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VOLCANIC ACTIVITY AT MOUNT BAKER, WASHINGTON

WATER-QUALITY EFFECTS ON BAKER LAKE OF RECENT
VOLCANIC ACTIVITY AT MOUNT BAKER, WASHINGTON

By G. C. BorTLEsON, R. T. WiLsoN, and B. L. FOXwoORTHY

ABSTRACT

Increased volcanic activity on Mount Baker, which began in March
1975, represents the greatest known activity of a Cascade Range
volcano since eruptions at Lassen Peak, Calif., during 1914-17.
Emissions of dust and increased emanations of steam, other gases,
and heat from the Sherman Crater area of the mountain focused
attention on the possibility of hazardous events, including lava flows,
pyroclastic eruptions, avalanches, and mudflows. However, the
greatest undesirable natural results that have been observed after
one year of the increased activity are an increase in local atmos-
pheric pollution and a decrease in the quality of some local water
resources, including Baker Lake.

Baker Lake, a hydropower reservoir behind Upper Baker Dam,
supports a valuable fishery resource and also is used for recreation.
The lake’s feedwater is from Baker River and many smaller streams,
some of which, like Boulder Creek, drain parts of Mount Baker.
Boulder Creek receives water from Sherman Crater, and its channel
is a likely route for avalanches or mudflows that might originate in
the crater area.

Boulder Creek drains only about 5 percent of the total drainage
area of Baker Lake but during 1975 carried sizeable but variable
loads of acid and dissolved minerals into the lake. Sulfurous gases
and the fumarole dust from Sherman Crater are the main sources for
these materials, which are brought into upper Boulder Creek by
meltwater from the crater. In September 1973, before the increased
volcanic activity, Boulder Creek near the lake had a pH of 6.0-6.6;
after the increase the pH was as low as about 3.5. Most nearby
streams had pH values near 7. On April 29, in Boulder Creek the
dissolved sulfate concentration was 6-29 times greater than in
nearby creeks or in Baker River; total iron was 18-53 times greater
than in nearby creeks; and other major dissolved constituents were
generally 2-7 times greater than in the other streams.

The short-term effects on Baker Lake of the acidi¢c, mineral-rich
inflow depend mainly on (1) the rate of flow and the character of
Boulder Creek water at the time; (2) the relative rate of inflow of the
feedwater from other streams; and (3) whether the reservoir is
temperature-stratified (summer) or homothermal (winter). A distinct
layer of Boulder Creek water was found in the lake in September
1975 extending at least 0.3 miles (0.5 km) downreservoir. The
greatest opportunity for water from Boulder Creek to persist as a
layer and extend farthest before mixing with the other reservoir
water is when Baker Lake is strongly stratified and Boulder Creek
flow rate is large in relation to other feedwater.

Baker Lake probably could assimilate indefinitely the acid loads
measured during 1975, by dilution, chemical neutralization, and buf-
fering of the acid-rich Boulder Creek water. Minor elements found in
Boulder Creek water included arsenic, selenium, and mercury; how-

ever, none of these would reach the limits recommended by the U.S.
Environmental Protection Agency for public water supplies unless
their concentrations increased to several times the amounts found
during this study. Under the prevailing conditions, acid-rich Boulder
Creek water apparently cannot accumulate as a pool or persist as a
layer long enough to reach Upper Baker Dam and attack the con-
crete. However, even if the acid load from Boulder Creek does not
greatly increase, occasional light fish mortalities may result near the
mouth of the creek. Greater acid and mineral loads, resulting from
further increases in volcanic activity or other possible causes, could
be more harmful, especially to the fish. Continued monitoring of
Boulder Creek flow and water quality is needed to detect rapidly any
changes in conditions at Sherman Crater and to provide warning of
possible greater impacts on Baker Lake from any future increases in
Mount Baker activity.

INTRODUCTION

On March 10, 1975, volcanic activity on Mount
Baker increased dramatically in the form of new or
greater emanations of heat, steam and other gases, and
dust from an area of fumaroles (vapor vents) high on
the mountain. The increased volcanic activity has
stimulated great interest and considerable scientific
data collection, partly because it affords the first oppor-
tunity to observe the heating up of a Cascade Range
volcano since eruptions at Lassen Peak, Calif., during
1914-17. Also, because Mount Baker is in the north-
eastern part of the populous Puget Sound region, the
increased volcanic activity has raised much concern
and serious questions about hazards to people in the
vicinity, adjacent forest and recreation lands, and some
of the water resources. The possibilities of hazardous
events, including lava flows, pyroclastic (hot explosive)
eruptions, avalanches, and mudflows—all characteris-
tic of this and similar volcanoes—were judged to have
increased with the recent heat buildup of Mount
Baker. Consequently, some areas on and near the
mountain were closed to public access in the spring of
1975. However, by the end of one year of the increased
voleanic activity, there were no further indications
that an eruption or other catastrophic event was im-
minent. The greatest undesirable natural results of the
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increased activity that have been observed during the

year are an increase in local atmospheric pollution and

a decrease in the quality of some local water resources,

including Baker Lake, the subject of this report.

The purpose of this report is to evaluate and describe
relationships between the volcanic activity on Mount
Baker and the possible impacts on Baker Lake water.
Specifically, the report’s aims are:

1. Present background information on historical and
recent events that are known to affect the surface
waters draining to Baker Lake or have the poten-
tial to do so.

2. Summarize the studies made to date by the U.S.
Geological Survey and others that relate to water
quality in Baker Lake.

3. Provide a preliminary interpretation of water-
quality changes and possible impacts on Baker
Lake.

4. Point out data needs for evaluating any future im-
pact on local water resources.

5. Provide answers (in part, provisional) to questions
raised about water-quality impacts in relation to
management of the water and water-related re-
sources.

The senior author participated in the study in coop-
eration with the Washington Department of Ecology.
Valuable data were contributed by that agency, the
U.S. Forest Service, University of Washington, Puget
Sound Power and Light Company, and Washington
Departments of Game and Fisheries.

THE LAKE AND THE MOUNTAIN
BAKER LAKE

Baker Lake is a man-enlarged reservoir at the
southeastern base of Mount Baker (fig. 1; pl. 1). The
lake is impounded by Upper Baker Dam, located 8
miles (13 km) north of the town of Concrete (fig. 1), at
river mile 9.3 (km 15) on Baker River. The completion
in 1959 of this concrete gravity dam formed Baker
Lake, which is operated by Puget Sound Power and
Light Company for hydroelectric power generation.
The usable storage is 220,000 acre-feet (270 ha?®) be-
tween surface altitudes of 724 feet (221 m) normal full
pool and 655 feet (200 m) minimum operating pool. The
dead storage in the basin behind the dam is about
65,000 acre-feet (80 hm?3). Filling the reservoir inun-
dated about 8 miles (13 km) of the Baker River as well
as the former Baker Lake (1.4 mi, or 2.2 km, long), the
old shoreline of which is approximated by the 70-foot
(21 m)-depth contour on plate 1. The water level in the
reservoir may fluctuate 20-45 feet (6 to 14 m) during a
normal annual operating cycle.

The lake has a drainage area of about 215 square
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miles (557 km?). The east shore of the lake borders the
previous Baker River channel and drops steeply to the
lake surface. The west shore is moderately sloping land
formed in part by alluvial fan deposits from tributary
streams and by past mudflows originating from the
flanks of Mount Baker. The lake is surrounded mostly
by National Forest land.

