179 71 2.5 9.1 1.6 04 47 10 10.2 J 2 -- 8 -9.76  -78.0
JCL-83-13 E Basin, 250 m 8 Aug83 7.68 18.5 59 3.8 93 1.7 03 39 10 10.2 o 4 - 8 973 779
JCL-83-14 E Basin, 300 m 8Aug83 7.57 203 6.4 3.8 93 1.6 04 42 10 10.0 1 3 -- 8 973 -7719
1984 Samples
JCL-84-17 SW Basin, surtace TAug84 T.12 18.8 33 23 104 17 .05 41 8 10.0 | 4 - - -9.6 79
JCL-84-22 SW Basin, 50 m 7Aug84 N.R. 196 6.5 24 102 15 .05 38 8 10.0 .1 5 - - -9.8 -79
JCL-84-21 SW Basin, 200 m 7Aug84 7.01 185 6.6 22 109 17 05 41 8 9.8 .1 4 -- -- -9.8 -79
JCL-84-20 SW Basin, 300 m 7TAug84 6.66 189 35 22 102 15 05 42 8 10.0 .1 3 - - -9.7 -79
JCL-84-19 SW Basin, 400 m 7Aug84 665 192 10.1 24 104 17 .05 42 8 10.1 1 .6 - - -10.0 -80
JCL-84-18 SW Basin, 500 m TAug84 672 197 13.8 26 106 1.8 .05 42 8 10.6 .1 .5 - - -9.8 -79

NOILLISOdINOD J1dO.LOSI %® TVOINWHHD "1V LA NOSdIWOH.L
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with non-bleeding, low-ionic-strength, pH-indicat-
ing dyes (E. M. Colorphast pH stripsl). Beginning
in 1983 all field pH measurements were made with
a gel-filled pH electrode and a portable pH meter.
Temperature and pH were generally determined at
each spring site. The alkalinity of the 1984 and the
few 1985 samples was also determined in the field.
At each spring site a filtered, unacidified water
sample for anion analysis was collected by passing
the water through a 0.45um membrane filter. Addi-
tionally, a filtered, acidified sample for cation anal-
ysis was collected by adding concentrated, Baker'
trace-metal quality HCI to the filtered water. An
untreated sample for deuterium and oxygen-18 anal-
ysis was also collected in a glass bottle at each site.
The methods of chemical and isotopic analyses em-
ployed are described in Thompson, White, and
Nathenson (1987).

Samples of lake water were collected in 2-liter Van
Dorn sample bottles attached to a metal cable and
retrieved either by hand (1981 samples) or mechan-
ically (all others). The depth of sampling in 1983
was limited to 300 m by the available cable; in 1984
the hand winch and cable were replaced with a
mechanically driven one, permitting retrieval of
samples from the lake bottom. Samples were col-
lected and treated as described above: one bottle for
anion analysis, another for cation analysis and a
third for isotopic analysis. In 1985 a one-liter raw
water-sample was collected from each spring site
and lake point and evaporated at about 90°C to
approximately 50 mL for B and Li analysis (Thomp-
son et al. 1987).

COLD-SPRING WATERS

Water samples of cold springs were collected in the
Crater Lake area from 1981 through 1985 at the
locations shown in Fig. 1. An effort was made to
sample all large discharging springs. Major-ion con-
centrations and water isotopes for cold-spring wa-
ters are reported in Table 1a and for lake waters in
Table 1b.

The cold spring waters discharging on the flanks
on Mount Mazama have low total dissolved solids
and are essentially a sodium-calcium-magnesium
bicarbonate water (Table 1a). Generally, the waters
are neutral to slightly alkaline. The waters contain

"Brand names are for information purposes only and do not
constitute a recommendation by the U.S. Geological Survey.
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much less than 10 mg/L of dissolved sulfate and
chloride and substantially less than 1 mg/L of dis-
solved boron and lithium. Fluoride is slightly above
the detection limit of 0.1 mg/L. Dissolved silica in
the waters is higher than would be expected for
quartz solubility control. Aluminosilicates and
glassy volcanic rocks appear to be the source of the
SiO2 in the cold-spring waters (Nathenson and
Thompson 1990).

In general, spring waters discharging above the
surface elevation of Crater Lake are remarkably
similar to those discharging below it on the outer
flanks of the volcano. Few chemical differences
exist between intracaldera spring water and ex-
tracaldera spring water. However, in the vicinity of
Chaski Slide, a large piece of hydrothermally altered
volcanic rock that slid sometime after the climactic
eruption, water passing over the slide material is
relatively enriched in calcium and sulfate (samples
JCL 81-14 and 81-15 on Fig. 1 and Table 1a). Not
all waters discharging from the caldera walls were
analyzed for deuterium and oxygen-18 because
samples were not collected at the spring orifice and
the extent of evaporation was unknown.

Springs above the lake all have chloride concen-
trations less than 0.5 mg/L (Fig. 2) whereas the lake
has chloride concentration around 10 mg/L. The
chloride concentration in the cold springs is similar
to that measured in precipitation in western Oregon
(Junge and Werby 1958), so that the chloride in the
cold springs appears to be that which was contained
in the precipitation. Assuming 28 to 33 percent
evaporation (Phillips 1968; Simpson 1970a), in a
steady-state lake, evaporation can increase the chlo-
ride content of the inflowing water by no more than
50 percent. Thus the chloride concentration in the
lake is anomalously high compared to that in the
available water supply.

Both Crater Lake and Diamond Lake, a lake about
20 km north of Crater Lake and 300 m lower in
elevation, show the effect of evaporation on their
isotopic ratios, and they have distinctly different
values from cold-spring samples both above and
below the surface elevation of Crater Lake (Fig. 3).
The evaporation trend, as determined by Craig
(1961), has an empirical slope of five on a sD-5'%0
plot. It is possible to use values for the isotopes to
calculate this evaporation trend (e.g., Gonfiantini
1986); however, there are a number of other param-
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Figure 1. Locations of spring samples in the Crater
Lake area. Large dots show spring locations that are higher
in elevation than the surface of Crater Lake. Outline is the
boundary of Crater Lake National Park. Numbers around
Crater Lake are last two digits of sample number in the
JCL 81- series in Table 1a.

eters that have not been measured that are required
to perform such a calculation (see for instance,
IAEA 1979). Mixing between Crater Lake water and
meteoric waters would be along a straight line in this
diagram. The intersection of the meteoric water line
(MWL) and the evaporation line is near the value for
Annie Spring.

‘When deuterium is compared to chloride for Crater
Lake and for the cold-spring samples (Fig. 4), a few
samples show elevated chloride, but the combina-
tion of possible mixing ratios from Figs. 3 and 4
permits some of these to be ruled out as containing
a significant fraction of Crater Lake water. Based
solely on Cl and 8D, the unnamed spring on
Minnchaha Creek (Spring 84-11 on Fig. 1, with
Cl=4.2 mg/L, 8D=-90%0) could be a mixture of 40%
normal spring water and 60% Crater Lake water
(Fig. 4). However, its plotted value in Fig. 3 is near
the MWL, indicating that it has no more than a small
percentage of Crater Lake water. Also, the high Cl
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Figure 2. Chloride concentrations (mg/L) in spring
waters from the Crater Lake area.

and HCO3 in this spring is probably related to that
in the nearby Soda Spring. The six data points below
the lines on Fig. 4 have similar deuterium values
with varying amounts of chloride; they cluster to-
gether on Fig. 3 with similar values of deuterium and
oxygen-18 isotopes along the MWL. This additional
Cl may be derived from sediments in the Upper
Klamath Lake Basin. Thus, based on the isotopes
and chloride, there is no single cold spring that
contains more than 10% Crater Lake water.

CRATER LAKE WATER

Crater Lake can be characterized as being a low
total-dissolved-solids, sodium-calcium-magnesium
bicarbonate-chloride-sulfate water containing less
than 1.0 mg/L boron and less than 0.1 mg/L lithium.
Using the 1981 east basin samples (Table 1b) as an
example, the concentrations of SiO2, Mg, Na, K,
HCO:3, and Cl and conductivity are almost identical
between surface and bottom waters, and the concen-
trations of Ca and SO4 are approximately the same.
The concentrations of any of these constituents usu-
ally do not vary by more than the error of the
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Figure 3. Values for deuterium versus oxygen-18 iso-
topes (%o) for Crater Lake (average of 1983 values), Dia-
mond Lake and nearby cold springs. Springs above the
elevation of the surface of Crater Lake are shown as
triangles; springs below the surface elevation are shown as
squares. Meteoric water line is 8D = 85'30 + 12 %o which
has a slightly different intercept than the meteoric water
line of Craig (1961). The evaporation trend line has a slope
of 5, based on the results for other lakes (Craig 1961).
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Figure 4. Deuterium (%o) versus chloride concentra-
tion (mg/L) for Crater Lake (average of 1983 values) and
nearby cold springs. Springs above the elevation of the
surface of Crater Lake shown as triangles; springs below
the surface elevation shown as squares. Lines shown
bound the mixing zone of Crater Lake water with the
available range of deuterium isotopes in cold-spring wa-
ters.

determination, which generally does not exceed
10%.
Some of the constituents in Table 1b appear to
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show significant differences either between years or
as a function of depth in a single year’s sampling.
However, these differences are not confirmed by the
other constituents. For example, the 1984 data show
that Ca concentrations at 300 m and above are about
6 mg/L, but values at 400 and 500 m are 10.1 and
13.8 mg/L, respectively. The other cations and bi-
carbonate do not change significantly with depth,
and this lack of variation indicates the high values
for Ca must be an artifact of the sampling, preserva-
tions, and/or analytical procedures.

Variations in earlier results for Cl concentrations
between years were shown by Thompson, White,
and Nathenson (1987) to be caused by the use of
different analytical procedures. A study of Cl meth-
ods showed that the automated AgNO3 procedure
gave the best results. Considering the period of time
over which the analytical work has been done and
the low levels of constituents in Table 1b, no real
differences exist.

Figure 5 shows isotopic and chemical data as a
function of depth. The reported isotopic values do
not vary by more than 2 standard deviations on
replicate samples. These data indicate that Crater
Lake is well mixed. Some variation from year to
year, most likely analytical error, is seen in Fig. 5.

Silica analyses of Crater Lake bottom and surface
water samples in 1981, point samples collected from
the east basin and the southwest basin at 50 m
intervals to 300 m depth in 1983, and point samples
collected from the southwest basin at about 100 m
intervals to the bottom in 1984 all indicate Crater
Lake is well mixed with respect to silica (Fig. 5).
Published SiO2 values of Salinas et al. (1984) for
1983 samples contained lower SiO2 concentrations
than reported by Larson (1984, Table 3) for his 1983
samples and our 1984 samples. For that reason the
1983 lake water samples were reanalyzed for
SiO2.The corrected values are reported in Table 1b;
however, they may be questionable because the
redeterminations were made in 1987 after 4 years of
storage. The source of this error in the original
values is currently unknown and tentatively is attrib-
uted to analyst error. However, the chlorophyll and
dissolved oxygen values reported by Salinas et al.
(1984) are correct. The corrected SiO2 values for the
1983 samples are similar to those reported by Larson
(1984) and the 1984 samples of the lake water (Table
1b).



THOMPSON ET AL.: CHEMICAL & ISOTOPIC COMPOSITION

sD 80-18 Cl SILICA
-84 -76 ~11 -8 8 10 12 15 20 25
-100 T 7 I T 7T T
of m-4 | e 4 | o -4 | ko -
o . &5 +o0a
1ofF o4 +te 4 | e 4 F + o A
o+ ® ) +0
mn
€ 200 oS- (@& o [ o 4 [ 40 .
N/
T © ® o + o
'_
& s0f &4 ta 4 F & 4 } a2 -
a
40fF & 4 +a 4 F a 4 F A -
oD is] m m
& u] o o
soofF A4 A 4 FPa4 F Ba .
0 o D m
600 ) (o e | 1 1 Lol 1

Figure 5. Isotope and chemical data for Crater Lake. Squares (1981), plus symbols (1983 east basin), circles (1983
southwest basin), and triangles (1984 southwest basin). Isotopic data are in %o and chemical data are in mg/L.

The high degree of mixing of Crater Lake, as TRITIUM CTUD

shown by major-ion chemistry and light stable iso- -ioof—35 10 15 20 25 P I
topes, is supported by the tritium data of Simpson
(1970a and b) (Fig. 6). Except for the near-surface
samples, the tritium content of the deeper lake water °r /a}" 1
is constant at 24 TU from 50 m to total depth. In the b
seven months previous to the date of sampling the 100 .
lake, the tritium concentration of atmospheric pre-
cipitation averaged 171 TU (Simpson 1970a). It
seems likely that recent precipitation was the source
of the peak concentration of 31 TU (Fig. 6). Assum-
ing that precipitation having 171 TU was added to
the lake (already at a tritium concentration of 24 TU)
to produce the peak concentration of 31 TU, the 400 |- i
recent precipitation would have been diluted by 20
volumes of low tritium-containing Crater Lake

water. This amount of dilution cannot be detected by l
chemical or stable isotopic procedures that we report
because the techniques are not sufficiently sensitive 800 T S S S—

to (.ietect IL F,or example, 9“6 part precipitation Figure 6. Tritium profile for Crater Lake obtained in
having a chloride concentration of 0.2 mg/L added 1967 by Simpson (1970a).
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to 20 parts of Crater Lake water containing 10 mg/L
chloride would have a resulting concentration of 9.5
mg/L. This small difference is well within the ana-
lytical uncertainty of the chloride determinations
reported here (Thompson et al. 1987).

Comparing Crater Lake water to nearby cold-
spring waters and to Diamond Lake water, a lake
about 20 km north of Crater Lake at an elevation of
1580 m (USGS 1956), Crater Lake has higher Cl,
S04, Ca, Mg, Na, Li, and B concentrations (Tables
laand 1b). Crater Lake, at a higher elevation of 1882
m (USGS 1956), should contain either less chloride
than a typical lower elevation lake and nearby cold
springs or a similar chloride, but not more. Both
lakes are significantly lower in dissolved SiOz than
surrounding cold-spring waters. For Diamond Lake,
which is quite a biologically productive lake, this is
probably a result of diatom metabolism. For Crater
Lake, diatoms also consume silica, but its silica
concentration is actually anomalously high. The in-
flow of spring and ground water measured by Phil-
lips (1968) is 15% of the total inflow to Crater Lake.
Precipitation carries negligible silica whereas the
cold springs above Crater Lake contain about 35
mg/L. Using the assumptions in Phillips (1968), the
inflow from the cold springs would yield a silica
concentration of only 7 mg/L in Crater Lake whereas
the measured concentration is 18 mg/L. This extra
silica must be provided by the same inflow that
supplies the added chloride, sodium, and other con-
stituents calculated by Nathenson (1990).

The anomalous constituents in Crater Lake led Van
Denburgh (1968) to conclude that Cl and SO4, and
perhaps SiO2 and Na, “may have been contributed
to the lake by thermal springs or fumaroles ....”
This suggestion, which is supported by the heat flow
data of Williams and Von Herzen (1983), has caused
much controversy. However, if the interpretation of
Williams and Von Herzen’s heat flow data is correct,
it provides a mechanism for the relatively uniform
chemical and isotopic composition of the lake,
namely Rayleigh convection. They calculated a
Rayleigh number of 6.3 x 10", whereas 1.0 x 10% is
sufficient to initiate convection.

The chemical composition of Crater Lake water
appears to have stayed relatively constant since it
was first analyzed by N. M. Finkbiner in 1912 (Van
Winkle and Finkbiner 1913). Nathenson (1990),
using a statistical analyses of the historical Crater
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Lake chemical data set, concludes that the lake
water has been relatively constant between 1912 and
1986.

CHEMICAL EVIDENCE OF THERMAL
COMPONENTS IN CRATER LAKE WATER

Elevated concentrations of boron and lithium are
typically found in thermal waters of volcanic origin
(e.g., White et al. 1976; Ellis and Mahon 1977, p.
58-116). Because Crater Lake water is enriched in
boron and lithium compared to local meteoric water
and because the concentrations of boron and lithium
are either at or below the detection limit for these
dissolved constituents in the cold-spring waters, we
evaporated water from 8 cold-spring and 2 lake
water profiles, collected at 100 m intervals, from 1
liter to approximately S0 mL. This reduced volume
was then analyzed for boron and lithium. The con-
centration of lithium and boron were then signifi-
cantly above the detection limits and are reported in
Table 2.

The concentrations of boron in Crater Lake water
(Tables 1 and 2) is at least twice that of the water
from nearby cold springs and the lithium concentra-
tion is at least 10 times that of the cold springs. If the
chloride, boron, and lithium are derived from a
thermal source, then the Cl/B and Cl/Li weight ratios
would be expected to be similar to ratios from
known hot springs in volcanic areas (Table 2). Un-
fortunately, the cold water Cl/B ratios range from 6
to 33 and the lake water ratios range from 17 to 31.
This overlap invalidates the use of the CI/B ratio for
identifying thermal components in the lake waters.

The CI/Li ratio appears to be more diagnostic. In
cold-spring waters the CI/Li ranges from 540 to
4600, and in Crater Lake the ratio ranges from 220
10280 (mean=242, std. dev.=20)(Table 2). The CI/Li
weightratio is substantially lower in lake water than
in cold-spring water. Typical Cl/Li weight ratios for
thermal waters from other volcanic areas range from
80 to 410 (mean=246, std. dev.=115)(Table 2). The
Crater Lake CI/Li weight ratios are near the mean
CI/Li ratios for a variety of hot-spring waters from
volcanic settings in the western United States. This
also suggests that the additional chloride may be
contributed by a thermal water.