Baker Lake combines a high value as a resource and
a high degree of susceptibility to damage from events
originating on Mount Baker. Besides its main role in
energy generation, the lake is an important recrea-
tional resource; several campgrounds and boat-launch
sites are located on the west shore. The lake also sus-
tains a valuable fisheries resource as part of the Baker
River drainage, which is tributary to the Skagit River
(fig. 1).

The main link between Mount Baker volcanic activ-
ity and Baker Lake is the channel and valley of Boul-
der Creek. Several streams that enter the lake drain
parts of Mount Baker, but Boulder Creek drains the
part of the mountain exhibiting the increased volcanic
activity. A generalized profile of the Boulder Creek val-
ley from Sherman Crater on Mount Baker to Baker
Lake is shown in figure 2. The stream, where measured
(pl. 1), drains an area of 10.7 square miles (27.7 km2). It
heads at Boulder Glacier and receives flow from sev-
eral smaller streams coming from Boulder Glacier and
Talum Glacier (pl. 1). From Sherman Crater, the pro-
file declines steeply for about the first 4 miles (6.4 km)
at an average gradient of about 1,880 feet per mile (360
m/km). For the remaining 4 miles to the lake, the
boulder-studded, braided channel of Boulder Creek
drops less steeply, at an average gradient of about 320
feet per mile (60 m/km).

The Boulder Creek channel would be a likely route
for any flood, mudflow, or avalanche that might be
generated on Mount Baker in association with the in-
creased volcanic activity. If large enough, these move-
ments of water and debris would enter Baker Lake and
disturb it by varying degrees depending on the type
and amount of material entering the lake and the
speed at which it entered. Even at present, without the
catastrophic events mentioned above, Boulder Creek is
exerting an influence on Baker Lake by bringing un-
usual quantities of acid- and mineral-rich water into
the lake.

MOUNT BAKER

Mount Baker is the northernmost of several rel-
atively young volcanoes in the Cascade Range of
Washington, Oregon, and northern California. Its
summit is 10,775 feet (3,284 m) above sea level and
about 10,050 feet (3,060 m) above adjacent Baker Lake.
The mountain is about 16 miles (26 km) south of the
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Canadian border and well west of the Cascade crest,
being only about 32 miles (51 km) east of the salt-water
shoreline at the city of Bellingham (not shown). The
upper part of the mountain is almost completely cov-
ered by glaciers which flow radially from the rounded
summit (pl. 1).

Volcanic activity and related hazardous events have
been common in the history of Mount Baker but not
during the past several decades. A geologic study by
Hyde and Crandell (1975, p. 1) revealed the following:

Eruptions and other geologic processes at Mount Baker during the
last 10,000 years have repeatedly affected adjacent areas, and espe-
cially the valleys that head at the volcano.*** mudfiows from the
volcano were caused by massive avalanches of volcanic rock that had
been partly altered to clay by steam and other gases. *** Small
amounts of tephra (airborne rock debris) have been erupted at least
four times during the last 10,000 years. *** Eruptions which caused
pyroclastic flows (flows of hot rock debris) evidently occurred during
only one period.***,

From investigation of historical reports, Malone and
Frank (1975, p. 680) judged that “eruptions may have
occurred in the 1840’s and 1850’s but definitely have
not occurred in the 20th century.” The emanations be-
ginning in March 1975 probably represent the greatest
increase in the mountain’s volcanic activity since the
turn of the century, at least; also, records indicate that
the discharge of steam and other gases from two
fumarole fields have been prevalent throughout the
written history of the mountain. The recent increased
volcanic activity is centered at one of these fields, in
Sherman Crater, a prominent crater partly filled by a
small glacier.

The basin of Sherman Crater is nearly 1,300 feet
(390 m) lower than, and about 2,500 feet (760 m) south
of, Mount Baker’s summit. The east rim of the crater,
above the top of Boulder Glacier, has a notch more than
500 feet (150 m) deep, referred to as the east breach.
Prior to the increased volcanic activity, the conditions
at Sherman Crater were described by Frank, Post, and
Friedman (1975, p. 83) as follows:

A stream fed by snow and ice melt water and thermal springs issues
from the crater glacier, flows across the fumarole area, and disap-
pears beneath the avalanche deposit in the east breach. The most
impressive feature here is a roaring fumarole on the streambank
which forcefully ejects vapor and water 1-10 metres from sulfur-
encrusted crevices a few centimetres in diameter in a rock outcrop.
Warm ground, boiling pools, and numerous smaller fumaroles cover
the remaining area. Small fumaroles also perforate the margins of
the avalanche deposit in the east breach***.

The stream referred to is one that flows beneath Boul-
der Glacier and contributes to the water in upper Boul-
der Creek.

PREVIOUS STUDIES AND SOURCES OF DATA

Prior to the increased volcanic activity there had
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been only a few studies that yielded information di-
rectly related to the present investigation. After the
increase in activity, several other studies were begun.
In addition to the more pertinent earlier studies de-
scribed briefly in this section, the following basic hy-
drologic data have been collected at sites shown on
figure 1 and plate 1:

1. Measurements of precipitation or other meterologi-
cal observations at Glacier Ranger Station, Mount
Baker Lodge, Upper Baker Dam, and 12 snow
courses (mountain sites for snow measurements),
of which are located within the Baker Lake drain-
age basin (all stations continuing at present; see
fig. 1). Automatic sensing devices and radio-
telemetry equipment broadcast data from four
snow courses (Easy Pass, Jasper Pass, Schreibers
Meadow, and Marten Lake), including air temp-
eratures, snow-water content, and (at Schriebers
Meadow) cumulative water content in a storage-
type precipitation gage.

2. Gaging of streamflow in Baker River at Concrete
(station 12193500, 1910-15 and 1943-present);
Sandy Creek near Concrete (station 12191000,
1953-54); Baker River below Anderson Creek
(station 12191500, 1910-25, 1928-31, and 1955-
59—site not shown, inundated by Baker Lake);
and Sulphur Creek near Concrete (station
12191800, 1963-73).

3. Water-quality sampling and analysis, Baker River
at Concrete (station 12193500, 16 measurements
during 1961-65).

4. Recording of the stage of Baker Lake (reservoir) and
changes in reservoir volume (station 12191600,
1959 to present).

The meteorological data are available in reports by
the National Weather Service. The calibration meas-
urements of snow depth and water content are pub-
lished in a series of seasonal reports by the U.S. Soil
Conservation Service (Davis, 1959-76), and the tele-
metered data are on file at the Tacoma, Wash., office of
the Geological Survey. All the other hydrologic and
water-quality data are in reports by the U.S. Geologi-
cal Survey (see “References”).

STUDIES PRIOR TO MARCH 1975

Although there have been several previous studies
and many written accounts pertaining to Mount Baker
and Baker Lake, only a few are especially significant to
the present study.