The other anionic indicators of thermal waters are
SO4 and HCO3. Sulfate can arise from biogenic
oxidation of sulfur and sulfides (Schoen 1969;
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TABLE 2. ANALYSES OF B AND Li IN PARTIALLY EVAPORATED SAMPLES OF
LAKE WATER COLLECTED IN 1985, RECALCUALTED TO ORIGINAL COMPOSITIONS,
AND COMPARED TO VALUES FOR OTHER WESTERN U. S. HOT SPRINGS

Source Temp Cl B Li Cl/B CI/Li
e (mg/L) > weight ratio
Cold Spring Waters
Mare’s Egg Spring 5 1.1 0.18 0.0016 6.1 690
Fourmile Spring 12 09 .10 .0006 9.0 560
Tecumseh Spring 9.5 44 21 0029 21 1500
Crooked Creek 10 11.1 34 .0044 33 4600
Wood River 7 8.4 37 .0130 23 650
Reservation Spring 8 6.4 317 .0079 17 810
Castle Crest Spring 3 0.8 14 .0008 6 1000
Annie Spring 25 12 .04 .0022 30 550
Crater Lake Waters

Crater Lake, E Basin, surface — 9.5 46 .041 21 230
100 m — 10.0 49 .042 20 230

200 m — 114 46 .041 25 280

300 m — 9.9 58 .043 17 230

400 m — 10.0 54 .043 18 230

500 m — 9.7 S1 .043 19 230

590 m — 103 45 .043 23 240

Crater Lake, SW Basin, surface —_ 9.5 42 .037 23 260
100 m — 9.8 42 .043 23 230

200 m — 9.8 42 .043 23 230

300 m — 99 .59 .045 17 220

400 m — 11.1 36 .040 31 280

500 m — 11.6 53 .046 22 260

Typical Thermal Waters

Growler Hot Springs, Lassen N.FE! 95 2430 71 7.7 34 320
Loowit Hot Springs, Mt. St. Helens? 84 395 2.0 97 197 410
Geyser Spring, Seigler Hot Spn'ngs3 43 294 15 1.6 20 180
Long Valley, unnamed* 60 250 13 2.5 19 100
Ear Spring, Yellowstrone® 93 414 4.2 5.1 99 81
Gamma Hot Springs, Mt. Baker® 65 755 9.0 2.8 84 270
Ohanapecosh Hot Spring, Mt. Rainier® 48 880 12 29 73 300
Baker Hot Springs, Mt. Baker® 44 110 2.7 .36 41 310

1 Thompson, 1985
“ unpublished, data of Thompson

B Thompson, Goff and Donnelly-Nolan, 1981

* Mariner and Willey, 1976
& Thompson and Yadav, 1979
6 Mariner, Presser and Evans, 1982

Schoen and Rye 1970; Brock and Mosser 1975).
Atmospheric COz2 can also dissolve in the lake. We
do not have the requisite isotopic data to determine
what fraction of HCO3 and SO4 could be contributed
by this deep thermal fluid.
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Crater Lake is a near neutral (pH~7.5) sodium
chloride-sulfate lake. This observation negates the
possibility that acidic fumarolic gases such as HCI
and H3S are being discharged into the lake bottom.
If HCI were being added to the lake, then the ioniza-
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tion of the HCI would make the lake acidic (pH<7)
and elevated in CI (Simpson 1970b). The oxidation
of Ha2S, which generates sulfuric acid, also would
tend to make the lake acidic and elevated in SO4.
Thus, Na™ and CI appear to enter the lake together,
probably dissolved in water. NaCl is not transported
in a low temperature (t<150°C), low pressure (P<15
bars) gas. Additionally, the excess SiO2 discussed
earlier suggests transport of SiO2 in water because
little SiO3 is transported in a vapor phase.

The application of chemical geothermometry to
the composition of Crater Lake water is inappropri-
ate to estimate thermal water temperatures because
the effects of dilution, addition of constituents from
springs on the crater wall and consumption of silica
by diatoms is not considered. Nathenson (1990) uses
achemical balance for the lake to calculate what the
additional load of each major constituent must be to
obtain the current composition of the lake. The
composition of this inflow is calculated for various
rates of flow. If the flow is low and total dissolved
solids are high, the calculated temperature is near
240°C. If the flow is high and the total dissolved
solids are low, the temperature is near 60°C. His
assumptions are bounded by Williams and Von
Herzen’s’ heat flow data and the bulk lake water
chemistry.

CONCLUSIONS

Compared to nearby cold springs and Diamond
Lake to the north, Crater Lake has anomalously high
concentrations of dissolved Na, Li, Cl, SO4, and B.
Additionally, the 8D and 8'80 values for the lake
water are significantly higher (heavier) than for
cold-spring waters. The isotopic difference between
lake water and cold-spring water is caused by evap-
oration. Because the intersection of the MWL and
the evaporation line is near -99 deuterium and -13.9
for oxygen-18, the source of water for Crater Lake
is similar to for Annie Spring. Diamond Lake water
also plots along the evaporation line. The chemical
enrichments in Crater Lake, however, cannot be
explained solely by evaporation.

Crater Lake appears to be well mixed based on
chemical and isotopic analyses. The concentrations
of SiO2, Cl, Na, Li, SO4, and B do not vary signifi-
cantly as a function of depth. The 8D and 8'%0
values are remarkably uniform throughout the lake
water. Tritium data indicate that recent precipitation
rapidly mixes with lake water in the near surface.
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The heat flow values reported by Williams and Von
Herzen (1983) are sufficient to cause small density
gradients that allow the lake to convect to the deep-
est levels. This Rayleigh convection appears to mix
the lake water thoroughly over a 1-year period be-
cause no major-ion chemical gradients are found in
Crater Lake (Volchok et al. 1970).

Thermal water generally contains moderate to high
concentrations of dissolved boron, chloride, and
lithium. Crater Lake also appears to have an anom-
alously high Li concentration compared to other
waters in this area. As observed in Table 1a and
Table 2, some nearby cold springs have somewhat
elevated chloride concentrations and similar CI/B
weight ratios thus negating any meaningful compar-
ison. The mean Cl/Li weight ratio for Crater Lake is
242, which is comparable to thermal waters from
volcanic environments, 81-410, and is substantially
lower than the lowest cold-spring ratio (550) at
Annie Spring. The dissolved sulfate may originate
from a thermal source or from dissolution of sulfate-
containing minerals.
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CHEMICAL BALANCE FOR MAJOR ELEMENTS
IN WATER IN CRATER LAKE, OREGON

Manuel Nathenson
U.S. Geological Survey
345 Middlefield Road
Menlo Park, CA 94025

Crater Lake, Oregon, contains anomalous
amounts of dissolved constituents compared
to what would be expected from the evapora-
tive concentration of the available water sup-
ply. Using published data for dissolved
constituents collected since 1912, it is shown
that the lake is presently in approximately
steady state including a source term for each
constituent. In addition, a significant amount
of silica is consumed by diatoms that fall to
the lake floor. The resulting values for the
inflow of chemicals can be converted to an
equivalent flow of water with dissolved con-
stituents. Geothermometer temperatures
calculated for this inflow can be used to cal-
culate thermal power. The thermal power of
the inflow is easily able to supply the thermal
energy needed to supply the estimated con-
vective heat flow into the lake. The input of
dissolved constituents could be from a small
flow of water with a high temperature and a
high concentration of dissolved solids, re-
flecting the existence of a current hydrother-
mal system; or from a high flow of water with
a low temperature and a low concentration
of dissolved solids.

The climactic eruption of Mount Mazama that
formed the Crater Lake caldera took place
6800 years ago (Bacon 1983). The time at which
Crater Lake filled to its present level is unknown.
Lake levels since 1878 vary within a range of 4.6 m
but show no systematic evolution to shallower or
deeper levels (Phillips 1968). The lake is quite fresh
(around 80 mg/L total dissolved solids); the concen-
trations of dissolved chloride and sulfate, however,
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are anomalous for surface water of humid mountain
regions and have been interpreted to indicate an
input of warm water at depth (Van Denburgh 1968).
Crater Lake has no surface outlet and loses about
72% of its water supply by leakage and 28% by
evaporation (Phillips, 1968). Although evaporation
concentrates the input of dissolved constituents to
Crater Lake by about 40%, this amount is insuffi-
cient to explain the concentrations of dissolved con-
stituents found (Simpson 1970a). The purpose of
this study is to calculate a chemical balance for the
major elements in Crater Lake in order to obtain the
amounts of each constituent that must be added to
the lake beyond the amounts found in precipitation
and runoff. Based on these values, the inflow of fluid
can be constrained within a broad range of values.
Calculations for the total heat flow into the lake can
also be used to indicate how large an inflow is
necessary to provide the anomalous heat flow found
by Williams and Von Herzen (1983).

CRATER LAKE MIXING

In using chemical data obtained from surface sam-
ples to calculate a chemical balance for Crater Lake,
the variability of constituents as a function of depth
in the lake (maximum depth 589 m) must first be
assessed. Thompson et al. (1987, 1990) present sev-
eral profiles of chloride, silica, and deuterium and
oxygen isotope data indicating that the lake is well
mixed to total depth. A more sensitive indicator of
the degree of mixing are the six values for tritium
obtained by Simpson (1970b) in August, 1967, from
the surface to a depth of 519 m. Between the surface
and a depth of less than 50 m, he found a spike of
tritium with a maximum value of 31 TU, but the
values at 50, 305, and 519 m were all 24 TU. The
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Figure 1. Diagram representing the water and chemical balance of Crater Lake. Flows g and concentrations ¢ for the
various sources denoted by subscripts p precipitation, i runoff and underflow, e evaporation, o outflow, and s for inflow.
The inflow is assumed to be lake water that circulates within the rock to add dissolved constituents. The volume of the lake

V is assumed to be at a uniform concentration c.

total tritium in the upper 50 m (average concentra-
tion times thickness) above this background value
of 24 TU is about 169 TUem—a value similar to the
precipitation input of 154 TUem for the first half of
1967. Thus the spike of tritium appears to have been
a result of tritium input over the first half of 1967.
Comparing the peak concentration in the lake of 31
TU to the input over the first half of 1967 (171 TU
average concentration in 0.9 m of precipitation)
indicates that the recent precipitation is already di-
luted by about 20 parts of low-tritium lake water.

H. J. Simpson (written comm., 1989) has provided
a somewhat different interpretation. He proposes
that the layer of higher than average tritium is only
10 m thick, because the value at 30 m is not signif-
icantly different from the background value. Based
on temperature data that he obtained (Simpson
1970a), the mixed layer is about 7 m thick at the time
of the tritium measurements. The tritium above
background would then be about 60 TUem, an
amount corresponding to the input from rainfall
since sometime in the spring. In either case, the high
tritium water is rapidly diluted by lake water at the
background value.

The tritium data can also be used to study the
degree of whole-lake circulation. Simpson’s ac-
counting for the input of tritium to Crater Lake
shows that of the 24 TU found in 1967 in the entire
lake, about 10 TU was contributed during the peak-
fallout years 1963 and 1964. This large slug of
tritium was well mixed to total depth by the time of
his measurements 3 years later. He estimates the
time scale of mixing is on the order of one to two
years. Leventhal and Libby (1970) estimated a
somewhat longer time scale of 5 years for whole-
lake circulation. For a one-year time period, they
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estimated that the lake mixes only to a depth of 18%
of the mean depth, based on a calculation for how
surface samples should evolve as high-tritium pre-
cipitation is added to low-tritium lake water. This
result was based on two samples of tritium obtained
at the surface in 1965. Their surface samples taken
at a later date, however, indicated mixing to nearly
the total depth of the lake in a one-year time period.
Itis possible that the two earlier measurements made
by Leventhal and Libby are anomalous in some way
and are unrelated to the depth of lake-water mixing.
If they obtained a little-mixed patch of recent pre-
cipitation, they could have obtained the high values
that they measured. In the same month that they
made their earlier measurements, there were 7 cm of
precipitation with a tritium content of 450 TU
(Simpson 1970b).

Measurements of temperature as a function of
depth in Crater Lake are equivocal concerning
whole-lake circulation. The annual wave of temper-
ature change from solar heating and cooling reaches
to a depth of approximately 300 m, and it is clear
that the lake water circulates to that depth (Neal et
al. 1972). Below 300 m to approximately 500 m,
temperatures increase slightly with depth and do not
change with the seasons. Near the lake floor, there
are anomalies of the order of 0.1°C that come and
go. Neal et al. (1972) believed that the steadiness of
the temperature profile below 300 m indicates that
the bottom part of the lake does not mix. However,
Williams and Von Herzen (1983) suggest that the
increasing temperatures at depths below 300 m in-
dicate that the lake is undergoing Rayleigh convec-
tion caused by the input of thermal energy at depth.
For high Rayleigh-number convection, the lake
need not turn over at a certain time of the year but
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could be in continuous, small scale turbulent con-
vection. The temperature data are thus equivocal
concerning the state of the bottom half of the lake,
but the chemical data show that the lake water is well
mixed.

HYDROLOGIC AND CHEMICAL BALANCE

Phillips (1968) carried out a hydrologic balance of
the lake that was confirmed with minor differences
by Simpson (1970b). The hydrologic balance can be
used to develop a chemical balance for the lake. The
chemical balance will be developed both for a
steady-state equilibrium model and for a model
showing how the concentration of dissolved constit-
uents would evolve through time if the input of
dissolved solids is not in steady-state equilibrium
with the current concentration of the lake.

The lake covers 78% of its drainage area, so that
most of the input to the lake is from direct precipi-
tation. Precipitation at a rate gp with a dissolved
chemical concentration of cp falls on the lake (Fig.
1). The surrounding drainage area adds water both
as runoff and as percolation at a rate g; with a
concentration ci. The water supply is balanced by
evaporation ge, which is assumed to carry no chem-
icals, and by leakage go which has the same concen-
tration as that in the entire lake c¢. Lake water is
assumed to circulate below the floor at a concentra-
tion ¢, equal to the average lake concentration to
provide the inflow at a rate gs with a concentration
c+Acs. The hydrologic balance of the lake is:

gi+qp—qo—ge=0 ey)

For a lake volume V, the rate of change of some
dissolved constituent c is:

VIE

ar @

= qiCitqpCptqsAcs—qoC
The steady-state solution to equation (2) is ob-
tained by setting the right-hand side equal to zero:

(gsAcs)ss = qoc—qiCi~qpCp €)

The transient solution to equation (2) for the con-
centration ¢ as a function of time for an initial
condition of concentration ¢ = Co at time =0
(where Co is not equal to the steady state concentra-
tion) is:

9oC—qiCi—qpCp—qsAcs

=e¢ %" 4
qoCo—qici—qpCp—qsAcs @
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Since we do not know when the problem began, it
is useful to define ¢t = "-t, where ¢’ is the time in
years from t,, the calendar time when the inflow
gsAcs changed. Since data are available back to
1912, I will set ¢, arbitrarily at 1900. Because equa-
tion (4) is an exponential, different combinations of
Co and ¢, can result in the same values of ¢ as a
function of ¢'. Thus the initial concentration and the
time that the problem starts are somewhat arbitrary.
This result makes good physical sense in that we
should not be able to tell today if the lake has
evolved from a high concentration Co a long time
ago or from a lower (but still high) concentration Co
a shorter time ago.

All the flows ¢ and the volume of the lake are given
in Table 1 (Phillips 1968). The time constant V/qo in
equation (4) is 219 years, indicating that any change
will take quite some time to become apparent.

TABLE 1. PHYSICAL CHARACTERISTICS
OF CRATER LAKE (PHILLIPS 1968)

Surface elevation 1882 m
Greatest measured depth 589 m
Average water depth 325m
Volume 17.3 km?
Surface area 53 km®
Area of watershed 68 km?>
(including lake)
Water balance (107m3/y)
Runoff qi 1.7
Direct precipitation gp 9.3
Evaporation qe 3.1
Leakage 9o 79

Chemical data for Crater Lake have been taken by
a number of investigators since 1912 and in a sys-
tematic sampling program by the U. S. Geological
Survey since 1967. The data are presented in Table
2. The concentrations of the runoff ¢; given in Table
3 are an average of the 8 springs directly above the
lake reported in Thompson et al. (1987). Concentra-
tions for a number of constituents in precipitation
collected at Medford, Oregon, (90 km southwest of
Crater Lake) are given in Junge and Werby (1958)
and are reproduced in Table 3. Junge and Werby
(1958) did not measure all the major constituents,
and I have estimated values for silica, magnesium,
and bicarbonate based on a comparison with the
values in the Sierra Nevada given in Feth et al.
(1964).
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TABLE 2. CHEMICAL DATA FOR MAJOR CONSTITUENTS (IN mg/L)
FOR SAMPLES FROM CRATER LAKE, OREGON
Data from Van Winkle and Finkbiner (1913), Pettit (1936), Thomton (1965), Van Denburgh (1968),

U. S. Geological Survey (1969, 1970, 1972a, b, ¢, 1974a, b, c, d, 1976, 1977, 1978, 1979, 1981a, b, and 1983),
Hubbard et al. (1983, 1984, 1986), Alexander et al. (1987), and Thompson et al. (1987).

Date SiO2 Ca Mg Na K HCO3 SO4
Aug 27,1912 18 7.1 2.8 11 2.2 34 11
1934 - - - - - - -
Jul 18, 1940 18.2 - - - - - -
Sep 6, 1961 18 7.0 2.6 11 1.7 37 10
Aug 5, 1964 16 7.0 2.5 11 1.6 35 10
Aug 5, 1964 16 - - - - - -
Aug 5, 1964 16 7.0 25 11 1.6 35 10
Sep 20, 1965 16 6.8 2.8 11 2.0 36 10
Jun 30, 1967 17 6.8 2.7 12 2.3 37 10
Aug 15, 1967 18 6.9 2.7 11 1.9 36 10
Sep 16, 1967 17 8.3 22 11 1.6 37 10
Oct 5, 1967 18 7.0 29 11 2.0 36 9.6
Oct 24, 1967 18 6.8 29 11 22 38 10
Nov 24, 1967 - 6.8 2.8 11 - 40 -
May 14, 1968 16 7.0 2.8 11 1.8 36 10
Jul 1, 1968 18 6.5 2.7 11 1.8 38 10
Aug 9, 1968 18 6.6 2.8 12 1.7 37 10
Sep 14, 1968 19 6.7 2.7 11 1.7 36 10
Jun 2, 1969 18 6.6 2.5 11 1.7 36 11
Jul 1, 1969 18 6.6 2.8 11 2.1 36 10
Jul 22, 1969 17 6.6 2.8 11 1.7 36 10
Aug 20, 1969 18 6.6 2.8 11 1.7 38 10
Jun 13, 1970 18 6.5 2.7 9.6 2.0 37 6.0
Jul 1, 1970 19 6.8 2.8 11 1.9 34 10
Aug 26, 1970 19 6.7 2.8 10 1.9 37 10
Oct 1, 1970 20 6.8 2.8 12 22 37 11
Aug 12,1971 18 7.1 24 11 1.8 45 9.8
Sep 7, 1971 19 6.9 2.6 10 2.2 45 11
Oct 16, 1971 19 6.8 23 11 1.6 40 11
Jun 30, 1972 19 6.8 2.6 9.5 1.7 33 11
Sep 11, 1972 18 7.3 2.7 10 1.8 36 10
Oct 30, 1973 18 8.0 2.6 17 23 37 11
Jul 2, 1974 19 7.7 29 19 22 39 14
Aug 27,1974 18 7.6 2 1 1.8 36 12
Oct 21, 1974 18 7.6 2.7 15 1.8 37 11
Aug 22,1975 19 6.4 2.7 10 1.7 36 11
Oct 9, 1975 16 6.5 2.8 16 2.1 36 12
Jun 29, 1976 18 9.6 2.7 10 1.8 42 7.8
Aug 30, 1976 16 6.9 24 11 1.9 37 10
Oct 15, 1976 19 72 2 11 1.8 32 11
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Cl
11
10

10
9.5
9.8
9.5

10

11

10

11

10
11
11
10
12
10
9.0
10
9.0
10
9.5
9.5
8.0
10
9.0
6.7
10
9.0
10
13
11
12
9.9
11
10
93
11
11
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TABLE 2 (continued). CHEMICAL DATA FOR MAJOR CONSTITUENTS (IN mg/L)
FOR SAMPLES FROM CRATER LAKE, OREGON