Surveys of the Mount Baker glaciers by repeated
aerial photographs began in 1958 by Austin Post and
in 1964 were made a part of the U.S. Geological Sur-
vey’s Glaciology Research Project. The earlier photo-
graphs of the mountain provide excellent background
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for judgments as to the accelerated melting of snow and | tion of the migration and passage of salmon through
ice produced by the increased volcanic activity on the | hydroelectric reservoirs. The study was based on the
mountain. distribution of water temperature, conductivity, and

In August 1962, a comprehensive limnological study | dissolved oxygen observed from top to bottom at a net-
was begun on Baker Lake by the Washington Depart- | work of stations along nine cross sections. Summary
ment of Fisheries as one section of a major investiga- | data and descriptions of the water circulation, general
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hydrography, and environmental conditions in the res-
ervoir were included in the reports by Westley (1966)
and Goodwin (1967). Detailed data are on file with the

Washington Department of Fisheries.
During 1972-74, a study was made of the volcanic | 1975, p. 77, 83).

heat of Mount Baker as part of a cooperative program
by the U.S. Geological Survey and the National
Aeronautics and Space Administration for thermal
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surveillance of the Cascade Range volcanos. Addi-
tional aerial infrared (heat-sensing) surveys were
made over the mountain each year during 1970-73 by
the U.S. Forest Service (Frank, Post, and Friedman,

The heat emissions were being evaluated in August
1973 when a large debris avalanche came down Boul-
der Glacier (pl. 1). This led to a study that related the
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DISTANCE FROM SHERMAN CRATER TO BAKER LAKE, IN KILOMETERS
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Fi1GURE 2.—Generalized profile along Boulder Creek valley (line of profile, A-A, shown in fig. 1).

recurrence of such avalanches to the melting of snow
and ice and the alteration (weakening) of rock mate-
rials by the heat and gas emanations on the mountain.
The report on the study (Frank, Post, and Friedman,
1975) includes discussion of the heat emissions prior to
1975, the “destructive potential in the Boulder Creek
valley” from the melting of snow and ice, and accumu-
lation and sudden release of floodwaters from Mount
Baker. Baker Lake is the receiving body for any flood
or mudflow large enough to travel for the 8-mile (13-
km) distance from the crater.

The data collected in 1973 allowed Frank (1975) to
describe the temperature and acidic pH! of water
draining from the fumarole fields into upper Boulder
Creek, as well as the time of travel of the water be-
neath Boulder Glacier. Those water-quality data (table
1) are the only data available on the pH of the water
flowing into Baker Lake before 1975.

In 1973, a study of the age and origin of eruptions
and other geologic events on Mount Baker was begun
as part of a project to assess the potential hazards of
Cascade volcanoes. The study showed that, of the many
mudflows that originated on Mount Baker during the
last 10,000 years, at least two within the last few cen-
turies moved down Boulder Creek valley more than 7
miles (11 km)—almost the distance between Sherman
Crater and Baker Lake (Hyde and Crandell, 1975,
table 1).

STUDIES SINCE MARCH 1975

A variety of studies and monitoring activities were
started as a result of the increased volcanic activ-

1A pH value (negative logarithm of the hydrogen-ion activity) of 7 is neutral, less than 7 is
acidic, and greater than 7 is basic. Surface waters with pH values of about 4.5 or less
generally are those receiving certain industrial wastes, or strong acids from volcanic activ-
ity, ore bodies, or mine wastes. Natural waters receiving no such acidic inputs normally
have pH values within the range 6.5 to 8.5. Acidity is closely related to pH, but not the
same. It is the measured capacity of a water or other solution to react with hydroxyl (OH-)
ions to reach an arbitrarily designated pH. Usually, the selected endpoint (equivalence
point) is pH 8.3, which represents complete neutralization of strong mineral acids (if pres-
ent) plus virtually complete neutralization of all reactive weak acids.

ity, described by Malone and Frank (1975, p. 679) as
follows:

In late afternoon on March 10, 1975*** an unusually large dark
gray plume of vapor was seen rising above the rim of the Sherman
Crater near the top of Mount Baker***. A flurry of aerial observa-
tions the following day noted distinct changes from previously
known fumarolic activity in the ice-covered crater. New fumaroles,
ice pits, semicircular crevasses, and ponded water in the crater had
appeared, as well as a thin dusting of gray debris 100 to 300 m
outside the crater. The apparently sudden change in the thermal
regime of Mount Baker was obvious as well as ominous.

The U.S. Geological Survey and other concerned
agencies began the following ground-based and air-
borne monitoring activities on an emergency basis for
rapid evaluation of the situation: aerial and time-lapse
photography; airborne infrared surveys; increased
seismic monitoring; gravity measurements; gas
analysis and temperature measurements; analysis of
ejected particulate material (fumarole dust); tilt mea-
surements to detect possible swelling of the mountain;
and examination of heat-induced changes within ice
caves in Sherman Crater (Malone and Frank, 1975, p.
682-685). Also included, and of special interest for this
study, were field measurements of water quality,
temperature, and flow of several streams draining
Mount Baker and collection of water samples for com-
prehensive chemical analyses (see tables 1 and 4).

A joint-agency monitoring program for surveillance
of the Boulder Creek-Baker Lake-Baker River system
was begun soon after the increase in volcanic activity.
U.S. Forest Service personnel measured pH, specific
conductance, temperature, and water stage in Boulder
Creek about every 3-5 days during the summer of
1975.

Also, about every 2-3 weeks the Forest Service per-
sonnel collected water samples for determination of
common dissolved constituents and heavy metals in
Boulder Creek and in Baker River below Upper Baker
Dam. These and samples from other nearby tribu-
taries draining Mount Baker were analyzed by the
U.S. Geological Survey. The results from this monitor-
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ing program through December 1975 are included in
table 1.

On May 30-31, 1975, biologists of the Washington
Department of Fisheries visited Baker Lake to investi-
gate a fishkill. The fishkill was classed as “light,” and
no cause for it was established. The biologists counted
about 200 dead fish, but the actual number was impos-
sible to determine, even roughly. The fact that the dead
fish were unmarked and included more than one
species suggested that the mortalities probably were
related to water conditions. Further, all the dead fish
were found downlake from Boulder Creek, mainly in
the immediate vicinity (forebay area) of Upper Baker
Dam. This evidence raised conjecture that a plume of
acidic water from Boulder Creek may have somehow
“retained its potency all the way to the dam, where it
built up in the forebay area” in temporary lethal con-
centration (Mark Schuller, Washington Department of
Fisheries, written commun., 1975).

Fishkills related to volcanic activity apparently have
occurred previously in the area. An early account of a
fishkill was provided by Gibbs (1874, p. 357-358), a
geologist with the International Boundary Commis-
sion who reported Indian stories of an eruption of
Mount Baker that resulted in volcanic ash, a large
forest fire east of the voleano, and a massive fishkill in
the Skagit River in 1843.

Concern over possible adverse effects of Boulder
Creek water on Baker Lake and its fish life resulted in
a reconnaissance of the lake on June 6, 1975, by offi-
cials of the U.S. Forest Service and Washington De-
partment of Game. During the visit, water tempera-
ture, pH, alkalinity, and acidity measurements were
made at the mouths of all tributaries and at two places
in the lake (Curtis Kraemer, Washington Department
of Game, written commun., 1975).

Later during the same month (June 16-17, 1975),
the Washington Department of Ecology made a brief
survey on Baker Lake (Roger Stanley and Greg Cloud,
written commun., 1975). Measurements were made of
temperature, dissolved oxygen, and pH at various lake
depths along five cross sections (three near the mouth
of Boulder Creek) and in the lower channels of four
streams draining Mount Baker (Boulder, Sandy, Park,
and Swift Creeks). The biologists concluded that the
area of the lake affected by Boulder Creek water (pH
3.8-4.4) was rather small and ran about 225 feet (69 m)
north of the creek’s mouth, 450 feet (140 m) south, and
roughly 300 feet (91 m) east to near the middle of the
lake. They observed that the pH values were lowest
(that is, acid concentrations were highest) near the
deeper water and that the surface water of Baker Lake
was relatively unaffected.