Date Si02 Ca Mg
Jun 10, 1977 17 9.2 2.6
Jul 13,1977 18 7.7 2.6
Sep 8, 1977 18 9.9 2.8
Oct 11, 1977 18 79 3.1
Jun 13, 1978 14 6.7 2.6
Aug 9, 1978 18 6.9 2.6
Oct 11, 1978 17 6.6 2.6
Jun 12, 1979 16 7.5 2.7
Aug 15, 1979 17 6.4 25
Oct 10, 1979 18 6.8 22
Jul 1, 1980 17 6.7 2.7
Oct 10, 1980 17 6.9 2.6
Jun 2, 1981 18 9.3 2.7
Jul 29, 1981 18 7.4 2.6
Aug 15, 1981 18.1 74 2.8
Oct 14, 1981 18 6.9 2.5
Jul7, 1982 18 7.0 2.5
Aug 25, 1982 17 6.7 2.6
Oct 14, 1982 17 73 2.5
Jun 30, 1983 18 6.7 2.7
Aug 8, 1983 19.6 6.8 29
Aug 19, 1983 17 7.7 2.7
Oct 12, 1983 17 6.6 2.6
Jul 17, 1984 17 7.0 2.6
Jul 17, 1984 18 7.1 2.7
Aug 7, 1984 19.1 8.0 24
Oct 10, 1984 17 7.2 2.7
Jun 18, 1985 18 73 2.8
Aug 15, 1985 17 8.0 2.1
Oct 16, 1985 18 7.1 2.7
Mar 5, 1986 17 7.0 2.5
Jul 1, 1986 17 6.5 25
Aug 25, 1986 18 7.0 2.0

Before using the measured concentration of con-
stituents in Crater Lake to calculate the amount of
added inflow gsAcs, it is worthwhile to calculate the
concentrations in the lake assuming the only inputs
were precipitation and runoff from the surrounding
drainage basin, in order to evaluate varying rates of
evaporation. Equation (3) can be rearranged to:

= (gici+qpcp)

qo ’ ©)
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Na K HCO3 SO4 Cl
11 1.8 35 9.8 11
11 2.0 34 9.7 10
11 2.0 34 9.4 12
11 1.8 35 10 9.9
11 1.8 37 13 11
10 1.8 33 10 9.9
11 1.6 33 12 10
10 2.2 33 10 10
10 1.9 24 14 15
10 2.0 28 8.8 11
10 1.6 34 11 9.4
9.9 1.9 35 10 11
11 1.8 49 12 9.0
10 1.5 37 9.0 9.7
9.5 1.3 30 8 9.6
9.7 1.9 32 6.0 16
10 1.8 38 11 9.7
11 1.8 32 11 9.9
10 1.7 - 12 10
10 2.0 - 9.7 9.7
9.2 1.6 41 10 10.1
11 1.8 34 17 9.7
10 2.0 34 12 9.7
10 1.6 35 12 9.7
10 1.7 34 9.9 9.6
10.5 1.7 41 8 10.1
10 1.6 37 11 9.8
10 1.8 37 9.7 9.8
10 1.9 38 10 9.6
11 1.8 37 10 9.6
10 1.8 48 8.8 9.4
10 1.7 37 11 8.6
11 1.8 20 9.9

assuming that gsAcs = 0. Table 3 shows the calcu-
lated concentration for two values of the ratio g./(gi
+ gp). The calculated concentrations are all much
lower than the measured concentrations, indicating
that the additional inflow to Crater Lake carries the
full range of major element constituents. Simpson
(1970a) showed previously that evaporation alone
could not produce the measured concentrations. The
calculation for 50% of the available water supply
being lost to evaporation shows that even a large
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TABLE 3. CONCENTRATION OF DISSOLVED CONSTITUENTS (mg/L) IN THE RUNOFEF c;,
PRECIPITATION cp, AND CALCULATED AND MEASURED FOR CRATER LAKE

Values for concentration in the runoff ¢; are average of data for 8 springs directly above the lake from Thompson et al. (1987).
Values for concentration in precipitation ¢p are from Junge and Werby (1958) or estimated from Feth et al. (1964) by
comparison to measured values of other constituents. Calculations for Crater Lake concentrations assume that the only
sources of constituents are precipitation and runoff; and that the fraction of the water supply lost to
evaporation is either 28% as determined by Phillips (1968) or 50%, to illustrate the sensitivity of the result.

Ci cp
Si02 31 o.1!
Ca 2.9 0.52
Mg 1.1 o.1!
Na 26 0.15
K 0.7 0.10
HCO3 20 1t

SO4 5.4 0.80
a 0.25 0.21

! Estimated concentration

error in the water balance of Phillips (1968) does not
make it possible to explain the measured concentra-
tions by evaporation alone. For comparison,
Nathenson (1989) has shown that evaporative con-
centration of precipitation and runoff can explain the
measured concentrations in Lake Tahoe if allow-
ance is made for the loss of silica to consumption by
diatoms.

In order to use the data to determine values for the
added inflow gsAcs and initial concentration Co, a
linear least-squares fit was done of ¢ versus exp
(-1’/219); the results of these fits, however, will be
presented in nonlinear ¢ versus ¢ plots. Figures 2
through 9 show the concentration of each constitu-
ent versus time. Three lines are shown on each
figure: (1) the average value for the constituent
(horizontal line), (2) a curve based on the best fit to
the data, and (3) a curve assuming no current input
beyond that in precipitation and the contribution
from the surrounding drainage area (gs = 0). The
initial concentration in 1900 for this latter model is
calculated by assuming that the average value of the
constituent occurred in 1976, about the mid-point of
when most of the data were taken. The value for the
steady state inflow (gsAcs)ss is calculated based on
the average concentration and is given in Table 4.
The parameters for the best fit curves are also given
in Table 4. An unfortunate characteristic of the
USGS data is that they are reported to only two
significant figures for some constituents, so that

Crater Lake
Calculated for Evaporation of
28% 50% Measured
6.8 9.8 17.7
12 1.8 72
0.4 0.5 2.6
0.7 1.1 10.9
0.3 0.4 1.8
55 7.9 36.4
2.1 3.0 10.5
0.3 0.4 10.2
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concentrations 10 mg/L and above are reported to
10% while concentrations below this value are re-
ported to 1%. This characteristic of the data is re-
flected in the plots when most of the data line up at
only a few values (silica, sodium, sulfate, and chlo-
ride).

Most of the variation in all the constituents is
clearly caused by the level of precision in the anal-
yses. The means and standard deviations for the data
are given in the first two columns of Table 4, and the
third column gives the standard deviation normal-
ized by the mean. The normalized standard devia-
tions are all around 10%, which is about what one
would expect for the precision of water chemistry
data. Thus, one could explain the data as reflecting
a constant concentration with no time variation. In
fitting the best line, values for the inflow gsAcs and
the initial concentration Co in 1900 are obtained, and
these values are given in Table 4 along with their
associated standard errors. A useful parameter for
assessing the overall pattern of inflow values is the
ratio of the inflow for the best fit to the steady state
value gsAcs/(gsAcs)ss. In general, this ratio is close
to one, indicating the inflow is approximately the
steady state value. The value of the ratio is greater
than one for calcium, bicarbonate, and sulfate, and
the best-fit result is that the concentration of these
ions increases with time (Figs. 3, 7, and 8). Looking
at all the plots, the ability of the data set to distin-
guish between a steady state value for the inflow and
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TABLE 4. CALCULATED VALUES FOR MAJOR CONSTITUENTS IN WATER FROM CRATER LAKE

Values for mean, standard deviation (SD), and their ratio are given for each chemical. Values for concentration in
the runoff ¢; are average of data for 8 springs directly above the lake from Thompson ef al. (1987). Values for concentration
in precipitation cp are from Junge and Werby (1958) or estimated from Feth et al. (1964) by comparison to measured
values of other constituents. Calculated value for steady state inflow (gsAcs)ss and mean and standard error for best-fit

inflow gsAcs are given along with mean and

Chemical ci cp
mg/L mg/L mg/L
Mean SD SD/Mean

SiO, 177 1.0 006 31 0.1}
Ca 72 07 010 29 052
Mg 26 02 007 11 01!
Na 109 1.6 015 26 0.15
K 18 02 011 07 010
HCO3 364 39 011 20 1!
SO4 105 20 019 54 0.80
cl 102 13 013 025 021

! Estimated concentration

an inflow that is in the range of 0.7 to 1.5 times
steady state is limited. This is confirmed by the large
standard errors for gsAcs and Co. The best fits for
sodium and potassium both indicate inflows gsAcs
near zero. In the case of sodium (Fig. 5), this is not
consistent with the measurement in 1912, while the
1912 value for potassium is consistent with inflow
gsAcs near zero. The average of all the determina-
tions of the ratio of inflows is 0.9 + 0.1 standard
error. Thus, the mean value is within one standard
error of the steady state value. Visually, the data do
not generally support the model involving no current
input.

Some of the data in Figs. 2-9 appear to be outliers,
and it is worth trying to remove some to obtain
improved fits. Because increased chloride concen-
trations tend to increase sodium concentrations, one

standard error for initial concentration C, in 1900.
(q.sACs)ss qsAcs Co qsAcs
(q.\'ACs),,

mg/s mg/s mg/L
Mean SE Mean SE

27,200 24,700 5,800 18.1 23 091
14,800 19,100 4,400 6.5 1.7 1.29

5,700 4,000 1,140 29 0.5 0.70
25,500 13,300 9,600 129 38 0.52

3,900 1,140 1,200 23 0.5 0.29
77,200 82,400 24,000 355 9.4 1.07
21,100 30,900 12,000 8.9 4.7 1.46
24,700 23,100 7,000 105 2.8 0.94

technique to check for outliers is to compare the
sodium and chloride concentrations. A plot of so-
dium versus chloride showed that 6 of 64 pairs have
either an anomalously high value of chloride or of
sodium, but not of both. The remaining 58 pairs are
tightly grouped, and it seems likely that the outliers
are bad values. Using these two constituents to
check each other is virtually a replicate determina-
tion, and the 6 pairs with one or the other constituent
as outliers can be deleted from the data set and the
correlations recalculated. Table 5 shows the results.
Deletion of these outliers has lowered the standard
deviations of the concentrations from over 10% to
less than 10%. The standard errors for gsAcs and Co
are also lower. The ratio of the best fit flow to the
steady state flow is nearly the same for sodium but
lower for chloride after removing the outliers. That

TABLE 5. VALUES OF MEAN CONCENTRATIONS AND FLOWS FOR
SODIUM AND CHLORIDE DATA WITH OUTLIERS REMOVED.

Chemical Ci cp

mg/L mg/L mg/L
Mean SD SD/Mean

Na 106 0.6 006 26 0.5
Cl 100 09 009 025 0.21

(quC:)ss quc s Co quCs
(4sACs),,
mg/s mg/s mg/L
Mean SE Mean SE

24,700 13,300 3,500 124 14 0.54
24,200 18,600 4,700 10.9 1.8 0.77

109



CRATER LAKE ECOSYSTEM

2s T T T T T T T T 2.5 T T T - T T T T
o o
a0 omo o
4,70 > ©
20 + J o e 2k et o 000 -
o oman ® ~ : oa o
~ Q - d Ave e Value
& Avecage Value ) S = © ®moo oo
< ®O ®o g’ coo o®
@15 - 1 o '.5F o A
€ o
S
= =1
=10k e w4 F 4
= »
= <
o =
e
Sr B 0.5 E
6 L L N . L . ' . b . L . . . L . .
0 10 20 30 40 SO 60 70 8 80 0O 10 20 30 40 SO 60 70 80 %0
1s —— 50 ——— %
L 4 A 40 4
a avavege Valve
~ - T ?»
- F ° Sest Mt
J 10t E £ g Ay
? @0 Vo3 .
v w
£ Avarage Vaine =t o 1
3 — ] Z,.l )
%) @
2 st n 2
< < E
o P E o
L . B0k 4
- 1 | -
o . L . ' . . L : 0 - . - : : - - -
O 10 20 30 4 SO 6 70 8 90 0O 10 20 30 40 SO 60 70 8 80
S T T T T T T T T 25 T T T T T ' T T
4 4 20 - 0+
)
= | ~
S -
o 5 o
£ D5 - 4
Ea sest ric £
v
= Average value
= 598 % = Nesage athe
nat ° o+ < 10
W b Seac Flc o
g =) o OO
< ) ° °
= L b sk J
o L ) \ L ) 1 . , o L L . . L :
0O 10 20 30 4 SO 60 70 8 80 0 10 20 30 40 SO 60 70 80 80
20 T > - - - T . T 20 g T T T T T T
o
o
° o
E ~ 1S+ o -
A 15 o A
o - N
2 sest Fic ) o
o € oo
€ ~ O Bec e ey
v Averaze value
10 F & 3 Lt 10 A val v
o wetaee Vloe
z . 2 °
H g °
8 | 2
I
@ S + B O Sr -
" A L ! . o e L . 0 - : . L L L 1 1
0O 10 20 30 4 SO 60 70 8 80 0 10 20 30 40 S0 60 7 8 60

YEARS SINCE 1900 YEARS SINCE 1800
Figures 2-9 (Upper left to lower right). Concentration of dissolved constituent versus years since 1900. Lines are
shown for steady state (average value), best fit to the data, and no current inflow (gs = 0). Note that the best-fit curve is not
just determined by a few points at early time with high leverage because of the large number of points in recent years. The
best-fit curve does not pass through the early data for calcium, sodium, bicarbonate, sulfate, and chloride.
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removing the outliers tends to bring the values for
the ratio for sodium and chloride in Table 5 into
closer agreement suggests that the flow may actually
be less than steady state. Without some further data,
the simplest hypothesis is to assume that the lake is
in approximately steady state for the input of added
constituents, recognizing that the flow may be a bit
less than the steady state value.

DISCUSSION

The chemical balance of Crater Lake discussed
above neglects any losses of constituents. Nathen-
son (1989) has shown that the consumption of silica
by diatoms is a significant term in the chemical
balance of Lake Tahoe, and the occurrence of dia-
toms in the sediments of Crater Lake (Nelson 1967)
indicates that it might be a significant term here also
and should be calculated. In a core collected on the
platform near Wizard Island, Steve Robinson (writ-
ten comm., 1988) measured a recent sedimentation
rate of 17 cm per 1000 years, and P. Bradbury
(written comm., 1988) has estimated that the dia-
toms comprise 10 to 30% by volume in the top of
the core. The bulk density of silica in diatoms is
about 0.25 g/cm3 over a broad range of sizes of
diatoms based on the equation in Conley et al.
(1987). Assuming that 20% of the sediments are
diatoms and that diatoms are deposited over the
entire area of the lake, the amount of silica con-
sumed each year by diatoms is 14,300 mg/s or 53%
of the steady state value of 27,200 mg/s from Table
4. Thus the consumption of silica by diatoms is a
significant term in the silica balance and cannot be
ignored. The value calculated here is quite uncertain
because the estimate is based on data from only one
core. As more core data become available, it should
be possible to refine this estimate.

Based on the total silica flow of 41,500 mg/s
(steady-state inflow plus that consumed by dia-
toms), it is possible to put limits on the range of
inflow that will carry this silica into the lake. The
maximum silica concentration would occur if there
were very high temperatures just beneath the surface
of the sediments in Crater Lake. At a water depth of
450 m, the pressure is 47 bars and the boiling tem-
perature is 259°C. The silica concentration for
quartz solubility would be 537mg/L (Fournier
1981), and the associated flow would be 80 L/s. The
highest flow value is that which would be obtained
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for the lowest concentration of silica in the inflow.
Based on the similar chemistry of Crater Lake water
to that found in the Wood River area springs
(Nathenson and Thompson 1990), the minimum
silica concentration should be similar, about 40
mg/L; and the flow would be 1900 L/s. The range of
flow calculated for these silica concentrations is 80
to 1900 L/s. At the low end, this flow is a small term
in the hydrologic balance whereas at the high end,
itis a substantial fraction of the water supply of 3500
L/s.

The chemical characteristics and the thermal
power of the inflow can be calculated for various
flow rates. The concentration of each constituent is
calculated from ¢ + (gsAcs)ss/gs, using the values for
(gsAcs)ss and ¢ from Table 4, except a value of
41,500 mg/s is used for silica. Table 6 shows the
resulting fluid compositions for several values of
flow along with geothermometer temperatures cal-
culated from formulas in Fournier (1981) and
Giggenbach (1986). The silica geothermometer de-
pends on the silica concentration, whereas the other
geothermometers are calculated using ratios of con-
centrations. Thus, the silica geothermometer is sen-
sitive to dilution, but the other geothermometers are
relatively insensitive (Na-K-Ca and Na-K-Ca-Mg)
or completely insensitive (Na-K, K-Mg) to actual
concentrations. Until the actual amount of dilution
is established, the silica geothermometer tempera-
tures are not very meaningful. For higher concentra-
tions of silica, equilibrium with quartz is assumed,
whereas for lower concentrations, equilibrium with
chalcedony is assumed (Fournier 1981). The Na-K
geothermometer gives uniformly high temperatures
(>250°C). At the lower inflows, the Na-K-Ca
geothermometer temperature is near 200°C; the
magnesium correction, however, lowers this to tem-
peratures of less than 50°C. The Mg-corrected Na-
K-Ca geothermometer temperatures range from 41°
to 67°C, and the K-Mg geothermometer tempera-
tures range from 53° to 82°C. At high inflows (600-
1900 L/s), four of the geothermometers are in rea-
sonable agreement indicating a temperature of 60°
to 70°C, with only the Na-K geothermometer giving
a discordant temperature. At low inflows (80-120
L/s), the silica, Na-K, and Na-K-Ca geothermome-
ters give high temperatures (=200°C) whereas the
Na-K-Ca-Mg and K-Mg geothermometers give low
temperatures. One interpretation of the conflicting



CRATER LAKE ECOSYSTEM

TABLE 6. CALCULATED COMPOSITION (IN mg/L) OF FLUID ENTERING
CRATER LAKE FOR SEVERAL VALUES OF INFLOW
Geothermometer temperatures (°C) are quartz, chalcedony, Na-K, Na-K-Ca, Na-K-Ca with the magnesium

correction (Fournier 1981), and K-Mg (Giggenbach 1986). Thermal power calculated for silica
(quartz or chalcedony) and Na-K-Ca-Mg geothermometer temperatures.

Inflow (L/s) 80 120 200 300 400 600 1000 1900
Calculated inflow composition (mg/L)
SiO2 540 360 230 156 122 87 59 40
Ca 192 131 81 57 44 32 22 15
Mg 74 50 31 22 17 12 8 6
Na 330 220 138 96 75 53 36 24
K 51 34 21 15 12 8 6 4
HCO3 1000 680 420 290 230 165 114 77
SO4 270 186 116 81 63 46 32 22
Cl 320 220 133 93 72 51 35 23
Geothermometer temperatures ("C)

t (quartz) 260 230 188 164 148

t(chal.) 102 81 61
t(Na-K) 257 257 257 257 257 258 259 260
t(Na-K-Ca) 196 192 97 88 83 75 67 59
t(Na-K-Ca-Mg) 42 41 50 53 55 58 67 59
t(K-Mg) 82 77 72 68 65 61 57 53

Power (MW,) calculated based on geothermometer temperatures

Silica t 86 111 155 202 240 250 320 455
Na-K-Ca-Mgt 13 19 39 62 86 136 265 439

geothermometer temperatures at low flows is that
the fluid is low-temperature (60°-70°C) with a high
flow rate. Another interpretation is that the fluid has
a high temperature source, with the high-tempera-
ture fluid mixing with lake water while still in con-
tact with rock and reequilibrating some of the
geothermometers before flowing into the lake.