Biologists of the Washington Department of Game
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returned to Baker Lake on July 18, 1975, and meas-
ured water temperature and pH at the lake surface and
at depth in various places along the former channels of
Boulder Creek and Baker River, which are now inun-
dated by the reservoir water. The measurements led to
the conclusions that the Boulder Creek water was
being diluted and buffered by the Baker Lake water
and that the high acidity of Boulder Creek was then
causing little problem to the fish life in Baker Lake
(Curtis Kraemer, Washington Department of Game,
written commun., 1975).

Periodic measurements of water quality and flow of
Boulder Creek continued throughout the latter part of
1975, and in January 1976 a radiotelemetering
monitor was installed on Boulder Creek to warn of
sudden changes in the character or amount of stream-
flow, which may be early indicators of changing condi-
tions at Sherman Crater. The monitor measures water
stage, pH, temperature, specific conductance, and dis-
solved oxygen. The water-quality part of the monitor
has been operational since April 23, 1976, and the flow
gage for a longer time. The data are relayed hourly by
radiotelemetry to the Tacoma, Wash., office of the

TaBLE 1.—Quality of surface waters and of snowpack draining to
Baker River, near Mount Baker, Washington (expanded from
Wilson and Fretwell, 1976)

[Values are in milligrams per liter, except those for iron, aluminum, man-
ganese, arsenic, boron, lithium, mercury, and selenium, which are in mi-
crograms per liter. Other units are as indicated]

Agency: Abbreviated name of agency making analysis or measurement, fol-
lowed by agency collecting sample (if different). USFS, United States Forest
Service; USGS, United States Geological Survey; WDE, Washington De-
partment of Ecology; WDG, Washington Department of Game; UW, Univer-
sity of Washington.

Time: Local time in 24-hour notation. During 1975, times before April 27 and
after October 26 are in Pacific Standard time; all others are in Pacific Day-
light time.

Instantaneous discharge: Values are in cubic feet per second (cfs), preceded by
“E” if estimated. Multiply by 0.02832 for conversion to cubic meters per
second.

STORET parameter codes: The five-digit numbers in parentheses following
column headings are code numbers for the corresponding parameters in the
national STORET system for storage and retrieval of water-quality data.

pH: Values shown are field measurements unless otherwise noted in "Re-
marks.”

Specific conductance: Values shown are field measurements unless otherwise
noted in "Remarks.”

Turbidity: Values are in Jackson Turbidity Units (JTU; see American Public
Health Association, 1971, p. 349-355).

Sampling and measurement sites: Boulder Creek, at highway bridge in
SW8WY4 sec. 6, T.37 N., R. 9 E. (sta. 12190800) unless otherwise noted. Lat
48°43'00", long 121°41'34".

Park Creek, at highway bridge in SE%SWY% sec. 32, T.38 N., R.9 E (sta.
12190720) unless otherwise noted. Lat 48°43°58", long 121°39'43".

Sandy Creek at highway bridge in NEX4NW?% sec. 24, T.37 N, R.8 E. (sta.
12191000) unless otherwise noted. Lat 48°41°05", long 121°42’23".

Sulphur Creek at highway bridge in SW%SW'% sec. 25, T.37 N., R8 E.
(sta. 12191820). Lat 48°39'33", long 121°42°44".

Rocky Creek at highway bridge in NE%SW% sec. 35, T.37 N, R8 E. (sta.
12191900). Lat 48°38'52", long 121°43'50".

Baker River below Baker Dam in NE%SEY sec. 36, T.37 N, R.8 E. (sta.
12191700). Lat 48°38'54", long 121°41°'47".
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Instantaneous Specific L .
Temperature discharge conductance pH Total acidity  Total acidity
Agency Date Time °C) (cfs) (micromhos) (units) as HY as CaCOa
(00010) (00061) (00095) (00400) (71825) (00435)

BOULDER CREEK DRAINAGE
Sherman Crater

1100 - E0.35 R 3.5 [ I
&2&32 1800 7.0 1400 2.8 4.9 243
8-17-74 0900 8.0 R 1360 3.2 8.2 407
8-17-74 0930 7.2 I 111 3.2 5 25
3-31-75
3-31-75
3-31-75 R -——-- - - - - -——--
3-31-75 [ - —- - - - -
3-31-75 [ P - T == —--- P
6-11-75 1000 34.0 I 3840 2.5 15 745
8-08-75 0900 26.0 I 2400 2.4 11 546
9-05-75 1000 - - 2200 2.6 ——-- -
9-19-75 I 21.2 [ o 28 . I
9-19-75 1200 18.0 I 1980 3.0 12 I
9-30-75 1245 14.7 — 1760 2.8 - I
Boulder Creek
9-02-73 1125 ——- 6.6
9-03-73 1030 3.8
9-04-73 1630 . 6.0
5-28-74 1830 2.0 R 35
7-22-74 1300 N . . 4.7 P R
3-10-75 I - R I I I
3-20-75 1400 o E40-75 U 7 1.6 80
3-20-75 1400 R . [ 2.2 -
3-28-75 1000 3.1 E40 450 38 1.7 85
3-28-75 R I I o R N R
4-04-75 1700 - R . - 3.8 P
4-09-75 1030 . o 560 1.7 85
4-09-75 1100 . I R [ R R
4-29-75 1130 6.4 50 440 3.8 1.8 90
5-04-75 R R eem o 4.3 14 [
5-28-75 1210 8.4 112 200 4.1 .8 40
6-06-75 [ 6.1 E75 195 42 O -
6-16-75 I 12.0 N R 5.5 . -
6-16-75 [ 8.1 S - 4.2 . .
6-16-75 R 12.0 - I 6.8 [ R
6-30-75 1200 9.4 90 255 4.2 8 40
7-03-75 1145 9.0 183 145 3.8 [ I
7-14-75 1120 7.8 - 227 4.0 35
7-16-75 1330 83 - 240 39 R
7-18-75 1300 72 250 3.8 R
7-18-75 8.9 N 4.8 R R
7-21-75 1110 8.9 250 3.8 . .
7-23-75 1300 11.1 I 225 3.9 R [
7-23-75 1530 11.7 e 150 4.0 R R
7-25-75 1430 10.0 . 190 ——— R R
7-28-75 1345 6.1 . 185 4.1 7 35
7-30-75 1030 6.7 R 250 4.1 R R
8-01-75 1500 10.0 . 300 o R R
8-04-75 1315 11.7 O 245 3.9 P R
8-05-75 1100 7.2 s 230 4.1 R R
8-07-75 1430 6.1 I 285 4.1 . -
8-11-75 1300 8.9 - 315 3.9 1.0 50
8-13-75 1545 114 261 225 3.4 PR R
8-14-75 1530 114 - 210 e ——- ———
8-15-75 1340 11.1 R 220 3.7 - -
8-19-75 1430 72 J— 280 3.8 — R
8-22-75 1330 6.1 — 280 4.7 . .
8-25-75 1515 7.0 172 300 3.6 R ————
8-26-75 1030 6.1 R 360 3.7 R R
8-27-75 1330 72 R 250 3.8 I N
9-02-75 1300 7.2 . 280 3.8 R .
9-12-75 1045 7.8 R 250 4.0 7 35
9-15-75 1330 10.6 PR 200 3.6 . ——
9-18-75 1045 7.8 — 250 4.0 - -
9-19-75 1415 9.4 [ 280 3.9 - ——
9-25-75 1440 7.8 J— 290 3.7 - R
9-26-75 1100 7.2 I 320 4.1 1.3 65
10-02-75 1405 8.9 - 200 3.8 R R
10-06-75 1330 4.4 [ 240 4.2 R R
10-16-75 1300 6.1 R 170 49 4 20
10-21-75 0930 5.6 [ 190 5.1 e R
10-22-75 1320 56 E65 156 4.9 3 R
10-24-75 1220 5.0 PRV 260 4.9 e PR
10-30-75 1300 5.0 I 105 5.5 I
11-03-75 1430 4.4 . 98 4.8 R R
11-11-75 1100 3.9 ——e 185 5.0 ———i R
11-12-75 1230 3.9 PR 180 49 P .
11-13-75 1230 4.2 R 169 5.5 4 20
11-21-75 1330 3.9 R 190 5.1 R o
12-18-75 1300 2.8 e 275 5.0 c—ee R
12-22-75 1200 33 R 200 5.6 . PR
12-31-75 1430 22 . 135 R R R
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50
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5.5