The thermal power of the inflow (Table 6) is cal-
culated using temperatures for both silica and Na-
K-Ca-Mg geothermometers to give representative
values. The measurements of Williams and Von
Herzen (1983) can also be used to calculate a ther-
mal power. They measured heat flows in Crater Lake
at 62 locations and found 15 values above 210
mW/m?. Excluding the values above 54OmW/m2,
the average heat flow measured was 138 mW/m?.
Assuming that this average represents the conduc-
tive heat flow, they estimated that the total heat flow,
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both convective and conductive, might be 5 to 10
times this average or 670 to 1380 mW/m?. Assuming
that the convective heat flow is between 500 and
1200mW/m2 and that it occurs over only half the
area of the caldera (because substantial areas have
low heat flow), the calculated thermal power is 13
to 32MW. These values are at the low end of the
values shown in Table 6, and the comparison indi-
cates that the inflow is easily capable of supplying
the convective heat flow estimated by Williams and
Von Herzen (1983).

CONCLUSIONS

The concentration of all major-element constitu-
ents in Crater Lake are too high to be explained by
evaporative concentration of supply from precipita-
tion and runoff. The available data can be most
easily explained by a steady-state chemical balance
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of the lake, though there is a suggestion that the
inflow of constituents may be somewhat less than
steady state. The calculated inflow ranges from 80
to 1900 L/s, based on the silica inflow of 41,500
mg/s. Although the rate of silica consumption by
diatoms is fairly uncertain, changes in this value
would change the details of the calculation but not
the overall pattern. Calculations indicate that the
inflow is easily capable of supplying the thermal
power inferred from the heat flow measurements of
Williams and Von Herzen (1983). The available data
are unable to constrain whether the inflow is large
with a low temperature or small with a high temper-
ature. The low-flow model involves an inflow that
ismuch less than any term in the hydrologic balance,
while the high-flow model could occur only by
circulating lake water to dissolve constituents in the
subsurface. Resolution of which model is correct
awaits further data on the thermal and chemical
characteristics of the inflow system underlying Cra-
ter Lake.
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CHEMISTRY OF CRATER LAKE, OREGON, AND
NEARBY SPRINGS IN RELATION TO WEATHERING

Manuel Nathenson and J. Michael Thompson
U.S. Geological Survey
345 Middlefield Road
Menlo Park, CA 94025

The chemistry of most cold springs in the
Crater Lake area is explained by the process
of weathering of volcanic glass and
clinopyroxene to kaolinite clay by water con-
taining dissolved carbon dioxide. At higher
concentrations of bicarbonate, the simple
weathering process is modified by saturation
to limit the amount of silica that can be re-
tained in solution. Springs that do not satisfy
this model are the soda spring on Minnehaha
Creek and a group of springs in the Wood
River area. The soda spring is an unlikely
source of the dissolved constituents in Crater
Lake, but its chemistry does demonstrate
that, locally, a substantial amount of carbon
dioxide is available in the subsurface to drive
chemical reactions. The springs in the Wood
River area are chemically quite similar to
Crater Lake. The process that generates the
chemistry of the Wood River area springs
could be the same as the process that gener-
ates the chemistry of the inflow to Crater
Lake, or the similarity of the chemistry could
be a coincidence. Until the source water of
both is characterized, it is not possible to
settle this question.

In a recent report, Thompson et al. (1987, 1990)
presented data and some interpretations for the
chemistry of Crater Lake, Oregon, and nearby cold
springs. The major focus of that study was to use
chemical and isotopic data for water samples as
tracers to study how well-mixed Crater Lake is and
if the water from Crater Lake could be discharging
in nearby cold springs. In addition, these data were
used to show that Crater Lake is anomalously high
in some constituents compared to nearby springs

Copyright © 1990, Pacific Division, AAAS
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and Diamond Lake to the north. The purpose of this
paper is to study the chemistry of cold springs in the
Crater Lake area in relation to processes that control
their chemistry. In a companion paper (Nathenson
1989), the same techniques have been applied to the
Lake Tahoe area, where the notion of weathering as
a process for generating the composition of cold
springs in an area of relatively uniform geology was
reported in a series of classic studies by Feth et al.
(1964), Garrels (1967), and Garrels and MacKenzie
(1967). Simpson (1970) studied the same processes
in Crater Lake and Lake Tahoe but started by divid-
ing the springs into the ephemeral and perennial
classification of Feth et al. (1964). The comparison
with the Lake Tahoe area is useful because both
lakes are deep, cold, at high altitude, and are sur-
rounded by rocks of relatively uniform (but differ-
ent) geology. The major difference is that the
composition of Lake Tahoe is reasonably explained
by the conservative processes of addition of dis-
solved constituents by stream flow and precipitation
and their removal by stream outflow, evaporation,
and consumption of silica by diatoms, whereas Cra-
ter Lake requires an additional input of dissolved
constituents (Nathenson 1990).

To study the processes that form the chemistry of
cold-spring waters at Crater Lake, the first step is to
divide the samples into similar chemical groups as
was done in Nathenson (1989). Based on modified
Schoeller plots (e.g., Hem 1985) and locations, the
samples have been divided into five groups. Two
groups are springs above and below the surface
elevation of Crater Lake (Table 1). Chemically,
these two groups are quite similar, but it is useful to
separate them to be able to show this similarity.
Within these two geographic groups, there are a
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number of anomalous samples that are presented
separately. Within the springs above the lake, the
two Chaski Slide samples have high sulfate concen-
trations. Within the springs below the lake, Bound-
ary and Thousand Springs are similar to each other
but chemically distinct from the other springs. The
sample of Annie Creek at the park boundary is not a
spring sample but was collected to study the modi-
fication of water composition as it changes down-
stream. The group of springs below the lake includes
only those north of Cedar Springs (Fig. 1). The
springs south of the park boundary are divided into
two groups based on chemical similarity and loca-
tion (Table 1, Fig. 1). The group southwest of Cedar
Springs shows chemical patterns similar to that for
weathering but modified by solubility considera-
tions. The Wood River area group has chemical
patterns that are similar to Crater Lake and different
from that produced by weathering. The two springs
on Minnehaha Creek northwest of the park bound-
ary are considered separately because of their high
bicarbonate concentration relative to all the other
springs.

ANALYTICAL METHODS

The data of Thompson et al. (1987) were collected
and analyzed over several years with the objectives
of searching for lake water in the springs and for any
signal of thermal water. The analytical methods used
are discussed in Thompson et al. (1987). Because of
the small concentrations of dissolved constituents in
these waters, using these analyses for studying the
process of weathering requires a degree of precision
that was not designed into the analytical procedures.
Some of the variability in plots of data that will be
shown is real but some is an analytical artifact. It is
not always possible to distinguish between the two.
It is clear that some values are outliers and should
not be considered for their implications for pro-
cesses. Table 1 presents the analytical data of
Thompson et al. (1987) rearranged into groups
based on geographic and chemical similarity. A
number of values are shown in parentheses because
they are outliers and will not be included in trying
to establish patterns. A plot (not shown) of cations
and anions in equivalents versus specific conduc-
tance established that all the 1981 conductance val-
ues are in error. Specific conductance increases sys-
tematically with concentrations of anions and
cations; however, the intercept is substantially
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Vidae Falls

Annte Sp.

Sp.B1-5 .
Maklaks Sp.

Cedar Sp. Q

Annie Ck.

Source of Wood R.

Cattle Cafe Reservation Sp.

. Spring Ck.
Ranger Sp. RE3SS

. Source of Crooked Ck.
Mares Fgg Sp. .

0 S km

. Tecumseh Sp.
Fourmtie Sp.

Figure 1. Locations of springs sampled in the Crater
Lake area (Thompson et al. 1990). Large dots show spring
locations that are higher in elevation than the surface of
Crater Lake. Numbers near the lake are the last two digits
of sample number series JCL 81-. Outline is boundary of
Crater Lake National Park.

above zero. The calcium value for sample 84-10 is
rejected based on a 97% error in charge balance and
because it is anomalous relative to other data in the
group. The magnesium value for sample 84-12 is
rejected because it is much higher than any cold
spring whereas other constituents are in the normal
range. The calcium value for sample 84-5 is rejected
because it is double the values in its group whereas
other constituents are in a similar range.

In addition to these random outliers, there is some
systematic bias in the analyses. Figure 2 shows a plot
of cations versus anions for the samples from the
groups listed as above and below the surface eleva-
tion of Crater Lake in Table 1 without the values for
the Chaski Slide springs (81-14, 81-15) and samples
84-10 and 84-7. Because the anions are dominated
by bicarbonate whereas the cations are made up of
several constituents, this plot is close to a plot of
cations versus bicarbonate. About half of the analy-
ses are close to the line, but the other half are
systematically below the line. Either the bicarbonate
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TABLE 1. CHEMICAL ANALYSES OF WATERS IN THE VICINITY OF MOUNT MAZAMA

Sample Name or Locality Dac  IpH S0 Ca Mg Na K Li HCO; S04 @ F B Cond Temp. 8'%0 D
Numbers < inmg/L > (uSfem) T
Springs above surface elevation of Crater Lake

JCL-81-4  Lightning Springs 9Aug 81 7.1 26 1.7 025 1.5 08 <0.01 12 1 0.2 0.13 0.1 (84) 4 -1423 966
JCL-81-7  Hecadwater of Lost Creek 10 Aug 81 7.2 32 1.8 .61 1.9 4 <01 22 1 3 15 <1 (109) 15 - -
JCL-81-8  Vidac Falls 10 Aug 81 7.1 34 21 70 2.0 8 <01 16 <5 2 15 2 (117) 9 - -
JCL-81-11 Steel Bay, C.L. 13 Aug 81 7.0 26 4 30 19 4 <01 14 2 3 18 <l (105) 18 -13.75 -101.7
JCL-81-12 N. Pumice Castle’ CL. 13 Aug81 8.6 36 1.6 83 25 6 .01 18 <5 3 24 <l (102) 9 - -
JCL-81-13 S. Pumice Castle’ C.L. 13Aug 81 8.2 40 1.6 1.1 27 1.0 <01 27 1 4 19 <1 (110) 6.5 -1545 -110.5
JCL-81-16 “The Watchman Spring 13 Aug 81 6.6 34 1.6 42 21 1.0 <01 16 <5 2 15 <1 (110) 5 - -
JCL-81-17 Dutton QUff 13 Aug 81 7.8 36 1.1 92 42 6 <01 21 1 2 16 <l (115) 14 - -
JCL-81-24 Spring near C. L. Lodge 17 Aug 81 6.3 30 20 29 19 J <01 24 <5 3 17 2 (107) 6 - -
JCL.-84-8  Pothole Spring 4Aug B4 6.68 42.7 27 90 29 1.7 <01 29 2 5 <1 1 30 3 -151  -110
JCL-82-1  Cascade Spring 31 Aug 82 7.06 2.5 90 29 L4 <01 37 <2 2 03 4 - 3.5 -15.11 -108.4

Mean composition 34 1.7 0.7 24 09 21 08 03
JCL-81-14 ‘Chaski Slide-E, C.L 13 Aug 81 7.06 26 49 1.7 20 9 <01 19 12 A 19 <1 (125) 12 - -
JCL-81-15 ‘Chaski Slide-W', C.L. 13 Aug 81 6.2 22 10.1 3.2 33 4 <01 20 26 2 .20 <.l _(145) 9.5 -13.88 -105.2

Springs below lake elevation and north of Cedar Spring
JCL-81-1  Annie Spring 8Aug8l 7.2 38 2.9 1.0 26 0.8 <0.01 15 4 04 0.17 0.1 (144) 4 -1389 -99.4
JCL-84-1  Annie Spring 3Aug84 539 405 2.0 1.4 30 22 <01 30 <1 12 F 2 44 3 -139 -99.5
JCL-81-5  Lodgepole Picnic area 9Aug8l 7.2 36 1.9 48 28 1.5 <01 17 <5 3 14 <l (102) 5 - -
JCL-81-6 Maklal:)Spnng 10Aug 81 6.9 24 1.8 41 1.8 8 <01 12 1 2 .14 <1 (105) 105 - -
JCL-83-1  Crater Spnng 7TAug83 634 351 3.0 1.1 30 1.6 <01 32 <2 8 2| <1 - 30 -13.56 -974
JCL-84-9  Unnamed spring nr road 4Aug84 6.79 454 3.0 1. 36 21 <01 34 1 .5 <1 1 47 4 -152 -108
JCL-84-10 Unnamed spring, source 4Aug84 694 314 (L8 S3 24 L4 <01 21 4 5 <1 2 29 6 -15.0 -103
of Cr 1/4 mi S of Scott Cr

Mcan composition 36 24 0.9 27 1.5 23 1.3 06
JCL-81-3  Boundary Springs 9Aug8l 7.6 34 43 2.4 33 S5 <01 25 3 ) 15 <1 (120) 5 -1376 -981
JCL-81-9  Thousand Springs 11 Aug 81 7.3 34 4.8 23 25 11 <01 27 2 i .16 <1 (129) 5 -1370 -99.2

Mecan composition 34 4.6 24 29 038 26 2 0.2
JCL-84-7  Anmne Creek at boundary 3Aug84 N.R. 39.8 6.43 1.1 34 1.6 <01 32 1.8 S <.1 2 503 10  -14.2 -98

Cedar Springs area springs

JCL-84-12 Mare's igg Spring 5Aug84 7.70 348 108 (9.00 42 1.5 <0.01 55 03 05 0.05 0.2 77 4 -144  -101.
JCL.-84-13  Four-mile Spnng SAug84 7.96 31.7 6.0 2.4 44 1.5 <01 54 S 1.4 <1 2 74 5 -4 -98.
JCL-84-14  Ranger Spring S5Aug84 N.R. 389 142 1.0 30 20 <01 34 <1 9 <1 2 47 2 -136 -95.
JCL-84-15 Cedar Springs SAug84 637 392 116 1.2 34 1.6 <01 44 <1 .5 <1 <l 60 7 -13.4  -101.
JCL-84-16 Geyser Spning 6Aug84 N.R. 30.7 23 2.2 33 12 <01 §7 =l 5 <1 2 15 5 -129 -91

Mecan \positi 35 10.0 1.8 3.7 1.6 49 02 08

Wood River arca springs

JCL-81-10  Source of Wood River 11 Avg 81 7.3 40 5.6 2.7 6.1 1.0 001 34 5 32 0.18 02 (132) 9.5 -14.87 -107.6
JCL-84-4  Source of Wood River 3Aug84 6.74 458 2.1 24 66 1.9 <01 47 1.8 28 .10 w2 50 12 15.1  -105.5
JCL-82-2  Cattle Crossing Cale 1Sep82 7.15 40.0 2.7 29 108 7 <01 63 <2 2 13 1.1 - COLD -14.04 -101.1
JCL-84-2  Tecumseh Spnng 3Aug84 7.88 342 7.5 1.8 125 14 <01 S8 34 4.9 17 2 955 11 147 -106.8
JCL-84-3  Source of Crooked Cr 3Aug84 7.90 363 8.0 24 156 19 <01 S3 6.2 8.4 .16 4 126 11 -147  -108.0
JCL.-84-5  Reservation Spring JAug84 7.58 39.5 (15.7) 1.9 108 21 .01 50 4.6 5.8 14 51 103 8 -146 -106.
JCL-84-6  Source of Spnng Cr 3Aug84 7.51 408 32 L8 85 L3 <01 46 24 33 12 A 60 6 -143 -105

Mcan composition 40 4.9 23 101 1.5 50 34 4.1

Springs on Minnchaha Creek
JC1.-85-7  Soda Spg on MinnchahaCr 6 Aug 85 5.21 71 271, 243 106. 31.5 0.06 2280 16. 17.7 0.04 0.43 3620 10 -143  -102
JCL-84-11 Unnamed spring on 4Aug84 N.R. 986 237 51 89 9.7 .03 417 8 42 12 2 320 10 -13.2 -90.
Mi Creck nr Soda spring
Lakes

JCL.-84-av  Crater Lake TAug84 6.8 19 7 23 104 1.7 005 41 8 10.0 0.1 0.5 - - -9.8 -79.
JCL-81-2  Dramond Lake, S End 9Aug8l 1.3 3.6 1.7 1.0 32 .8 <01 30 1 2 13 d o (121) 225 -10.85  -83.2
() Based on balance errors and chemical pattems, these valucs are considered to be outliers. Qutliers are not included in cal d mean p

concentrations are systematically high, the cations
are systematically low, or there is some combination
of the two errors. Without additional studies, itis not
possible to establish which is the case. Because of
this bias, small differences in chemistry should not
be interpreted.

SPRING CHEMISTRY AND ROCK
WEATHERING

The springs above and below the surface elevation
of Crater Lake are chemically similar. Figure 3
shows modified Schoeller plots for these two
groups. The ionic species are plotted in
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milliequivalents per liter (meq/L), so that relative
proportions of constituents will correspond to those
in a Piper diagram (e.g., Hem 1985, p. 179). Silica
is shown in millimoles per liter (mmol/L), because
itis not an ionic species. For singly charged species,
the value of the concentration in meg/L is the same
as the value in mmol/L; but for doubly charged
species, the concentration in meq/L is twice that in
mmol/L. In general, the samples have nearly equal
concentrations of Ca and Na with less Mg and even
lower K. ClI and SO4 are quite low, and HCO3 and
SiO2 tend to increase together systematically. Al-
though constituents show systematic trends, it is
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CATIONS (meq/L)

0.2~ ) =1

0.1 -

1 1 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

o

ANIONS (mea/L)

Figure 2. Cations versus anions for springs above and
below lake elevation as given in Table 1. Plus symbols are
values for Boundary and Thousand Springs. Samples 84-7,
84-10, and Chaski Slide springs not plotted.

Sorings above lake

meo/L or mmol/L

Snriogs belov lake

meq/L or mmol/L

Na K

cl S0, HCO si0

3 2

Figure 3. Modified Schoeller plots for springs above
and below lake. Ionic species are in meq/L and silica is in
mmol/L. Samples 84-7 and 84-10 not plotted. Other
springs in these groups shown in Figure 4.

4

useful to calculate mean compositions to use for
comparison and modeling. The mean compositions
given in Table 1 for these two groups are similar.
The charge-balance errors for the means of these two
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groups are 31 % and 19 %, so the systematic bias
shown in Fig. 2 is in both groups.

Figure 4 shows plots for the Chaski Slide springs
from the group of springs above the lake, and
Boundary and Thousand Springs from the group of
springs below the lake. The Chaski Slide springs are
high in sulfate, calcium, and magnesium compared
to other springs above the lake. The springs occur in
a large block of hydrothermally altered volcanic
rock, and the alteration is a likely source of this
anomaly. The plot of the chemistry of Boundary and
Thousand Springs shows that they are similar (Fig.
4, upper) although located quite some distance apart
(Fig. 1). These springs have noticeably higher con-
centrations of calcium and magnesium than other
springs above and below the lake elevation.