15
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Instantaneous Specific
Temperature discharge conductance . Total acidity Total acidity
Agency Date Time °C) (cfs) (micro-mhos) pH (units) as H+ as CaCOs
(00010) (00061) (00095) (00400) (71825) (00435)
PARK CREEK
1625 PR I I 6.8 R R
1430 o [ . 6.8 . I
0930 0.9 R 124 7.4 0.0 0.0
1630 e R 110 7.3 I R
1030 3.1 42 60 7.5
1040 5.4 127 46 7.4 0 0
R 53 E150 55 6.8 R I
. 6.3 . e 71 R R
1350 8.9 115 60 7.7 R R
1330 7.6 251 27 6.8 . [
1430 7.0 238 34 7.2 I I
1300 6.1 170 40 71 P R
1320 6.1 147 45 R —- U
1245 7.8 153 42 SR e R
1545 8.9 270 30 - I -
1520 7.2 250 30 I e R
1130 5.6 290 28 7.3 R R
1330 5.6 153 40 7.6 R —
1330 3.9 147 44 - R R
1145 6.7 168 42 7.4 - [
1300 5.0 147 34 [ R R
1130 5.9 100 556 82 R
1735 6.6 194 30 6.3 et
1405 6.6 194 34 7.7 o
1300 6.7 144 36 7.0 o
1345 5.0 125 41 — e -
1630 - 93 - e JUN [
1100 8.1 125 54 8.1 R o
1300 5.6 210 41 7.2 - R
1115 6.1 142 41 7.5 R R
1400 6.7 175 34 7.0 R e
1145 5.0 75 59 7.4 R P
1355 6.7 88 55 7.2 - R
1530 6.1 75 50 7.0 PR R
1020 4.4 63 64 8.3(7) PR R
1430 5.6 135 40 7.1 . .
1400 3.9 100 59 7.1 . I
1200 6.1 168 51 7.7 o .
1345 5.6 92 104 72 o o
1545 5.0 92 60 7.1 o .
1130 4.4 I 160 7.3 L o
1100 5.0 46 7.1
1230 3.3 160 7.0
1130 3.3 75 7.0
1045 33 R 75 74
1430 2.8 I 120 7.0 o o
1330 1.7 - 140 7.0 o T
1100 2.2 I 120 7.6 -
1345 22 64 e
SANDY CREEK
USGS - 3-28-75 1030 1.6 R 57 7.3 - I
4-29-75 1320 5.8 47 50 6.7 0.1 5
6-06-75 I 5.0 E60 46 6.9 . I
6-16-75 R 6.2 R P 71 I R
SULPHUR CREEK
UW/USGS__ JUS 3-20-75 1515 I I I 7.1
USGS ____ - 3-28.75 1050 2.2 oo 140 76
Do . 4-29-75 1350 6.8 20 126 7.1
ROCKY CREEK
USGS . 7-22-74 1100 R - - 5.9 I I
DO ool 4-29-75 1630 6.6 22 48 7.1 0.2 10
BAKER RIVER
3-28-75 1200 39 R 62 6.6 e .
4-29-75 1430 6.1 E60 68 6.7 03 15
5-28-75 1600 82 U 44 6.9 1 5
6-06-75 R 6.1 R R 6.9 R R
6-30-75 1035 9.4 P 37 7.3 o -
7-14-75 1545 11.1 e 38 6.9 I R
7-28-75 1050 11.1 R 30 7.2 R [
8-11-75 1000 11.4 - 44 72 o ee-
82275 1100 12.2 R 40 [ R e
9-12-75 0930 12.2 I 44 7.2 e -
_____________________ 9-26-75 1300 12.8 PR 52 6.8 2
10-16-75 1005 11.7 I 57 7.2 0
10-22-75 1215 9.6 . 49 6.6 [
- 10-30-75 1500 8.9 R 83 74 1 I
- - 11-13-75 1310 6.1 R 60 72 1 R
______________________ 12-22-75 1350 3.9 - 80 6.9 1 J
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Dissolved
Dissolved Dissolved magnesium Dissolved Dissolved Bicarbonate Carbonate Alkalinity Dissolved Dissolved Dissolved
silica (Si0z2)  caleium (Ca) (Mg) sodium (Na) potassium (K) (HCOs) (COq) as CaCOs sulfate (SO4) chloride (C)  fluoride (F)
(00955) (00915) (00925) (00930) (00935) (00440) (00445) (00410) (00945) (00940) (00950)

PARK CREEK

I o - I o - T - i o sy

o o o - e I - o 56 o
o - o o o = = o 84 -
o o o o . - o o 14" . s)
S T o o I o i S 89 =
o - . o < = o = 40 o
- o o = - o o o 1 -
I o . o 17

SANDY CREEK

12 61 10 20 086 18 o 15 52 13 o1

SULPHUR CREEK

21 12 3.6 5.2 1.5 35 0 29 24 19 01

ROCKY CREEK

6.4 9.2 0.9 1.4 0.3 21 0 17 6.4 0.8 0.1

BAKER RIVER

58 5.9 11 1.2 5 15 0 12 75 1.3 1

o = o L = i S I 5.0 - T
o T - o I o o I 55 i o
8.3 1

I PR [ R R R R R 9.4 - By



B12 VOLCANIC ACTIVITY AT MT. BAKER

Dissolved
Dissolved solids Non-
phosphorus  phosphorus (sum of Hardness carbonate oxygen iron
(N) ) ) constituents)  (Ca, Mg) hardness (DO) (Fe) (AD
(00610) (00620) (00671) (00666) (70301) (00900) (00902) (00300) (01045) (01105)

Dissolved
Ammonia Total ortho-
nitrogen nitrate

Dissolved Total Total
aluminum

Date

BOULDER CREEK DRAINAGE
Sherman Crater

9-03-73
5-28-74
8-17-74
8-17-74

3-31-75
3-31-75

3-31-75 _

3-31-75
3-31-75

6-11-75

8-08-75
9-05-75

9-19-75
9-19-75
9-30-75

0.
.08(?)
.05

0.00
07 JR—
.07

587
756
59

1,850

1,240

340

290
350
14

480

340

110

19,000

38,000

Boulder Creek

9-02-73

11-03-75

11-11-75
11-12-75
11-13-75
11-21-75
12-18-75

12-22-76 __

12-31-75

>0.23

.08

]

o3

03
"6

08

0.02

.01

74

124

167

101

m

82

75l

66
T4z

28

41

20,000

16,000

850

22,000

7,700

9.700

5,600
440~

2,800

1,400
1,200
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Total Total Total Total Total Total
manganese arsenic boron lithium mercury selenium
(Mn) (As) (B) (Li) (Hg) (Se} Remarks
(01055) (01002} (01022) (01132) (71900) (01147)
BOULDER CREEK DRAINAGE
Sherman Crater

- - - —--- ---- - Sample from creek near outlet of crater, UW sampling site BW-3. pH measured in labora-
tory.