The Cedar Springs area group includes Cedar
Springs and four other springs southwest of the park
boundary (Fig. 1, Table 1). The Mg value of 9.0
mg/L for Mare’s Egg Spring is shown on Fig. 5, but
the tie lines are not drawn because the point is an
outlier as discussed above. The data in Fig. 5 show
that as bicarbonate increases, the silica concentra-
tion actually starts to decrease. This is an indication
that the amount of silica is being limited by solubil-

0.6 = -

meq/L or mmol/L

usand Springs
0.2 ===

~ _Boundary Springs
Sy

c1 $10.

Chaski Slide Springs -

meq/L or mmol/L

Figure 4. Modified Schoeller plots for springs above
and below lake not shown in Fig. 3.
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ity considerations as was also found for spring-water
at high bicarbonate concentrations in the Lake
Tahoe area (Nathenson 1989). Figure 6 shows a plot
of specific conductance versus cation and anion
concentrations for the Cedar Springs area group to
assess data quality. The anions define a linear vari-
ation that can easily be passed through zero but the
cations are quite variable. The highest conductance
is for Mare’s Egg Spring, and the outlier magnesium
value is reflected in the large deviation of the cation
value. The lowest conductance value is for Ranger
Spring, and the large difference between the anions
and cations may indicate that the calcium value is
too high. Although the anion values closely follow
a linear variation with conductance, the bias shown

Cedar Springs area

meq/L or maol/L

Na K cl

Figure 5. Modified Schoeller plots for Cedar Springs
area springs from Table 1. Magnesium value for Mare’s
Egg Spring is shown as a dot but is not connected to other
values for this spring.

in Fig. 2 prevents one from assuming that this is the
true relation. Unlike the data in Fig. 2, the data in
Fig. 6 do not indicate a consistent bias between
anions and cations.

The systematic pattern of water chemistry of
springs above and below the lake (Fig. 3) suggests
that there is a common process causing this chemis-
try. In their study of waters in the Sierra Nevada,
Garrels and MacKenzie (1967) suggested reactions
of several minerals that could be important. The
basic weathering process, as they outlined it, is that
carbon dioxide dissolves in precipitation, forming
an acid solution. This acid solution reacts with min-
erals in the rock to produce dissolved silica, bicar-
bonate, and major cations and residual clay. The
major rock at Crater Lake is volcanic glass (which
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CATIONS OR ANIONS (meq/L)
Figure 6. Specific conductance versus concentrations
in meq/L for Cedar Springs area springs.

should be relatively easily dissolved), and the major
minerals are plagioclase and pyroxenes (C. R.
Bacon, oral comm., 1988). Based on the reported
composition of the glass sample 81C-563G (Brugg-
man et al. 1987), we can convert the analysis to a
chemical formula for the composition of glass. The
plagioclase is intermediate in composition between
albite and anorthite, and the clinopyroxene is ap-
proximately diopside in composition. Reactions for
these constituents may be written assuming that the
end product is kaolinite clay as was found in the
Sierra Nevada:
€)) Glass

Nay 45Ca0.082K0.16Mg0.037Al0.77513.21 08

+0.85 COz + 1.195 HyO = 0.45 Na* +0.164 x

12 Ca*? +0.074 x 12 Mg*? + 0.16 K*

+0.85 HCO3 + 2.44 SiO,

Kaolinite
+0.385 Al;Si,05(OH)4
2 Plagioclase
Nag sCag 5Al; 5Siz sOg + 1.5 CO, + 2.25 H,0
Kaolinite
=0.75 Al;Si;0s(OH)4 + 0.5 Na*
+1.0x 1/2 Ca*? + 8iO, + 1.5 HCO3

Clinopyroxene
CaMgSi,0¢6 + 4 CO, + 2 HyO =2 x 1/2 Ca*?
+2x 12Mg*? + 4 HCO3 +2 SiO,

©))

The reactions are written with a factor 1/2 in front
of the doubly charged species so that calculations in
milliequivalents are easily done.

Based on these reactions, Table 2 shows calcula-
tions of water compositions compared to the calcu-
lated mean compositions from Table 1. The mean
compositions are used as a convenient base for
comparison. Concentrations for a number of constit-
uents in precipitation collected at Medford, Oregon,
(90 km southwest of Crater Lake) measured by
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TABLE 2. CALCULATION OF WATER COMPOSITIONS (in meg/L for
dissolved ions and mmol/L for silica) BASED ON REACTIONS (1) TO (3)

Ca Mg Na K Cl S04 HCOs SiO2
Average of springs below lake  0.120 0.074 0.117 0.038 0.017 0.027 0.377 0.599
2 x Precipitation 0.052 0.016 0.014 0.006 0.012 0.034 0.032 0.004
0.23 x glass to kaolinite 0.038 0.017 0.104 0.037 0.196 0.561
0.018 x clinopyroxene 0.036 0.036 0.072 0.036
Calculated water composition  0.126 0.069 0.118 0.043 0.012 0.034 0.300 0.601
Average of Boundary and 0.230 0.197 0.126 0.020 0.006 0.042 0.426 0.566
Thousand Springs
2 x Precipitation 0.052 0.016 0.014 0.006 0.012 0.034 0.032 0.004
0.23 x glass to kaolinite 0.038 0.017 0.104 0.037 0.196 0.561
0.070 x clinopyroxene 0.140 0.140 0.280 0.140
Calculated water composition  0.230 0.173 0.118 0.043 0.012 0.034 0.508 0.705
Average of Cedar Springs 0.499 0.148 0.161 0.041 0.023 0.004 0.803 0.582
area springs
2 x Precipitation 0.052 0.016 0.014 0.006 0.012 0.034 0.032 0.004
0.3 x glass to kaolinite 0.049 0.022 0.135 0.048 0.255 0.732
0.050 x clinopyroxene 0.100 0.100 0.200 0.100
Calculated water composition  0.201 0.138 0.149 0.054 0.012 0.034 0.487 0.836
Residual Ca, HCO3, and SiO2 0.298 0.316 -0.254

Junge and Werby (1958) are given in Table 2. Junge
and Werby (1958) did not measure all the major
constituents, and I have estimated values for silica,
magnesium, and bicarbonate based on a comparison
with the values in the Sierra Nevada given in Feth
etal. (1964). Crippen and Pavelka (1970) found for
the Lake Tahoe area that about half of the precipita-
tion on the land surface evaporated before infiltrat-
ing or flowing into streams; therefore the concentra-
tions in precipitation are doubled in Table 2. For
springs below the lake (springs above the lake have
nearly the same mean composition), the contribu-
tion from the reaction glass to kaolinite was based
on matching the amount of sodium in the average
spring water. The remaining cations are calcium and
magnesium, which can be obtained from the
clinopyroxene reaction. The largest source of dis-
solved constituents is volcanic glass. The cations of
the average composition of springs below lake level
total 0.35 and the anions 0.42, so the lack of perfect
agreement of all constituents is not surprising. If the
cations in the average composition were higher, the
calculated concentration of bicarbonate would be
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higher and the agreement would be closer. Con-
versely, if the anions were lower, the calculated
contribution for bicarbonate would agree more
closely. Considering all the uncertainties, the com-
parison of the calculated and average compositions
is quite good.

No additional chloride or sulfate beyond that in
precipitation is required to produce the composition
of the springs below the surface elevation of Crater
Lake (Table 2). The precision of these two constitu-
ents is such that small losses or additions cannot be
detected in the data, but the data indicate that there
is no large source of chloride or sulfate required in
the weathering process. The maximum chloride in
Crater Lake rocks is about 0.13% (Bruggman et al.
1987). Combining this value with the glass analysis
used above, the mole ratio of chloride to sodium is
about 0.023. Assuming that all the chloride would
dissolve with the sodium, the added chloride is
0.023 x 0.104 = 0.0024 meq/L or 0.08 mg/L. Thus,
the amount of chloride that could be added by a
simple weathering process is much less than the
amount from precipitation.
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The calculated composition of Boundary and
Thousand Springs (Table 2) differs from the calcu-
lated composition of the springs below the lake only
in the dissolution of more clinopyroxene. The con-
tribution from the reaction of glass to kaolinite is the
same as for the springs below the lake, based on the
nearly identical sodium concentration, and the con-
tribution from the clinopyroxene reaction is calcu-
lated based on the calcium concentration. Again, the
average analysis is not perfect, so that it is not
surprising that the agreement is not perfect. The
calculated composition for the Cedar Springs area
springs (Table 2) has residual calcium and bicarbon-
ate and missing silica compared to the actual com-
position. The silica could be brought into better
agreement if the amount obtained from glass were
reduced and dissolution of plagioclase were added,
but this does not change the fundamental point that
the chemical composition of the springs in the Cedar
Springs area is not produced by a simple weathering
process. The composition of these waters requires
that solubility considerations become important.
This same affect was found at the higher concentra-
tions of bicarbonate in the study of the Tahoe area
springs (Nathenson 1989).

In order to explore these relationships further, we
can plot certain constituents versus others to see if
the variation follows what is proposed in Table 2 and
the reactions (1) to (3). Figure 7 shows silica versus
sodium. The reaction of glass to kaolinite requires
that the slope of the line should be 5.4:1. Consider-
ing all the uncertainties, the line is an excellent
match to the data for the springs above and below
the lake. The data for the Chaski Slide springs are
not shown on the figure, because they involve addi-
tion of sulfate. For Boundary and Thousand Springs
(plus symbols on Fig. 7), most of the silica is calcu-
lated to come from the glass reaction (Table 2), and
the plotted points still approximately follow the line.
The points for the Cedar Springs area samples (cir-
cles on Fig. 7) show a significant deviation from the
line, which is to be expected based on the decrease
in silica with increasing bicarbonate shown in Fig.
5 and the calculations in Table 2. The plot and
calculations for the Lake Tahoe springs show a slope
of between 2:1 and 1:1 (Fig. 7 in Nathenson 1989),
showing that the local mineralogy has a large effect
on what is dissolved in the weathering process.

The major parameter indicating the degree of re-
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Figure 7. Silica versus sodium for springs above and
below Crater Lake (points), Boundary and Thousand
Springs (plus symbols), and Cedar Springs area springs
(circles). Slope of 5.4:1 is based on reaction of glass to

action is the bicarbonate concentration, and Fig. 8
shows silica versus bicarbonate. The predicted slope
from the reaction of glass to kaolinite is 2.9:1, and a
line of this slope is shown on the figure. Because of
the bias shown in Fig. 2, it is worthwhile to show
this relationship in another way. In the reaction of
glass to kaolinite, silica should also increase with a
slope of 2.9:1 if it is plotted versus the sum of the
cations, and this plot is shown in the bottom of Fig.
8. The bottom plot shows a more consistent variation
than the top plot. For Boundary and Thousand
Springs, most of the bicarbonate is generated by the
clinopyroxene reaction rather than the glass reac-
tion, and the amount of silica generated per amount
of bicarbonate is smaller in the clinopyroxene reac-
tion (Table 2). Thus, it is to be expected that these
springs would plot away from the line. The data
points from the Cedar Springs area springs deviate
significantly from the proposed relationship, indi-
cating that the silica concentration is probably lim-
ited by solubility considerations. The plot and cal-
culations for the Lake Tahoe springs show a slope
of between 1:1and 0.5:1 (Fig. 8 in Nathenson 1989),
so the concentration of silica added for a given
bicarbonate concentration is much higher in the
volcanic rocks of Crater Lake.

As the water from the springs flows into streams,
it is likely that additional processes modify the
chemistry. Figure 9 (top) shows the data from two
samples of Annie Spring and a sample from Annie
Creek at the south park boundary. There is a sugges-
tion that calcium and bicarbonate have increased in
Annie Creek, and a likely mechanism is the addition



CRATER LAKE ECOSYSTEM

T e . <

5102 (mmo1/L)

2,

1.0

510, (mmol/L)
o

CATIONS (mea/L)

Figure 8. Silica versus bicarbonate and cations for
springs above and below Crater Lake (points), Boundary
and Thousand Springs (plus symbols), and Cedar Springs
area springs (circles). Slope of 2.9:1 is based on reaction
of glass to kaolinite.

of a water such as that found in the Cedar Springs
area. The variation in other constituents is within the
analytical error, and more data would be required to
look for small effects. Figure 9 (bottom) shows the
data for Diamond Lake and the average concentra-
tion of springs below the elevation of Crater Lake.
To the accuracy of the analyses, Diamond Lake
appears to reflect the composition of this average
except for a large loss of silica, probably due to the
action of diatoms in the lake. The lake is only 14 m
deep and quite productive (Lauer et al. 1979), so the
consumption of nearly all the silica is possible.

WOOD RIVER AREAS SPRINGS
AND CRATER LAKE

The Wood River area springs (the springs that are
the source of the Wood River and five other springs
southeast of the park boundary) have a different
chemistry than the springs discussed above. Chlo-
ride, sulfate, and sodium concentrations increase
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Figure 10. Modified Schoeller plots for Wood River
area springs. Calcium value for Reservation Spring is
shown as a dot but is not connected to other values for this
spring.

Ca Mg c1 so

systematically with each other (Fig. 10). The con-
centrations of sodium, sulfate, and chloride are
higher than in the waters discussed above (except
for the sample from the Cattle Crossing Cafe which
has low chloride and sulfate but high sodium). Fig-
ure 11 (top) shows the average composition of these
springs compared to that of the Cedar Springs area
samples. The concentrations of sodium, chloride,
and sulfate are quite high compared to the Cedar
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Figure 11. Modified Schoeller plots for samples
listed.

Springs area data. The composition of the Wood
River area springs cannot be explained as a simple
weathering reaction of the volcanic rocks of Mount
Mazama. The springs occur atalow elevation (about
4200 ft) compared to the lake elevation of about
6200 ft. It is possible that buried lake sediments are
contributing the anomalous constituents (Thompson
et al. 1987). The elevation of Wood River area
springs corresponds approximately to the elevation
of the bottom of Crater Lake. Figure 11 (bottom)
compares the composition of the these springs to
that of Crater Lake. Except for silica, the Wood
River area springs and Crater Lake could be consid-
ered to be members of the same chemical group.
Diatoms consume silica in Crater Lake, and the
amount of silica in the lake is lowered by their
deposition in the sediments (Nathenson 1990).
Thompson et al. (1987) showed that the Wood River
area springs are not a mixture of Crater Lake water
with other water based on a plot of deuterium versus
chloride. However, the comparison shown in Fig. 11
suggests that the same chemical process that pro-
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vides the anomalous constituents in Crater Lake
could provide the anomalous constituents in the
Wood River area springs. Wells and Peck (1961) and
Kienle et al. (1981) showed a fault in the area of the
Wood River springs which could provide a source
of the chloride and sulfate through deep circulation
of water along the fault. In that case, the similarity
of chemistry between Crater Lake and these springs
would be a coincidence. Data needed to differentiate
between these alternative explanations would be
chemistry and stable isotopes for the water that feeds
dissolved constituents into Crater Lake and the
water that is the end member for the Wood River
springs. The occurrence of chloride and sulfate may
suggest a high-temperature process; however,
geothermometer temperatures (Fournier 1981) for
the average water of the Wood River area are 61°C
for chalcedony and 46°C for Na-K-Ca (no magne-
sium correction is necessary). The systematic vari-
ation of chloride with sulfate would be consistent
with these springs being a series of mixed waters
with one end member having high chloride and
sulfate that has not been sampled. The magnesium
concentrations of these samples may be too high to
be consistent with a hydrothermal origin; however,
the magnesium could be added by continued reac-
tion after mixing. Thompson et al. (1987) have
proposed that high concentrations of boron and lith-
ium reflect addition of thermal water to Crater Lake,
and Fig. 12 shows data from their Table 4 for these
two constituents. The boron data for the Wood River
area springs (plus symbols) lie along a mixing line
with Crater Lake, while the lithium may or may not
define a mixing line. The Wood River area springs
appear to be different from Crater Lake’s chemistry
in that they do not follow a chloride/lithium mixing
relationship with Crater Lake; however, they are
similar in that they contain significant lithium.

SPRINGS ON MINNEHAHA CREEK

Figure 13 shows the analyses for two springs on
Minnehaha Creek. The two springs are high in bi-
carbonate relative to all other springs. The stable
isotope data for the two springs plot on the meteoric
water line but have quite different values (Table 1
and Thompson et al. 1987). The soda spring is
dominantly a calcium-magnesium-bicarbonate
spring while the other spring is a sodium-bicarbon-
ate spring. Even though total ion contents differ by
a factor of 5, amorphous silica temperatures (Fourn-
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Figure 12. Boron and lithium versus chloride for Cra-
ter Lake, Wood River area springs (plus symbols) and other

cold springs from Table 4 of Thompson et al. (1987).

ier 1981) are similar (1°C for the soda spring and
16°C for sample 84-11). Measured temperatures are
10°C, and the concentration of silica in solution may
reflect dissolution of rock by large amounts of car-
bon dioxide in solution near the mean annual tem-
perature. Carbon dioxide springs occur in the West-
ern and High Cascades both north and south of these
springs (Wagner 1959; Irwin and Barnes 1982).
Umqua Hot Springs to the north is 46°C (Mariner et
al. 1978), but other soda springs in the Cascades are
less than 15°C and are not warm enough to be
considered thermal (Wagner 1959). The relation of
the springs on Minnehaha Creek to the input of
constituents to Crater Lake is unclear. The chemical
patterns shown on Fig. 13 are quite different from
that for Crater Lake water (Fig. 11). The soda spring
does have elevated chloride and sulfate compared to
other spring waters (Table 1); however, its bicarbon-
ate concentration is much higher than these other
constituents. It seems unlikely that a water such as
that found in the soda spring could be feeding Crater
Lake and then dropping most of its bicarbonate to
produce the pattern shown in Fig. 11. The high
bicarbonate concentrations in these two springs,
however, demonstrates that there is a significant
source of carbon dioxide available locally in the
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subsurface. Depending on the rocks that it passes
through, a water charged with carbon dioxide can
produce a wide variety of water compositions.

CONCLUSIONS

The chemistry of most of the cold springs in the
Crater Lake area can be explained by a simple
weathering process in which volcanic glass and
clinopyroxene react with water containing dissolved
carbon dioxide to produce kaolinite clay. At higher
concentrations of bicarbonate, the concentration of
silica in solution is limited by the solubility of an
unidentified phase. Springs that do not satisfy this
simple model are the springs on Minnehaha Creek
and the group of springs in the Wood River area.
The soda springs are an unlikely source of the dis-
solved constituents in Crater Lake, but their chem-
istry demonstrates that, in some areas, there is a
substantial amount of carbon dioxide in the subsur-
face available to drive chemical reactions. The
springs in the Wood River area are chemically quite
similar to Crater Lake water. The process that gen-
erates their chemistry could be the same as the
process that generates the chemistry of the inflow to

Samnle 84-11 of spring on '!ianehaha Creek -

meq/L or mmol/lL

c

30 - Soda Spring om ‘innehaha Creek

meq/L or mmol/L

0 ! L. ]

Mg

Ca

Ea 1S c1L SO, ECO.

4 3

Figure 13. Modified Schoeller plots for springs on
Minnehaha Creek.
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Crater Lake, or the similarity of the chemistry could
be a coincidence. Until the source water of both is
characterized, it is not possible to settle this ques-
tion.