PR ---- 220 0 ---- —--- Sample from creek near outlet of crater, UW sampling site BW-3. pH measured in labora-
tory. Questionable ionic balance.

450 - 120 0 . - Sample from creek near outlet of crater, UW sampling site BW-3. Questionable ionic bal-
ance.

0 - 580 0 - - Sample from natural water fountain, UW sampling site BW-4. Laboratory pH 4.2.

R R I N R . Sample consisted of clean snow below ash layers, center of crater.

I N R S R I Sample consisted of snow containing 8-10 cm surface layer of ash, center of crater.

I - I I I I Sample consisted of ice with 3-cm layer of ash.

I e e I I Sample consisted of snow containing thin layer of ash, southeast quadrand of crater.

I I I I I I Sn&\lvv sample including thin layer of ash mixed with ice under 3 cm of new snow, Squak

acier.

I 9 200 60 I 1 Sang)le from lake in central pit, UW sampling site BW-5. Field specific conductance 3,760.
S04 2,095 by UW (7/2/75).

960 4 2,500 I 0.1 I Sample from lake in central pit, UW sampling site BW-5.

Sample from UW sampling site BW-13, creek about 30 meters upstream from BW-3 (sev-
eral fumaroles, but no significant water sources between the two sites).

Sample from creek on UW sampling site BW-3.

Sample from creek at UW sampling site BW-13.

Sample from creek at UW sampling site BW-13.

Boulder Creek

Turbidity 190 JTU; pH measured in laboratory. .

Sample from Boulder Creek at terminus of Boulder Glacier; pH measured in laboratory.
H measured in laboratory.

gample from Boulder Creek at terminus of Boulder Glacier; pH measured in laboratory.

pH of 4.2 measured in laboratory.

Turbidity 200 JTU. ) )

Water milky, very turbid; distinct smell of HaS. Small black particles (volcanic ash?) floati-
ing in pools.

Turbidity 380 JTU.

Turbidity 500 JTU.
Water milky gray.
Turbidity 190 JTU.

Measured at mouth, in Baker Lake.
Measured at north edge of mouth, in plume of creek water in Baker Lake.
Measured at south edge of mouth, in Baker Lake.

Sample from mouth of Boulder Creek.

Turbidity 240 JTU.

Bicarbonate and alkalinity values are due to an increase in pH of sample prior to analysis.

No bicarbonate in ion because of decrease in pH prior to analysis.
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Dissolved Dissolved
Ammonia Total ortho- Dissolved solids Non- Dissolved Total Total
Date nitrogen nitrate phosphorus phos%!mrus (sum of * Hardness carbonate oxygen iron aluminum
N) ) { P) constituents) (Ca, Mg) hardness (DO) (Fe) (Al
(00610) (00620) (00671) (00666) (70301) (00900) (00902) (00300) (01045) (01105)

PARK CREEK

0.03 i o o o

136
8-26-75
8-27-75
9-12-75
9-15-75
9-18-75 R . e O R . R U N ———
91975
99575
9.26-75
10-02-75 _
10-06-75 _
10-16-75
10-21-75 _
10-22-75
10-24-75
10-30-75
11-11-75

11-12-75 _
11-13-75

11-21-75 R -—-- R R R - -

12-18-75 R - I - R R - - -
12-22-75 _ R R R - R I R PR [
12-31-75 R R R O —— R U - -—--

0.06 37 19 5 0

R R R - —— R 13.6

SULPHUR CREEK

3-20-75 ______ ... .01 0.01 0.01 0.02 I . - — R

04 87 45 167 1o

ROCKY CREEK

42975 . 0.19 36 27 ) o 30 o

BAKER RIVER

""""""""" I 0.1 - - ‘a6 ‘29 16 - 130 -
o 004 10 31 19 7 470

______________ .05 .02
J— .02

R 33 20 11 I 1,200 310
31 16 9 o 480 500

- 28 8
.06 .07 .00 36 19 3 750 600
______________ 22 3 550 480
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Total

manganese

(Mn)

(01055)

Total

arsenic

(As)
(01002)

Total
boron

(B)
(01022)

Total
lithium

(Li)

(01132)

Total
mercury

(Hg)
(71900)

Total
selenium
Remarks

(Se}
01147

PARK CREEK

H measured in laboratory.
urbidity 0.3 JTU; total phosphorus (P) 0.01 mg/l.

0 Questionable bicarbonate value.
I Field alkalinity measured 2 grains Fer gallon.
R Measured about 100 feet upstream from mouth.

R Turbidity 60 JTU.

I Water very muddy due to road maintenance.

SANDY CREEK

i

e Measured about 100 feet upstream from mouth.

SULPHUR CREEK

[ Turbidity 0.5 JTU; total phospherus (P) 0.03 mg/l.

ROCKY CREEK

40

Measured near Easton Glacier Terminus.

BAKER RIVER

R Field alkalinity measured 2 grains per gallon.
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Geological Survey. The Boulder Creek monitoring sta-
tion (12190800) is located about 200 feet (60 m) up-
stream from the highway bridge crossing, which was
the site for previous flow measurements and sample
collections. The station is 6.6 miles (11 km) down-
stream from the crater and about 1.4 miles (2.2 km)
upstream from the lake.

QUALITY OF SURFACE WATERS DRAINING
TO BAKER LAKE

WATER IN SHERMAN CRATER

The increased volcanic activity during 1975-76 has
produced a number of specific changes in Sherman
Crater that affect the surface waters draining to Baker
Lake or have the potential to do so, including (1) in-
creased heat, which accelerated the melt rate of snow
and ice in and immediately outside Sherman Crater;
(2) increased gaseous emanations; and (3) spewing out
of fumarole dust. The dust particles and gases are the
main sources of the acidity of the Sherman Crater
water.

A large circular depression formed in the ice fill near
the center of the crater and was enlarged considerably
by the steam activity during March 1975. In April the
depression collapsed and a highly acidic lake was ex-
posed at the bottom of a 130-foot (40 m)-deep ice pit. On
June 11, 1975, a water sample from this central lake
had a pH of 2.5 (table 1) and an acidity (see footnote 1)
of 15 mg/liter as H+ (milligrams per liter as hydrogen
ion). The pH of the crater water on that date was not
much lower (not much more acid) than pH values
measured during 1973 and 1974 in the stream that
flows through the east breach. Those earlier values
ranged from 2.8 to 3.5 pH units (table 1). However, the
flow of water through the east breach probably was
greater during the June 11, 1975, measurement than it
had been during the earlier measurements, making
the total acid discharge greater.