Nathenson (1990) has used a chemical balance for
Crater Lake to determine rates of addition of major
ions to keep the lake at its present chemical compo-
sition. A major unknown in that work is whether the
dissolved constituents are carried in a low flow of
water with high concentrations or a high flow with
low concentrations. However, the relative propor-
tions of major elements in either case are similar to
that for Crater Lake, so that the comparison in Fig.
11 with the springs in the Wood River area remains
valid. If the flow into Crater Lake is low with high
concentrations of major elements, the comparison in
Fig. 11 would have to be based on diluting the flow
to bring it to similar concentrations to those found
in the Wood River area springs. The data in Fig. 10
show that the Wood River area springs are probably
a mixture of two end-member compositions. The
comparison with Crater Lake cannot be done in
detail without knowing the composition of the high-
chloride and -sulfate end-member component for
the Wood River area springs.
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CRATER LAKE CLIMATE AND
LAKE LEVEL VARIABILITY

Kelly T. Redmond’
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A consistent climatic record exists from the
Crater Lake area since 1931, except for
major gaps during World War II. The level
of Crater Lake has varied by nearly five
meters during the 20th Century. Climatic
variability can account for these lake-level
changes. The major elements of the hydro-
logic budget responsible for year-to-year
level changes are precipitation, evaporation,
and seepage. The unique setting of the lake
and the availability of moderately long re-
cords of daily weather and lake level allow
the evaluation of contributions from these
components. The annual cycle of water level
based on daily measurements since 1961 as
well as the annual cycle of temperature, pre-
cipitation, snowfall, and snow depth, in terms
of averages and probability distributions, are
described. The simplified hydrology of the
lake is primarily a consequence of the ratio
of the lake area to its catchment basin area
(approximately 0.8). The lake acts both as a
large raingage and a large evaporation pan
under appropriate circumstances. Prelimi-
nary invistigations suggest that the general
assumption that evaporative water loss is less
during cold seasons or cold episodes may not
be correct..

Crater Lake was discovered in 1853 and the
first observation of the water level was made
in 1878. Since that time a variety of observers using
different methods have contributed to the creation
of a century-long record of lake level. Figure 1
shows the variations that have been observed since

! Present address: Westem Regional Climate Center, Desert Re-
search Institute, P. O. Box 60220, Reno, Nevada 89506.
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1900. The most prominent feature in this record is
the extended period of low water from 1930 to the
late 1940s, when the water surface was as much as
five meters below levels seen before and after.

An understanding of the climate of the lake and its
environment is essential to explaining the observed
water level fluctuations. Climate variability over a
wide range of spatial and temporal scales also affects
many other aspects of the physical behavior of the
lake and of the plant and animal communities in the
park. Climate influences such factors as available
sunlight for photosynthesis; the life cycles of in-
sects; growth of plant and animal pathogens; forest
fires; plant phenology; wildlife mortality; transpira-
tion; lake and stream chemistry and temperature;
animal habitat; lake mixing; avalanche behavior;
and forest blowdown from high wind. Weather and
climate also affect human activities, including tour-
ist visitation; outdoor recreation; seasonal labor
costs; design of structures to withstand cold, heat,
and wind and snow loads; road design, construction
and maintenance; water treatment facilities; fire-
fighting expenses; and import of pollutants from
outside the park.

Crater Lake is unusual in that there is perhaps no
other lake with the combination of relatively simple
hydrological circumstances and the existence of a
long period of climate and lake level observations.
The lake can be thought of as acting in turns as a
large natural (leaky) raingage and as an evaporation
“pan.”

The purpose of this paper is twofold: (1) to show
that climate variability can account for the changes
in lake level seen this century, and (2) to provide
updated background information about typical val-
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Figure 1. Crater Lake water level variations adjusted to 30 September. Water stage is referenced to an elevation of
1882.14 m (6175 feet) above mean sea level, and shown as departure in centimeters from that elevation. Adjustments are
based on average rate of lake level change from the closest available date to 30 September, shown in Fig.12. In some years

no measurements are available.

ues of important climatic elements, along with mea-
sures of dispersion about the central tendency, for
use by other limnological and ecological studies.

PHYSICAL SETTING

Crater Lake sits astride the gentle crest of the
Cascade Range, which lies at an average of approx-
imately 1500 m in this portion of Oregon. The
average elevation of the lake is 1882 m. The rim and
even the lake itself thus lie well above the surround-
ing countryside. Steep slopes descend from the rim,
which has an average elevation of about 2100 m, and
anumber of high points around the lake rise to about
2500 m. The area of the water surface is 53.2 km2,
and the drainage basin is 67.8 km? (Phillips 1968).
The lake thus occupies 78.5 percent of its own
drainage basin. No streams spill over the rim into the
lake, and no streams drain the lake. The slopes
facing away from the rim lie at an angle of about 15°.
The only ways for water to leave the basin are
through seepage and evaporation.
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DATA

Daily weather measurements are made at park
headquarters, about 2 km south of Rim Village, on
the southwest side of the lake, at an elevation of
1973 m, or about 180 m below the elevation of the
rim in this area. The station is the highest in the state
of Oregon. A nearly continuous record exists from
this site since 1931, with the exception of a few years
during World War II when the park was closed and
lengthy interruptions are present. Each day the max-
imum and minimum temperatures, precipitation,
snowfall, and snow depth on the ground are mea-
sured and recorded. Prior to October 1958, readings
were made in the afternoon; since that time they
have been made each day at 8 a.m. The thermometer
shelter is moved up a mast as the winter progresses
to avoid becoming buried by snow. Prior to 1930 no
consistent long-term measurements are available,
although a few shorter records of 5 years’ duration
or less can be found in and near the park. Digital
hourly precipitation measurements from arecording
rain gage are available from this site since 1948.
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Water levels have been measured at Cleetwood
Cove in the northwest corner of the lake since 14
September 1961. The gage, operated by the U. S.
Geological Survey, is capable of reporting changes
in increments of 0.305 cm (0.01 foot) four times per
day. For this study, only the measurements made at
the close of the day near midnight have been used.
Daily maximum and minimum surface water tem-
peratures are also recorded here. Lake level mea-
surements before the establishment of the Cleet-
wood Cove gage were made sporadically by visitors
to the lake. At least six different gages have existed
since the first one was installed in August of 1896.
Several measurements are available in most years,
usually during the warm season. In winter, the lake
is practically inaccessible. Phillips (1968) has tabu-
lated these earlier observations.

GENERAL CLIMATE DESCRIPTION

The main mid-latitude storm track in the atmosphere
migrates southward in winter and northward in sum-
mer. The lake is, thus, alternately under (in winter)
and to the south of (in summer) this band of active
weather and exhibits the pronounced seasonality of
precipitation common in the Pacific Northwest.

During the long transition from winter to summer,
precipitation gradually becomes less frequent. Ex-
tended dry periods with abundant sunshine and no
precipitation are common in summer. Near the end
of July measurable precipitation occurs on less than
10% of the days, and July averages just 3 days with
measurable rain (see Fig. 2). For the 30-day period
commencing on July 15, there is a 20% probability
of no measurable rain during this entire interval
(based on 1931-1986 data). For the period from
1947-1986, all years have had at least a 15-day
interval without measurable rain. About once a year
a 5-week period without measurable rain occurs.
Since 1931 there have been 10 periods with at least
50 consecutive days without rain, the longest being
97 days in 1951. Thunderstorms provide some rain
during the warm season, but are not especially com-
mon. Thunder is recorded at Klamath Falls on an
average of 14 days per year, and on 11 days at
Medford, the nearest sites with reliable statistics
(Changery 1981).

As autumn approaches, the hemispheric circula-
tion of the atmosphere expands and intensifies,
bringing a steadily increasing chance of precipita-
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tion to Crater Lake. Precipitation likelihood in-
creases most rapidly in October, when daily proba-
bilities of measurable precipitation rise from 25% at
the beginning of the month to45% at the end. During
the passage of numerous cool season disturbances,
moist maritime air is forced to rise from near sea
level to the crest of the Cascade Range. As a result,
the lake and its environment experience frequent
moderate precipitation events during the winter
months. The probability of heavier precipitation ep-
isodes is at a maximum from mid-November
through late January. Light and moderate episodes
occur most frequently from mid-November through
mid-March. Winter conditions are usually fully es-
tablished by early November. Measurable precipita-
tion (at least 0.25 mm) occurs on about 60% of the
days in the heart of winter (see Fig. 2), and on a total
of about 140 days per year. The average length of
the longest spell each year with measurable precip-
itation is about 16 days, with a maximum of 39
consecutive days in 1973.

The area is high enough that winter precipitation
usually falls as snow at the weather station. The
mean freezing level measured with balloons in the
free air over nearby Medford, 84 km to the south-
west, is at an average elevation of 2169 m from
December through February. Freezing level statis-
tics above Medford are shown in Table 1. It is of
interest to note that historically both the freezing
levels and the temperatures (shown below) remain
nearly constant until mid-March. Over elevated sur-
faces, nighttime minimums will be cooler and day-
time maximums (during the snow-free season) will
be warmer than the free air temperature at the same
height.

The average annual snowfall is 1306 c¢m, for the
reference period in most widespread use at this
writing (1951-1980). The long-term median snow-
fall for the period of record (1931/32-1987/88) is
1314 cm. Winter-centered snowfall (July-June) has
ranged from 648 cm in 1976/77 to 2233 cm in
1932/33. The snowiest consecutive 12 months were
from April 1948 through March 1949, when 2365
cm fell. Snow has occurred in all months but is quite
uncommon in summer. Snow typically begins to
accumulate at the weather station in early Novem-
ber, reaching a maximum depth at the beginning of
April, when the maximum average depth (1931-
1986) reaches about 325 cm. Figure 4 shows the
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daily distribution of snow depth observed over the
past half century. Figure 5 shows the average snow
depth and daily precipitation amount. The average
extreme maximum depth in the spring (i.e., the most
extreme value for the year) is 378 cm, and it has
varied between 163 cm in 1977 and 640 cm in 1983.
Snowfall statistics are not available for the rim, but
snowfall on the southwest rim is certainly greater

than at the weather station. It is not unusual, for
example, for light summer snowfall events (a few
centimeters) at park headquarters to be accompa-
nied by 30-50 cm at rim level, just a few hundred
meters higher.

During the passage of a typical cool-season storm
system, warm southerly winds and moderate to
heavy precipitation occur in advance of the passage
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Figure 5. Crater Lake park headquarters. Daily average snow depth (1931-1986) plotted every fifth day; average
month-end snow water content (1961-1985) from Snow Survey (1987); and monthly average of daily precipitation

(1951-1980).
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TABLE 1. FREEZING LEVEL STATISTICS
ABOVE MEDFORD, JULY 1957
THROUGH JUNE 1967

If multiple freezing levels are present, the highest one is used.
Park headquarters height is 1974 m. Rim height is about 2130
m. Original statistics were heights above ground level (401 m
at Medford) and are here presented in meters above sea level.
Because of radiative effects, minimum temperatures over ele-
vated surfaces will usually be cooler than this table indicates,
and maximum temperatures over elevated snow-free surfaces
will usually be warmer than this table indicates. Source:
Pacific Northwest River Basins Commission, 1975.

Period  Average Standard % of time above
beginning height deviation 2002m  2202m
Jan 1 2072m 923m 50% 44%
Jan 16 2125 818 53 42
Feb 1 2172 787 53 46
Feb 16 2000 716 46 38
Mar 1 1797 650 37 28
Mar 16 2085 734 43 36
Aprl 2416 791 61 57
Apr 16 2200 740 51 44
May 1 2561 787 66 61
May 16 3017 759 86 82
Jun 1 3321 724 91 89
Jun 16 3821 730 97 95
Jul'l 3998 598 99 99
Jul 16 4381 408 100 100
Aug 1 4321 511 100 100
Aug 16 4038 688 99 97
Sep 1 4024 638 99 97
Sep 16 3853 798 99 94
Oct 1 3466 956 83 81
Oct 16 3433 896 84 84
Nov 1 2774 894 69 65
Nov 16 2345 846 55 46
Dec 1 2468 911 59 56
Dec 16 2179 849 53 41
Annual 2960 1134 70 65

of the cold front. High freezing levels allow rain to
fall on many occasions. After passage of the cold
front, freezing levels fall and precipitation becomes
showery and locally intense in the unstable air.
Since the remnants of the former Mount Mazama
stand above the surrounding landscape, the area has
some of the temperature characteristics of a free air
location, though modified by the presence of the
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large area of elevated land. Strong daytime solar
heating causes the temperature at park headquarters
to rise to an average of 20°C during mid-summer,
while in mid-winter the average maximum is near
0°C. The extreme maximum of 33.3°C at the
weather station is greater than the extreme maxi-
mum of 26.4° C observed at approximately the same
elevation in the free air over Medford at 800 mb
(average July height of the 800 mb level is 2037 m).
The weather station lies within the valley of Munson
Creek on a southwest-facing slope, and nighttime
drainage winds prevent minimums from falling to
the extremely low values which undoubtedly occur
in flatter portions of the park. As a result, the lowest
temperature on record is -29°C, a rather modest
value given the heavy snow cover and high eleva-
tion. Probability distributions of mean daily maxi-
mum, mean, and minimum temperatures, and of the
daily temperature range (maximum minus mini-
mum), are shown in Figs. 6-9.

The weather station is below and away from the
rim itself. The site is therefore not entirely represen-
tative of the conditions at either the rim or the lake.
Logistical considerations greatly hinder the ability
to make measurements away from areas with a
permanent human presence. Pronounced east-west
gradients in long-term annual precipitation (6-8 cm
per km) are present at the crest of, and to the east of,
the Cascade Range in Oregon. Crater Lake lies on
this gradient. The southwest rim is wetter than the
weather station, and the northeast rim is consider-
ably drier. High capacity storage gages, designed to
be read once per year, have been located on the rim
above Cleetwood Cove since 1961 and have been
recently installed near Rim Village and on Wizard
Island. Consideration of previously published pre-
cipitation maps (Soil Conservation Serv. 1964;
Froehlich et al. 1982) and the more reliable figures
from the storage gages indicates that a marked dif-
ference in annual precipitation exists from one side
of the lake to the other. Annual precipitation along
the southwest rim appears to be 15% to 30% greater
than at the weather station, and is nearly double the
amount received along the northeast rim. Even as
early as 1902, Diller, on the basis of snow depth and
density measurements, recognized that “the average
annual precipitation for that region [southwest rim]
is nearer 80 [203 cm] than 70 [178 cm] inches.” It is
also quite likely that higher peaks all around the rim,
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and indeed any surface facing toward the southwest
quadrant, and to a lesser extent the northwest, will
cause local enhancements of precipitation. In its
journey across the lake, air can pick up significant
amounts of moisture and may deposit some of this
as it ascends the “downwind” crater wall along the
castern side.

PRINCIPAL ELEMENTS OF
THE WATER BUDGET

The lake gains water mass by two processes with
greatly different time constants. Precipitation falling
directly on the lake produces an immediate rise in
lake level. A second component of input is runoff
from the slopes of the caldera, primarily derived
from the melting of snow in spring and early sum-
mer. The unfrozen lake and steep inner slopes act as
a trap for wind-blown snow from the southwest. An
unknown amount of water enters the basin this way.
On average, snow disappears at the weather station
about mid-June. South-facing slopes melt earlier,
and north-facing slopes retain snow patches
throughout many summers. No surface streams
drain into or out of the caldera. A number of small
rivulets trickle into the lake along the walls of the
caldera. Many of these dry up in summer. These
streams have been described by Diller (1902), who
estimated the total flow of these streams to be 0.28
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m3/s, enough to raise the lake by 0.045 cm per day
when they are flowing. Groundwater seepage above
lake level into and out of the caldera have been
assumed to be approximately in balance, after Phil-
lips (1968). Water can only leave the lake in two
ways, through evaporation and seepage from the
bottom.

ANNUAL CYCLE OF WATER LEVEL

Figure 10 shows an example of the daily lake level
fluctuations during a recent year (1985). Figure 11
shows the daily maximum and minimum tempera-
ture and accumulated precipitation at park head-
quarters during this same year. Itis clear that the lake
falls as a result of seepage and evaporation during
periods of little or no precipitation, and rises during
heavier precipitation events.

The lake can thus be considered to act in some
senses as a giant raingage, albeit a leaky one. When
precipitation (and inflow) exceeds the leakage rate,
the lake rises. Otherwise, the lake falls or remains at
constant elevation.

A group of years with complete lake level records
has been used to construct a composite of the annual
cycle of lake level, shown in Fig. 12. As the wet
season sets in during autumn, the lake begins torise.
Precipitation thus exceeds seepage and evaporation.
The lake typically continues to rise until early April.

10000

80.00C

60.00

40.00—

20.00—

0.00—

-20.00—

-40.00

LAKE LEVEL.DEPARTURE IN CM FROM ELEVATION 1882.14 M

+60.00

-80.0¢

J15 J3T F15 729 15 M31 ATS A30 MI5 W31 J15 J30 J15 J31 AIS A31 S15 530 015 031 N15 N30 D15 031
DAY OF YEAR
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By this time the precipitation has begun to diminish
and continues to decrease in frequency and amount
as spring proceeds. Despite this, the lake remains
high until the latter part of June. By this time the
precipitation input has decreased substantially.
However, as seen in Fig. 5, snow depths and snow
water content are decreasing rapidly in May and
June, so that the lake level is kept high by surface
and groundwater runoff from the caldera slopes.
After the snow has melted, the lake begins to fall
steadily toward its early autumn minimum. Exami-
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nation of individual years shows many interesting
departures from this picture, however. The most
recurrent feature is the relatively steady decline
from July through September.

As can be seen, the lake usually reaches its low
point sometime in October. This is very near the end
of the “water year” used by hydrologists (1 October
-30 September). Because the influence of snowmelt
should be minimal by this time, and because the
winter precipitation season has usually not yet
begun by this date, water stage on 30 September was
used to relate year-to-year changes in water level to
climate.

RECONSTRUCTION OF LAKE
LEVEL RECORD

Figure 13 shows the relationship between the an-
nual change in lake level measured at the gaging
station at Cleetwood Cove and annual precipitation
at the weather station from 1961/62 to 1987/88. It is
obvious that at this time scale lake level is closely
linked with precipitation variability. The least-
squares fit is:

LLC =-246.5 + 1.457 PHg 1
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Figure 13. Annual change in lake level versus annual
precipitation at park headquarters. Period is from 30 Sep-
tember to 30 September. 1961/62-1987/88. Least squares
fitis shown.

where LLC is the lake level change (30 September
of present year minus 30 September of previous
year, cm), and Phg is the October-September pre-
cipitation (cm) measured at park headquarters. For
this relationship, *=00915.

Consistent precipitation records from a single site
begin in 1931, at park headquarters. Longer precip-
itation records can be found in the valleys of western
Oregon. Much of the precipitation in this region falls
from stratiform clouds associated with synoptic
scale cool-season disturbances. As a result, precipi-
tation amounts show considerable spatial coher-
ence. Monthly precipitation at Roseburg, 105 km to
the west and 1800 m lower in elevation, is well
correlated with that at Crater Lake. Correlation co-
efficients between Roseburg and Crater Lake
monthly precipitation totals between 1931 and 1987
vary from 0.74 in June and July to 0.88 in October;
for the water year r = 0.79. The record at Roseburg
was used to reconstruct water year precipitation at
Crater Lake prior to establishment of the headquar-
ters station. Monthly values for Crater Lake were
estimated from several nearby stations for the miss-
ing periods during World War II. The observed and
reconstructed time series are shown in Fig. 14.

The observed and reconstructed time series of
annual precipitation were then used to reconstruct

the historical lake levels. We began with the known
level on 30 September 1986 (60 cm above the arbi-
trary reference level 1882.14 m), and the known
precipitation for the previous water year ending on
this date. Using equ. (1) we estimate the lake level
change and subtract from the current level to esti-
mate the level on the previous 30 September. This
backward stair-stepping method was then applied
for each year using the precipitation value from the
previous water year. Observed park headquarters
precipitation data are used to 1931, and recon-
structed precipitation values from Roseburg are
used prior to this time.

The observed and reconstructed lake levels are
shown in Fig. 15. It is quite apparent that precipita-
tion variations can account for the extended period
with low lake levels between 1920 and 1950. For
those years prior to installation of the gaging station
at Cleetwood Cove for which park headquarters
precipitation and annual lake level changes are
available, r*=0.78 between observed and recon-
structed annual lake level changes. For the earlier
years when park headquarters precipitation was re-
constructed from Roseburg, r° = 0.444, reflecting
the imperfect relationship between annual precipi-
tation at Roseburg and Crater Lake annual water
level change.

Reconstructed lake levels agree well with ob-
served levels from the 1940s onward. The rapid rise
inlake level around 1950 is accounted for by a series
of several very wet years. The lake rose about a
meter from 1942 to 1946, arise that is not adequately
simulated. Reconstructed levels decrease during the
decade of the 1930s, whereas the observed levels
remained constantly low during this period. The
missing precipitation values during the early 1940s
may have been underestimated, or else the relation
between lake-averaged precipitation and park head-
quarters precipitation differed in these years. Be-
cause the level each year is dependent upon the
previous year, this method is sensitive to systematic
errors and to large errors in one or two individual
years, which will affect all remaining elements in
the reconstructed time series. The magnitude and
shape of the drop in reconstructed lake levels from
1910 to 1930 is quite well simulated. Either the lake
levels are in error, or the relationship between Rose-
burg and Crater Lake precipitation changed around
1900. The reconstructed levels from Roseburg indi-
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cate that the lake should have been rising during the
1890s. A change in location and instrument expo-
sure at Roseburg occurred in October 1905, about
the time the reconstructed and observed levels began
to deviate from each other (when working backward
in time).

The dry conditions which led to the rapid fall in
lake level in the 1920s are seen in other climatic
records in the region. Note that it is the slope of the
lake level curve, and not the level itself, that is
proportional to precipitation. A constant lake level,
such as in the 1930s, implies average precipitation.
The period from the mid-1920s through the early
1940s brought minimum lake levels and stream
discharges to much of eastern Oregon. Alexander et
al. (1987a, 1987b) present data showing that Cres-
cent Lake, 45 km to the north, reached its lowest
level in October 1931, and the Rogue River just
above Prospect, 30 km to the southwest, experi-
enced its lowest flow in November 1931. The 50-
meter-long Quinn River, which gushes from a spring
90 km to the north, showed no flow in a portion of
1941, and Upper Klamath Lake fell to its lowest
elevation in 1944, Johnson and Dart (1982) refer to
the generally dry conditions in eastern Oregon dur-
ing this interval. They also present diagrams show-
ing that precipitation in eastern Oregon is not closely
correlated with precipitation in the wetter western
portion of the state. Because Crater Lake lies at the
sharp boundary between these two quite different
regimes, it should not be surprising if it exhibits
some of the characteristics of each.

CONCLUSIONS AND DISCUSSION

From equ. (1), the lake will be at the same level on
30 September from one year to the next if annual
headquarters precipitation totals 170 cm. This is
very close to the long-term average at this site.
Indeed, after about a century of observations, the
lake remains near the same level as when first ob-
served.

Dividing the constant in equ. (1) by 365 days, the
average loss rate of the lake is -0.675 cm/day. In
1985 Crater Lake was covered by ice for two ex-
tended periods, once in January (last 2-3 weeks) and
again in December (last 3 weeks). Fortunately, al-
most no precipitation fell during the January episode
and none at all fell in the December episode. Assum-
ing that sublimation from the ice surface was negli-
gible, the lake could only fall through seepage. The
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lake fell at an average rate of 0.347 cm/day. This
leaves evaporation to account for the remaining
-0.328 cm/day loss, or 120 cm per year.

The seepage rate estimated here is less than was
estimated by Phillips (1968), who arrived at a value
of 2.52 m3/sec, equivalent to -0.410 cm/day change
in lake level. Phillips cites earlier unpublished seep-
age estimates by F. F. Henshaw in 1913 of -0.382
cm/day and by S. T. Harding in 1953 of -0.267
cm/day. Most of these earlier estimates have relied
on assumptions regarding runoff and evaporation.
In particular, the most common has been the as-
sumption that during cold periods in winter with no
precipitation, runoff and evaporation were low, and
therefore that observed water loss was due almost
entirely to seepage.

One way to estimate evaporation is to make direct
measurements for a full annual cycle, on an hourly
basis, of each of the factors that influence this pro-
cess, such as wind speed, humidity and temperature
gradients, and exchange coefficients (see Mahrt and
Ek 1984). This task is made difficult and even haz-
ardous by the physical circumstances that prevail,
especially in winter, with steep walls subject to
frequent avalanches, heavy snow, high winds, and
cold water. Rugged and dependable floating auto-
matic sensors which do not need maintenance atten-
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Figure 16. Scatter diagram of (a) departure of ob-
served annual lake level change [30 September to 30
September] minus lake level change estimated from an-
nual precipitation using equ. (1) against (b) lake stage,
expressed in cm above 1882.14 m.
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tion need to be deployed for this purpose. Until such
parameters can be measured reliably, other methods
based primarily on budget considerations must be
used.

Phillips (1968), assuming that both the evapora-
tion loss and the precipitation-inflow relationship
are constant from year to year, derived a relation
between lake stage and seepage rate (his Fig. 5).
This shows seepage rate increasing substantially as
lake level rises above 1882 m. However, this con-
clusion can only be regarded as speculative, since at
least one of the required assumptions (constant an-
nual evaporation) is likely not true. The coefficient
of variation (standard deviation divided by precipi-
tation) of water year precipitation is 18% at Crater
Lake. The coefficient of variation for pan evapora-
tion during the growing season ranges from 8% to
16% at various locations in the area. Although Crater
Lake does not evaporate like a standard pan, there
are almost certainly year-to-year fluctuations in
evaporation from the lake surface. To test whether a
stage-seepage relationship might exist, annual lake
level change estimates obtained from equ. (1) were
subtracted from observed annual lake level changes
(30 September to 30 September). These residuals are
plotted in Fig. 16 against the elevation of the lake.
The random scatter indicates that there is no system-
atic bias as a function of stage. Therefore, either
there is no association between seepage rate and
stage, or else a relationship exists between annual
precipitation and annual evaporation that fortu-
itously counterbalances any seepage-stage relation-
ship. The latter possibility seems unlikely.

Simpson (1970) discussed in some detail the hy-
drology of Crater Lake, a knowledge of which was
needed for a study of the tritium budget of the lake.
Simpson reiterated the expectation that summer
evaporation would exceed winter evaporation by at
least a factor of 1.5 to 2, but he also noted that the
lake fell at a similar rate during periods with no
precipitation in both winter and summer. He took
this to be evidence that seepage is the dominant
mode of water loss. Using lake level from the four
water years available at that time (1962/63-
1965/66), the relation analogous to equ. (1) would
have been flatter (slope 1.115, intercept -192.3).
Simpson concluded that two-thirds of the total water
loss (his estimate being -0.57 cm/day) occurred
through seepage, somewhat less than the 72% esti-
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mated by Phillips. The value Simpson determined
for seepage was thus -0.38 cm/day, close to the value
of -0.347 cm/day found here. The fraction of the
water loss accounted for by evaporation in this study
is 52%, using a total loss rate of -0.675 cm/day.
Diller (1902), using a floating pan in the lake (the
only direct on-site measurements ever made), deter-
mined a 10-day average evaporation of -0.38
cm/day. However, whether this value is representa-
tive of annual conditions is open to question.

Preliminary investigations strongly hint, and phys-
ical reasoning suggests, that the general assumption
that evaporative water loss is less during cold sea-
sons and during cold episodes may not be correct.
Further study of daily lake level behavior is in
progress, and is expected to shed additional light on
this important question.
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There has been a decrease in average
Secchi disk transparency measurements in
Crater Lake during the late 1970s and 1980s
relative to earlier studies. The decrease is
frequently most pronounced in the late sum-
mer. This period of time corresponds to
epilimnetic water temperatures generally
above 10°C and a bloom of the diatom,
Nitzschia gracilis. These blooms have occa-
sionally exceeded one million cells per liter.
Depth integrated estimates of primary pro-
duction rates in the epilimnetic zone (0-30 m)
for measurements from 1980-1983 are 50%
higher than those taken from 1967-1969. An
inverse relationship between the log of total
cell numbers of Nitzschia gracilis and Secchi
depth was seen in the summer of 1983. Pho-
tometer data from July 16, 1969 and July 16,
1982 showed an increase in green and a de-
crease in blue and unfiltered light penetra-
tion in 1982 relative to 1969. The evidence
from comparative measurements made re-
cently and in the late 1960s points to an
approximately 20% decrease in overall
epilimnetic water clarity in Crater Lake.

T he phenomenal clarity of Crater Lake sets this
lake apart from most others (Smith and Tyler
1967; Larson 1972). A 20-cm Secchi disk measure-
ment of 44 m made on July 16, 1969 stands as a
record for lakes worldwide. The possibility that the
outstanding clarity within Crater Lake might be
diminishing brought about the establishment of a
ten-year limnological monitoring program at Crater
Lake National Park beginning in 1982 (Larson
1984). This program has as one of its main compo-
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nents a monitoring program to assess whether lake
clarity has changed and to provide a baseline for
future studies of the lake.

The historical data from Crater Lake are meager.
A few measurements of Secchi depth were made by
interested individuals in 1913 and 1937. The first
concerted studies of Crater Lake were conducted
from 1967-1969 by Jack Donaldson and coworkers
(Hoffman and Donaldson 1968; Kibby et al. 1968;
Malick 1971; Larson 1972). Secchi disk measure-
ments from this work were the main basis upon
which a concern for diminished water clarity was
expressed in the early 1980s. These new measure-
ments were taken by Doug Larson from 1978-1981
while he worked as a volunteer researcher at Crater
Lake National Park.

Fortunately, in addition to the Secchi disk mea-
surements, the work from 1967-1969 also included
a number of other analyses that can be used to
compare conditions in the surface waters of Crater
Lake to recent measurements. These analyses in-
clude the rate of phytoplankton primary production
using 140, uptake; photometry studies using un-
filtered, blue, and green light; chlorophyll-o. mea-
surements; and the species and numbers of algae in
the upper photic zone.

The purpose of this paper is to take a careful look
at the relevant historical data from 1967-1969 and
to compare these data to the more recent measure-
ments. The primary question we wish to address is
whether the exceptional clarity of Crater Lake has
changed in recent times.
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SITE DESCRIPTION

Crater Lake is located along the summit of the
Cascade Range, approximately 105 km north of the
Oregon/California border and 195 km inland from
the Pacific Ocean. The precise location is 42°56’ N
and 122°06” W. Crater Lake occupies the collapsed
caldera of the volcano, Mount Mazama. Crater Lake
is the deepest lake in the United States at 589 m and
ranks as the seventh deepest lake in the world
(Hutchinson 1967). The lake formed in the collapsed
crater left behind after the catastrophic eruption of
Mount Mazama about 6600 years ago (Fryxell
1965). The surface area of the lake is 48 km? and the
entire drainage area for the lake, including the lake,
is 63 km?. Most of the water enters the lake through
direct precipitation on the lake’s surface. Subse-
quent vulcanism since the catastrophic eruption has
produced an emergent secondary cone, Wizard Is-
land, and at least two other submerged cones. The
walls of the caldera are steeply sloped and approxi-
mately half the lake bottom is 325 m or deeper
(Byme 1965). Morphometric features of Crater
Lake are given in Table 1.

TABLE 1. MORPHOMETRIC
CHARACTERISTICS OF CRATER LAKE,

OREGON
Elevation, surface (m) 1882
Area (km?) 48
Volume (km3) 16
Depth, maximum (m) 589
Depth, mean (m) 325
Shoreline, length (km) 31

Crater Lake lies in an enclosed basin with no
surface outlets (Nelson 1967). Seepage (73%) and
evaporation (27%) are estimated to be the main
modes of water loss. The total input of water sup-
plied to the lake on an annual basis is approximately
0.7% of the lake’s total volume (Phillips and Van
Denburgh 1968). Flushing time is extremely slow.
The level of the lake has fluctuated a maximum of
about 5 m over a period of record since 1878 (U. S.
Geol. Surv. 1983). The lake is ultraoligotrophic with
exceptional clarity and lies fully within the confines
of Crater Lake National Park.

MATERIALS AND METHODS
The logistics of sampling at Crater Lake present
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many difficulties. Severe winter weather, large ac-
cumulations of snow, and the steep, treacherous
caldera walls make all but summer sampling very
problematic. The analyses in this paper are all based
on samples collected from June to September.

Secchi disk measurements were made with a stan-
dard black and white 20-cm disk. Measurements
were compared only for those days when clear
weather and calm surface conditions were noted.
Sampling was done either at Station 13 or Station 23
(Fig. 1).

Phytoplankton primary production was measured
on 125-ml samples which were inoculated with 1 ml
14C-NaHCO3 (5.0 uCi ml™) and incubated in situ
for 4 hr near midday. Dissolved inorganic carbon
concentrations in the samples were calculated from
measurements of pH and alkalinity (Wetzel and
Likens 1979). Alkalinity was measured with a col-
orimetric determination using 0.018N H2SOg4 as
titrant and bromocresol green - methyl red indicator
solution (APHA 1980). Field measurements of pH
were done with an Altex meter standardized with pH
7.00 and pH 10.00 buffer solutions. Light and dark
bottles were deployed at each depth. The samples
were retrieved and immediately filtered through a
Millipore filter (0.45 um, HA-type) and placed in a
desiccator to dry. Sample filters were counted by
liquid scintillation (Beckman LS 9000 counter)
using a standard counting cocktail. Counts were
automatically corrected for blanks and counting ef-
ficiency.

Water samples for chlorophyll-o. analysis were
dispensed into 1-liter plastic bottles and treated with
saturated MgCO3. Samples were filtered through
Millipore HA-type filters (0.45 pum) within 4-6
hours of collection. The method of Strickland and
Parsons (1972) was followed for the extraction and
measurement of the chlorophyll-a. A Bausch and
Lomb Spectronic 70 spectrophotometer was used
for the absorbance measurements and a standard
algal chlorophyll-a (Sigma Chemical Co.) was used
for standardization.

Water samples for phytoplankton determinations
were treated as described in Geiger and Larson
(1990). Briefly, samples were emptied into a 10-um
net and the material retained in the net was washed
into plastic bottles and fixed with 3% formalin. An
aliquot of 500 ml of the water passing through the
net was also collected and fixed in the same manner.
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Figure 1. Bathymetric map of Crater Lake, Oregon, with the two main station locations marked by the solid triangles.

Subsamples of the material retained on the 10-pum 1980s. The two instruments were intercalibrated to
net and passing through the net were gently filtered assure consistency of the two data sets. Measure-
through 0.45-um MF-Millipore membrane filters. ments were made of unfiltered light, green light,
Filters were made transparent by placing them on blue light, and red light. A deck cell was used to
immersion oil on microscope slides and warming to monitor for changes in light reaching the surface
draw oil into the filter (Lind 1974). The filters were during the lowering of the photometer. Measure-
observed using phase and brightfield microscopy at ments were made from the surface to a depth of 90
a magnification of 1000x. Counts were made of at to 100 m.
least 100 discrete algal cells or colonies (Greeson et
al. 1977). RESULTS

Photometry measurements were carried out using A comparison of the Secchi disk measurements

a Kahl photometer. A Kahl model 268-WA310 was made from before 1970 with those made from 1978
used during the 1967-1969 measurements and a to 1986 is shown in Table 2. The mean depth for
Kahl model 268-WA350 was used in the early Secchi disk measurements in the period before 1970
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was 36.5 m. Only eight measurements were made
during this period. The mean depth for Secchi disk
measurements in the period from 1978-1986 was
29.1 m. This mean was calculated based on 83
measurements. A Student ¢-test was used to analyze
for a significant difference in the two means. A
significant difference existed with a probability of
error of less than 0.001.

TABLE 2. SECCHI DISK COMPARISON
FOR THE YEARS FROM 1937-1969
VERSUS 1978-1986

A significant difference in the means exists
at the p <.001 level

Years Average Std Dev N
1937-1969 36.5 34 8
1978-1986 29.1 3.1 83

The Secchi disk readings from 1982-1984 are
shown in Fig. 2. The maximum depth measured
during this period was 32.0 m. The minimum depth
that was recorded was 21.9 m. A seasonal pattern
was seen each year. The greatest clarity normally
occurred in measurements made during the early
summer. A gradual decrease was seen as the summer
progressed. Minimum values were found in August
or September.

Primary production measurements were made
seven times in the period from 1967-1969 and eight
times from 1980-1983 (Table 3). Measurements
were made at midday (1100-1500 hr). The average
total primary production throughout the photosyn-
thetically active portion of the water column (ca. 0

0

10 200 m) was 240 mg C m Zhr! from 1967-1969
and21.4mgCm’ 2hr! from 1980-1983. The slightly
higher overall rates of primary production during the
late 1960s were not significantly different from the
values in the early 1980s. Photosynthetic activity in
the surface water of Crater Lake, which roughly
corresponded to average Secchi dlsk measurements
(ca. 0-30 m), was 24 mg C m’ hr! for the 1967-
1969 measurements and 3.6 mg C m” 2hr! for the
1980-1983 measurements. The rates of photosyn-
thesis in the surface waters of Crater Lake were on
average 50% higher in the early 1980s than the late
1960s. The difference, however, was not statistically
significant,

There was a seasonal pattern in the rate of photo-
synthesis within the surface waters of Crater Lake.
Measurements made in the early summer in all years
were lower in total primary production (Figs. 3-5).
As the summer progressed, higher rates of primary
production were found in the years 1968, 1969, and
1983 when repeated assays were made. The mini-
mum level of primary production measured in the
surface waters occurred on July 16, 1969 (0.5 mg C
m2hr 1) and the max1mum level occurred on August
24,1981 (6.5mgCm’ hr ) The mean of measure-
ments made in all years for August and September
was4.0mgCm’ el , while the mean of measure-
ments made in June and July was 2.2 mg C m2hr.
The difference between the August/September and
June/July means is significantly different at a prob-
ability of error of .012 using either a Student ¢-test
or Mann-Whitney U-test.
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Figure 2. Secchi disk readings for Crater Lake from 1982 - 1984.
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Figure 4. Phytoplankton primary production rates
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The chlorophyll-a data from before 1970 are very
limited. A chlorophyll-a maximum was noted at
100 m on data collected August 5, 1969 (Larson
1972). Near-surface values ranged from .086 to .159
mg m>. Chlorophyll-a data for 1983 ranged from
000 to .930 mg m>. In general, the amount of
chlorophyll-a measured in the 1983 data set showed
a great deal of variation both temporally and verti-
cally within the water column. The highest levels of
chlorophyll-a were measured on August 18 and
September 2, 1983 in the 0-20 m portion of the water
column.