As the 1975 summer progressed, previously unob-
served fumaroles appeared as the unusually wide-
spread melting continued (fig. 3). Whether the overall
area of fumaroles gradually continued to increase after
March 10 or had existed previously and was merely
uncovered was not entirely clear according to Malone
and Frank (1975, p. 682). If new fumaroles continued
to open up, they presumably would represent increased

opportunity for emanations of heat, gases, and fuma--

role dust, which, in turn, means increased opportunity
for acidification of the meltwater by oxidation of the
sulfur-bearing fumarole dust and gases.

On August 8, 1975, a water sample from the central
lake in the crater had a pH of 2.4 and an acidity of 11
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mg/liter as HT (table 1). Although this is very acidic
for a natural water, it is about 3,200 times less in
hydrogen-ion concentration than a standard solution of
concentrated laboratory sulfuric acid, for example. The
mineralized nature of the crater water is shown by the
analysis of the August 8 sample, which had a specific
conductance of 2,400 micromhos, dissolved sulfate
content of 960 mg/liter, total iron content of 19,000
wng/liter (micrograms per liter), total aluminum con-
tent of 38,000 ug/liter, and boron content of 2,500
ug/liter (table 1).

Fumarole gases bubbling through the water and,
possibly, a warm lake bed kept the central lake heated
to a temperature of 34°C on June 11 and 26°C on Au-
gust 8, 1975. The increased heating of the crater out-
flow is indicated by before-and-after temperatures of
the stream that flow through the east breach (table 1):

Date Temperature (C)
May 28, 1974 (before increased activity) ____________________ 7.0
August 17, 1974 (before increased activity) .. ____________ 8.0
September 19, 1975 (after increase began) __________________ 21.2

Sulfur in the fumarole dust deposits described by
Frank, Meier, and Swanson (1977, table 6) and aerosol
and gas measurements made in the vicinity of Mount
Baker by the University of Washington Cloud Physics
Group (Radke and others, 1976) indicate appreciable
emissions of particulate and gaseous sulfur from the
fumaroles. Measurements of sulfur (assumed to be
gaseous hydrogen sulfide) were made by aircraft dur-
ing a series of traverses of the plume downwind of the
mountain. The sulfur emissions were estimated to be
0.77 pounds per second, or 0.35 kilograms per second
(kg/s), on March 27, 1975, and 2.9 pounds per second
(1.3 kg/s) on June 30, 1975 (Radke and others, 1976,
p- 93). Thus, the reported emission was 3.7 times
greater during the second flight than during the first.
In fact, the emission rates of gaseous sulfur on June 30
were comparable to the largest single industrial source
of sulfur in the Pacific Northwest (Radke and others,
1976, p.93). The gaseous sulfur concentrations ob-
served along flight lines downwind from the mountain
reportedly were too low to constitute a hazard from
hydrogen sulfide toxicity, but concentrations encoun-
tered above the crater may have reached the maximum
limit for short-time exposure of humans. Very small
aerosol particles also were found in the plume ef-
fluents; those greater than about 1 micrometer in
diameter consisted predominantly of silicon, alumi-
num, sulfur, potassium, and calcium (Radke and
others, 1976, p. 94).

The long-range atmospheric impact of the airborne
particles and sulfurous gases is not known, but if these



WATER-QUALITY EFFECTS ON BAKER LAKE, WASHINGTON

B17

T

Ficure 3.—View on July 3, 1975, looking west-northwest into Sherman Crater, showing major fumaroles (steam areas) and deposits of
fumarole dust (a) on the snow and ice in the crater. Central ice pit and warm lake (b) and enlarged former warm lake (c) are visible
among steam plumes. Meltwater from the crater flows toward viewer through the east breach (d) and passes beneath Boulder Glacier
(lower right edge of photograph) to reach upper Boulder Creek (not shown). Sherman Peak (e) and Lahar Lookout (f) are identified

on plate 1. (Photograph by Austin Post, U.S. Geological Survey.)

materials are sufficiently abundant they presumably
could cause the rainfall to be more acidic than normal
(Cogbill and Likens, 1974, p. 1133). In addition, if
aerosols containing heavy-metal compounds are suffi-
ciently concentrated in streams (particularly ions of
metals such as iron and aluminum), they may hydro-
lyze in water to release additional acidity. However,
the water-quality data from local streams other than
Boulder Creek (Park, Sandy, Sulphur, and Rocky
Creeks) that drain Mount Baker indicated no unusu-
ally low pH values during 1975 (table 1), suggesting
that these processes were not producing measurable
amounts of acid.

BOULDER CREEK AND OTHER STREAMS

Prior to 1975, little was known about the flow or
character of the water in Boulder Creek and other
small streams that bring water to Baker Lake from
Mount Baker. Frank (1975) had proven by dye-tracer
studies that water flowing from Sherman Crater
passed beneath Boulder Glacier and surfaced in Boul-
der Creek at the glacier terminus. Frank also provided
the only available water-quality measurements and
samples of Boulder Creek at the glacier terminus (1973
and 1974) and the 1973 pH measurements in Park
Creek and in Boulder Creek near the present monitor-
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ing station (pl. 1). Unfortunately, no data are available
on the flow of the creeks at those times, which would be
needed to estimate the load of acid or other dissolved
constituents formerly reaching the lake.

The pre-1975 pH data for Boulder Creek, sum-
marized from table 1, are included in table 2. As table 2
shows, in the summer of 1973 acidic water from Sher-
man Crater (pH 3.5) had been traced to the head of
Boulder Creek (pH 3.8), at the lower end of Boulder
Glacier. At that time, however, the pH of Boulder
Creek water increased considerably before the water
reached Baker Lake, as less-acid water from other
parts of the creek’s drainage area diluted and buffered
the acidic water from the crater. Corresponding pH
measurements in lower Boulder Creek, near the pres-
ent station, showed that the water there had a pH of
about 6-6.6, only slightly more acidic than water in
nearby Park Creek (pH 6.8; table 1). However, field
measurements soon after the increase in volcanic ac-
tivity showed an obvious acid condition (and possible
slight increase in temperature) of the water in lower
Boulder Creek, indicating that the crater water was
more dominant even 6.6 miles (11 km) downvalley
from the crater. Also, during some early sampling vis-
its, the lower Boulder Creek water had a rotten egg
odor typical of hydrogen sulfide gas.

Sampling and water-quality measurements since
March 10, 1975, show the amount of pH decrease in
lower Boulder Creek that resulted from the increased
voleanic activity. The frequent monitoring of lower
Boulder Creek also has revealed significant changes in
its water quality since that date. A pH measurement
on March 20 was 3.7, and throughout most of the sum-
mer the pH in Boulder Creek ranged from 3.4 to 4.8,
with a median value of 3.9. One of the lowest pH values
measured (3.4) was, surprisingly, during August, a
time of high streamfiow in Boulder Creek from high-
elevation snowmelt (table 1). For the pH to remain so
low at higher rates of flow, the supply of acid from the
crater area had to increase significantly; if not, the acid
would have been diluted more by meltwater from adja-
cent areas. Although the water-quality data for the
sampling sites on the mountain are meager, the pH of
the Sherman Crater water remained low (pH 2.4-2.6)
even while the rates of melting in the crater were un-
usually high.

Translating the pH values into acid load, Boulder
Creek supplied an estimated equivalent of 1,200 to
2,400 pounds of concentrated sulfuric acid per day (560
to 1,090 kg/day) to Baker Lake during March through
June 1975. During June through August, the creek
supplied an estimated equivalent of 7,600 to 27,400
pounds of sulfuric acid per day (3,400 to 12,400 kg/day).
During the late fall of 1975 and throughout the winter
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TaBLE 2.—Temperature, specific conductance, pH, and acidity of wa-
ters in Sherman Crater and in Boulder Creek (summarized from
table 1, with additions).