Photometry measurements have also been made
both in the period from 1967-1969 and from 1979-
1985. Three profiles were made in the 1960s and 14
profiles have been carried out from 1979-1985. Two
of the photometry profiles were made exactly 13
years apart on July 16, 1969 and July 16, 1982. The
profiles of % transmittance versus depth for un-
filtered light, blue light, and green light for these two
dates are shown in Figs. 6-8. Unfiltered light and
blue light did not penetrate as deeply into the lake in
1982 as in 1969. The depth of 50% transmittance for
unfiltered light was 11 m in 1969 and 7 m in 1982.
The depth of 10% transmittance was 54 m in 1969

401
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¥ + 14 SEP 1983
it
Y
200 T T
0.0 0.2 0.4 0.6
mg C.m3-hr1

Figure 5. Phytoplankton primary production rates
measured by 14COz uptake on three dates in 1983.
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and 34 m in 1982 (Fig. 6). The depth of 50% trans-
mittance for blue light was 30 m in 1969 and 12 m
in 1982. The depth of 10% transmittance was 69 m
in 1969 and 55 m in 1982 (Fig. 7).

The opposite trend existed for the measurements
of % transmittance of green light on July 16 in 1969
and 1982 (Fig. 8). Green light penetrated further on
this date in 1982 than in 1969. The depth of 50%
green light transmittance was 9 m in 1969 and 14 m
in 1982. The depth of 10% transmittance was 36 m
in 1969 and 44 m in 1982.

TABLE 3. CRATER LAKE PRIMARY
PRODUCTION RATES DURING MIDDAY
UNDER OPTIMAL WEATHER CONDITIONS
TAKEN FROM 1967-1983.

Uptake of 14C0; was used to estimate primary production.

Date mg C m hr! mg C m hr!
0-200m 0-30m

26 Jul 67 18.3 2.7
14 Jun 68 27.3 1.0
23 Jul 68 19.7 22
27 Aug 68 28.1 4.1

16 Jul 69 21.4 0.5

5 Aug 69 20.7 2.6
31 Aug 69 327 35
27 Aug 80 29.4 2.8
24 Aug 81 232 6.5

14 Jul 83 19

15 Jul 83 27.2 25
28 Jul 83 23.7 4.1
29 Jul 83 17.3 2.6

9 Sep 83 11.8 4.0
14 Sep 83 17.5 4.6

Mean & Std Dev.

Depth 1967-1969 1980-1983
(0-200 m) 24.01£54 21.446.2

(0-30 m) 24413 3.6£1.5

DISCUSSION

Has the exceptional clarity of Crater Lake changed
in recent times relative to conditions in the past?
The limited data base which exists suggests that
clarity has indeed declined. The Secchi disk mea-
surements made from 1978-1986 average more than
7 m less than those in earlier periods. The difference
is statistically significant (36.5 m versus 29.1 m).
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The photometry data show a decrease in the pene-
tration of unfiltered light and blue light with an
increase in penetration of green light when 1960s
data are compared to 1980s data. This is in keeping
with an increase of fine particulates in the water
column. Surface water primary production rates also
show a trend towards higher values in recent years.
The regrettable lack of a rigorous long-term data
base for a national treasure such as Crater Lake
makes our conclusion somewhat tentative, but the
evidence points towards a diminished clarity on the
order of about 20%.

Secchi disk measurements are easily made, but
elements such as the visual acuity of the observer,
surface water conditions, light conditions, time of
day, and the size of the disk produce variability in
the reported depth. The measurements analyzed in
this paper were limited to those values where the
measurements were made near midday, under calm
conditions, with bright sunshine, and using a 20-cm
disk. Given the many limitations on the absolute
accuracy of the method, Secchi disk measurements
do still provide a good measure of the transparency
of water to light (Tyler 1968; Wetzel 1983). Secchi
disk transparency generally represents a depth of 1
to 15% transmission with the norm being approxi-
mately 10% of surface light (Wetzel 1983). The
phenomenal clarity of Crater Lake, with the need for
outstanding eyesight to see a small disk at a long
distance, makes the light transmission values usu-
ally somewhat above this 10% value (see Figs. 6-8).
Although the Secchi disk measurements do not rep-
resent the most ideal data for comparison, the con-
sistency of the two data sets and a careful analysis
of the conditions under which measurements were
made provide some confidence that a real difference
exists.

Photometry profiles are less subjective and more
rigorous means than the Secchi disk to analyze lake
clarity, although the number of profiles, particularly
before 1970, is quite limited. The photometry data
support a conclusion of decreased clarity in the
period of 1979-1986 versus the period from 1968-
1969. Larson (1972) published three profiles made
with a photometer that looked at unfiltered, blue,
green, and red portions of the light spectrum. The
measurements were made on June 14, 1968, July 16,
1969, and August 9, 1969. The average depth for
10% transmittance of unfiltered light was 54 m with



DAHM ET AL: SECCHI DISK DATA

a range from 49-58 m. Blue light had an average
depth of 10% transmittance of 67 m with a range
from 64-69 m. Green light had an average depth of
10% transmittance of 37 m with a range of 36-40 m.
These values can be compared to more recent pro-
files such as the July 16, 1982 measurements (Figs.
6-8). The depths for 10% light transmittance in
Crater Lake on July 16, 1982 were 34 m, 55 m, and
44 m for unfiltered, blue, and green light, respec-
tively. Other profiles made with a photometer in the
period from 1979-1986 yield similar results. The
pattern is consistent with an increase in fine partic-
ulates in the water in recent years, which decreases
overall light and blue light penetration but increases
green light penetration due to scattering by the small
particles.

Smith et al. (1973) measured maximum penetra-
tion of light into Crater Lake at a wavelength of 469
nm in the early 1970s. This wavelength is very
strongly in the blue portion of the spectrum (blue is
465.0 nm and green is 526.2 nm as presented in Tam
and Patel 1979). The indication from the recent
photometry data is that maximum penetration has
shifted somewhat towards greener wavelengths. A
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Figure 6. Comparison of unfiltered light transmit-
tance profiles in Crater Lake on July 16, 1969 and July 16,
1982.
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Figure 7. Comparison of blue light transmittance pro-
files in Crater Lake on July 16, 1969 and July 16, 1982.
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Figure 8. Comparison of green light transmittance
profiles in Crater Lake, July 16, 1969 and July 16, 1982.
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repeat survey of light penetration with equipment
capable of such narrow band resolution of light
transmittance would be an excellent method by
which to analyze in more detail the question of
clarity changes within Crater Lake.

The decline in clarity of surface waters within
Crater Lake is due to small particles present in the
upper 30-40 m of the lake. The exact nature of these
particles remains unknown, but a link to phyto-
plankton cells can be seen in at least some of the
periods of diminished Secchi disk readings. A good
example of the possible link to phytoplankton num-
bers was seen in the 1983 data. A diatom, Nitzschia
gracilis, had been noted to occur in large numbers
in the surface waters of Crater Lake (see Larson et
al. 1987). This observation was consistent with the
general increase in the rate of photosynthesis in the
surface waters of the lake, which was seen in both
the 1968-1969 and 1983 studies. Secchi disk mea-
surements in 1983 were ata maximum around 30-31
m in July. Total cell counts for Nitzschia gracilis in
the 0-20 m zone of the water column in July were
also low during this period (Fig. 9). Nitzschia grac-
ilis began a logarithmic growth phase in late July,
which extended through the middle of August. By
the middle of August, Nitzschia gracilis cell count
estimates had reached a total of between 10°-10'°
cells within a 20 m> volume extending from the
surface to 20 m. These levels persisted through the
period of measurement that lasted until mid-Sep-
tember. Secchi disk measurements began to de-
crease during the period of logarithmic growth of the
Nitzschia gracilis. Minimum Secchi disk measure-
ments, including three values less than 25 m, oc-
curred in September when algal cell numbers in the
surface waters were near their maximum. The bloom
of this diatom in the late summer appears to have
decreased the Secchi disk reading in 1983; compa-
rable patterns are seen in 1982 and 1984 (Fig. 2).

The seasonal bloom of Nitzschia gracilis occurs in
waters that are extremely impoverished in nitrogen
and trace minerals (Larson et al. 1987; Dymond and
Collier 1986; Collier and Dymond 1988). The con-
centration of nitrate-N in the surface waters of Cra-
ter Lake during the period from July-September of
1983 never exceeded the detection limit of 1 g I,
The concentration of ammonium-N was also less
than 1 pg 17 on July 8, July 15, and August 10.
Ammonium-N values in the range of 0-5 g r
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occurred in the surface water on August 17, Septem-
ber 7, and September 14. This diatom proliferates in
very oligotrophic waters with extremely low levels
of key nutrients. It is interesting to note that earlier
studies of Crater Lake did not find a large bloom of
this phytoplankton species (Utterback et al. 1942,
Sovereign 1958; Thomasson 1962; Larson 1970;
Larson 1972). It is not known whether the absence
of reports conceming Nitzschia gracilis is due to the
limited nature of past sampling or a much lower
abundance, historically, for the organism. In any
case, this species of phytoplankton presently grows
to great numbers (sometimes exceeding 10% cells 1'1)
in the epilimnion during the period of warmer sur-
face waters, usually above 10°C, which is normally
present in Crater Lake during the middle to late
summer.

The cause or causes for the recent change in clarity
within the surface waters of Crater Lake are not
known. We believe that this change is at least in part
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Figure 9. Secchi disk depths and the log of the sum-
mation of total Nitzschia gracilis algal cells in the 0-20 m
stratum of Crater Lake during the summer of 1983.

associated with greater algal primary production in
the upper portions of the photic zone. Inorganic
particles and increased bacterial numbers may also
play a role. A number of plausible hypotheses can
be put forth to explain the difference in clarity
measured in the 1980s relative to before 1970.
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Some of these include:

(1) Sewage contamination has been entering the
lake through groundwater and surface springs and
has produced a gradual buildup in a chemical con-
stituent, probably nitrogen, previously limiting pri-
mary production.

(2) Changes have occurred within the airshed in
the area of Crater Lake that have altered the compo-
sition of the precipitation and dry fallout entering the
lake.

(3) A shift has occurred in the structure of the
zooplankton community that results in greater over-
all algal numbers in the upper photic zones during
this past decade compared to previous periods of
study.

(4) The algal component of Crater Lake, particu-
larly the diatom, Nitzschia gracilis, has increased in
size and vigor due to adaptation and/or recruitment
into the near-surface waters where algal populations
had been historically restricted in numbers.

(5) Physical processes within the caldera walls of
Crater Lake have somehow become more active in
recent years, adding to the number of inorganic
particles within the lake.

It is impossible at present to sort out the relative
merits of these or other hypotheses. Bits and pieces
of data exist to give some credence to a number of
the above hypotheses. The presence of a spring
below the Rim Village area that may be contami-
nated by sewage remains worrisome. Air quality
within the caldera needs more study, and quantifica-
tion of nitrogen and trace metals inputs to the lake
from airborne sources should be a high priority. The
long-term changes in the structure of the zooplank-
ton community require more years of monitoring. In
any case, the recent work of Jack Dymond and
Robert Collier with sediment traps in Crater Lake
does provide strong evidence that the cycling of
carbon and nutrients within the photic zone is a very
efficient process. Very little of the net annual pri-
mary production within Crater Lake actually leaves
the photic zone (Dymond and Collier, pers. comm.).
If a long-term slow increase of a limiting nutrient to
the photic zone of the lake has been occurring, the
recent biotic response within the phytoplankton
community is not surprising, and the diminished
lake clarity is a by-product of this change in activity.

CONCLUSIONS
The available data from Crater Lake support a
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conclusion of recent decline in clarity. The extent of
this decline is about 20% averaged throughout the
summer months of the study. Secchi disk measure-
ments and photometer profiles are the best data sets
on which to estimate the extent of change in clarity.
Primary production rates in the surface waters and
the bloom of a diatom, Nitzschia gracilis, also point
to changes in the upper photic zone in recent years.
The cause or causes of change in lake clarity still
remain a mystery, although a number of potential
mechanisms have been postulated.
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PHYTOPLANKTON SPECIES DISTRIBUTION IN
CRATER LAKE, OREGON, 1978-1980

N. Stan Geiger1 and Douglas W, Larson’
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2u.s. Army Corps of Engineers, P. O. Box 2946, Portland, OR 97208

The vertical distribution of phytoplankton
in Crater Lake was examined by obtaining
samples during 1978, 1979 and 1980 at the
surface and at 20 m intervals to 200 m at a
single station in the deepest basin of the lake.
Samples were partitioned into material re-
tained by and passed through a 10 microme-
ter mesh net. The fraction passed through the
net, composed predominantly of diatoms,
consistently comprised the highest percent-
age of the total densities. Recurring vertical
distribution patterns of dominant species in
combined fractions were observed through
the three years with Nitzschia gracilis com-
monly more abundant at the surface in late
summer, Tribonema affine more frequently
found at mid-depths sampled, and
Stephanodiscus hantzschii more frequently
found at the lowest depths sampled. Similar
distributions were observed in sampling four
widely-spaced stations in the lake on the
same day.

l l ntil 1978 no systematic survey and analysis
of Crater Lake phytoplankton had been per-
formed. Notes on a few cursory examinations of
attached and planktonic algae samples that were
restricted to summer sampling (Brode 1938; Sover-
eign 1958; Kemmerer et al. 1924; Utterback et al.
1942; Thomasson 1962) prompted the authors to
undertake an initial characterization of planktonic
algae that would provide a basis for more detailed
future studies. Sampling of the lake 1978-1980 was
conducted to obtain information on algae at depths
similar to those studied by Larson in 1969 (Larson
1970, 1972).
Specific objectives of the three-year sampling ef-
fort were to: (1) characterize the species of phyto-
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plankton and their occurrence during summertime
sampling; (2) examine the vertical distribution of
algae species at 20 m intervals to 200 m.; (3) sample
the large and small species more extensively by
partitioning sampler contents into two fractions,
those retained by and passed through a net with
mesh openings 10x10 micrometers; and (4) describe
horizontal distribution of the phytoplankton.

MATERIALS AND METHODS

Samples of water from Crater Lake for phyto-
plankton analysis were obtained during the summers
of 1978, 1979 and 1980 during the months when the
lake was accessible. In 1978, 101 samples were
obtained on 13 occasions from July 11 through
August 29. In 1979, 54 samples were obtainted on 6
occasions from May 23 through August 30. In 1980,
61 samples were obtained on six occasions from
July 10 through October 10. On one date in 1980
four stations were sampled at five depths each.

Water samples were collected from selected depths
from surface to 200 m with a 2.5 liter VanDorn PVC
bottle. Samples were retrieved at a station located
over the northeast and deepest basin of the lake (Fig.
1). The maximum depth sampled was determined on
the basis of light penetration in the lake previously
determined to be 1% of surface light intensity at 100
m (Larson 1972). This depth was doubled in an
attempt to bracket the photic zone. Eleven sampling
depths at intervals of 20 m were routinely sampled.

Contents of a VanDorn bottle were emptied into a
10 micrometer aperture mesh net. The material re-
tained in the net was trasferred to a plastic bottle and
fixed with 3% formalin. An aliquot of the water
passing the net (500 ml) was collected and fixed in
the same manner.
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Figure 1. Bathymetric map of Crater Lake, Oregon, U.S.A. The key sampling station (1) is indicated, from which
nearly all samples were obtained. The locations designated Station 1-4 were sampled July 24, 1980 to assess horizontal

distributions.

Preparation for microscopic observation entailed
subsampling the two types of samples and gently
filtering the aliquots through 0.45 micrometer MF-
Millipore membrane filters. Filters were made trans-
parent by placing the filters on immersion oil on
microscope slides and warming to draw oil into filter
by water evaporation (Lind 1974).

Mounted filters were observed using phase and
brightfield microscopy (American Optical H20).
Counts were made of at least 100 discrete algal
particles (cells or colonies) having distinct chro-
matophores at a magnification of 1000x (Greeson et
al. 1977). This method of preparation provided per-
manent slides for future examination of preserved
material. For supplemental identifications of fragile
species, observations were made with an inverted
microscope (Wild M40). Scanning electron photo-
micrographs of selected small diatoms were made
using a JEOL JSM-35 scanning electron micro-

154

scope. For SEM observations, preserved specimens
were filtered onto MF-membrane (0.45 micrometer)
filters, and subsequently coated with gold-paladium
(100 A thickness) using a Technics Hummer II.

Primary taxonomic references consulted were for
Chrysophyceae, Bourrelly (1968); for Bacillario-
phyceae, Patrick and Reimer (1966, 1975), Sover-
eign (1958), Huber-Pestalozzi and Hustedt (1942),
Archibald (1972); for Chlorophyceae, Prescott
(1962, 1970), Smith (1950); and for Cryptophyceae
and Dinophyceae, Huber-Pestalozzi (1968).

RESULTS

Phytoplankton Taxonomy

The phytoplankton of Crater Lake during the peri-
ods sampled in 1978-1980 consisted of 140 species
of algae (Chrysophyta: Bacillariophyceae 102 spp.
and Chrysophyceae 15 spp; Chlorophyta 11 spp;
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Cryptophyta 3 spp. and Pyrrophyta 9 spp). Diatoms
comprised 73% of the species. A complete listing of
species observed for these three years is provided as
an Appendix. A number of these species were ob-
served only once or twice through the three full
sampling seasons.

Some species that were prominent are not well-de-
fined taxonomically due to the absence of observa-
tions of reproduction (e.g., Mougeotia sp. and
Tribonema affine), scarcity of taxonomic features
(typical of the small spherical cells of an apparent
chrysophyte and a chlorophyte, each frequently
abundant), present taxonomic uncertainty with the
genus (e.g., Nitzschia and Stephanodiscus), or the
hesitancy to assign specific names to certain mem-
bers of a genus that has not been well-described in
the Northwest (e.g., Kephyrion, Pseudokephryion,
Ochromonas and Chromulina).

One of the prominent species throughout the study
was the diatom identified as Stephanodiscus
hantzschii (Fig. 2). This centric diatom was called
S. hantzschii on the advice in 1979 of taxonomist Dr.
Gary Collins of the USEPA laboratory at Cincinnati,
Ohio, who made the first SEM observations of our
Crater Lake material. Subsequent reviews of the
identity of this diatom by other taxonomists suggest
that the name S. hantzschii may require revision

35 1535 071y
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Figure 2. SEM photomicrograph of Stephanodiscus
hantzschii (length of bar equivalent to 1.0 micrometer).
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following more detailed comparisons with other
similar forms of Stephanodiscus.

Another prominent species over the three years
was the diatom named Nitzschia gracilis (Archibald
1972) (Fig. 3). Sovereign (1958) had named a new
species of Nitzschia [exilis] from attached material
collected on the shores of Wizard Island that was
similar to the N. gracilis from the p<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>