Spe- Total
cific acidity
Temper- con- (milli-
Date ature duct- pH grams Remarks
°C) ance  (units) per liter
(micro- as hydro-
mhos) gen ion)
per
centi-
meter
at
25°C

Sherman Crater (sampling sites as listed)

Creek near outlet of crater

I 3.5 [

5-28-74 ... 7.0 1400 2.8 4.9 (site BW-3).

Do.
8-17-74 __._.. 8.0 1360 3.2 8.2 Do.
6-11-75 . _.____ 34.0 3840 2.5 15 Lake in central pit

(site BW-5).

8-08-75 .___.._ 26.0 2400 2.4 11 Do.
9-05-75 ______ _.__ 2200 2.6 R Creek at site 98 feet (30 m)
9-19-76 ______ 18.0 1980 3.0 12 upstream from BW-3.
9-30-75 ______ 14.7 1760 2.8 Do

Do.

Boulder Creek (sta. 12190800, pl. 1, unless otherwise noted)

902-73 _..... ... 6.6

9-03-73 ____._ _... 3.8 Boulder Creek at terminus of
Boulder Glacier

90473 ______ _.__ [ 6.0 R

5-28-74 ______ 2.0 380 3.5 1.0 Boulder Creek 0.75 mi

(1.2 km) downstream from
terminus of Boulder Glacier

. 4.7 s

R 3.7 1.6

560 34 1.7

___ 4.3 1.4

8.4 200 4.1 .8

6.1 185 4.1 7

7.2 320 4.1 1.3

10-22-75 ______ 56 156 4.9 .3

11-13-75 ______ 4.2 169 5.5 4

12-22-75 _.___. 3.3 200 5.6 2
4-07-76 ______ ____ 135 5.2 I Boulder Creek at mouth.

42376 ... 5.0 140 5.2 2

rainy season, the pH of Boulder Creek rose to about 5.0
or higher. Likewise, the acidities ranged from 0.4 to 3.8
mg/liter as H' during spring to early fall and dropped
to 0.1 to 0.4 mg/liter as Ht by late fall and winter. On
October 22, 1975, the estimated acid load decreased to
an equivalent of about 220 pounds of sulfuric acid per
day (98 kg/day). The trend of higher pH and lower
acidities continued into the early spring of 1976. For
example, Boulder Creek water had a pH of 5.2 on both
April 7 and April 23, 1976 (table 2). The higher pH and
lower acidities during the winter months and early
spring of 1976 may be due to (1) decreased acidity re-
lated to a change in volcanic activity; (2) a temporary
decrease in discharge of acid water due to damming
near the crater; (3) runoff and storage of precipitation
in patterns different from those earlier in 1975; or
(4) decreased availability, for solution (or suspension)
by meltwater, of acidic material derived from the ini-
tial “clearing out” of the fumaroles—for example, the
fumarole dust (fig. 3) that spewed out abundantly dur-
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ing spring and early summer of 1975, but which has
diminished since that time.

During 1975, while median summertime pH in
Boulder Creek was 3.9, the pH in nearby streams
ranged from 6.3 to 8.3, with most values near pH 7.0.
Immediately downstream from Baker Dam the median
pH of Baker River was 6.9 during 1975. The concentra-
tion of dissolved constituents of Boulder Creek, indi-
cated by specific conductance measurements, was quite
high in relation to nearby streams. In 1975, the aver-
age specific conductance was about 240 micromhos in
Boulder Creek compared to about 50 micromhos in
nearby streams and in Baker River below Baker Dam.

For comparison purposes, concentrations of dissolved
constituents in one set of samples, collected April 29,
1975, from several sources, are shown on table 3. The
sampled waters included tributary streams draining to
Baker Lake (Boulder, Park, and Sandy Creeks); Sul-
phur and Rocky Creeks, which drain into Lake Shan-
non; and Baker River below Baker Dam (pl.1). As
table 3 shows, concentrations of all the listed con-
stituents, dissolved silica, calcium, magnesium, so-
dium, potassium, sulfate, chloride, and fluoride, were
higher in Boulder Creek than in nearby streams or in
Baker River. The concentrations of the major con-
stituents, except for total iron and dissolved sulfate,
were generally 2-7 times greater in Boulder Creek
than the other streams; sulfate concentration in Boul-
der Creek was 6-29 times greater. The few available
data on flow rates at the times when samples were
collected (table 1) suggest that the sulfate load in
Boulder Creek during March 28-June 30, 1975, was
about 40,000-46,000 pounds (18,000-21,000 kg) per
day. In contrast, the sulfate load in Park Creek was on
the order of 3,800 to 6,700 pounds (1,700-3,000 kg) per
day during the period.

Table 3 shows that the total iron concentration of the
Boulder Creek sample was about 18-53 times greater
than that of the other small streams but only 1.2 times
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the concentration in the Baker River samples. In 1975,
the median iron concentration of Boulder Creek was
3,700 ug/liter, which is about 12 times higher than the
recommended limit for public water supplies (300 ug/
liter). With the exception of total iron, the common
constituents and heavy metals in Baker River water
below Baker Dam were at normal background
concentrations detected in other streams draining to
Baker Lake (other than Boulder Creek). The concen-
trations of total iron in Baker River below Baker Lake
ranged from 430 to 1,200 ug/liter throughout 1975, in
contrast to a background of 0-30 ug/liter for Park,
Sandy, Sulphur, and Rocky Creeks. During a previous
sampling period (1961-65), fairly high total iron con-
centrations had been observed in Baker River at Con-
crete (station 12193500) below Lake Shannon. At that
station (not shown on pl. 1), total iron in 15 samples
ranged from 90 to 810 ug/liter, and the mean was 250
pg/liter. Unfortunately, no comparable iron-
concentration data are available for either upstream
parts of Baker River or for lower Boulder Creek prior to
the increased volcanic activity. However, a total iron
concentration of 3,200 ug/liter in a May 1974 sample of
Boulder Creek at the terminus of Boulder Glacier (ta-
ble 1) and the obvious iron oxide coatings on rocks
along the lower Boulder Creek channel indicate that
the creek characteristically had high concentrations of
iron. The data are not adequate to indicate how much
of the iron content of Baker River is attributable to
Boulder Creek.

WATER-QUALITY IMPACT ON BAKER LAKE
SEPTEMBER 1975 LAKE SURVEY

For the present study, a preliminary survey on
Baker Lake was made in September 1975 by G.C. Bor-
tleson and colleagues in the U.S. Geological Survey.
The study was made, in cooperation with the Wash-
ington Department of Ecology, to measure various

TaBLE 3.—Concentrations of common constituents and heavy metals in streams draining to Baker Lake and Baker River on April 29, 1975
(sampling sites shown on pl. 1; data from table 1)

Milligrams per liter

Micrograms per liter

Stream Dissolved Dissolved Dissolved Dissolved Dissolved Dissolved Dissolved Ihssulved  Total Total Total Total

silica calcium  magnesium  sodium potassium sulfate chloride fluoride  iron arsenic boron selenium
(Si02) (Ca) (Mg) (Na) (K) (804) (Ch (Fy (Fe) (As} (B) (Se)

Boulder Creek __.._._ . .. ___ 35 35 5.5 10.0 1.6 150 3.1 0.7 530 11 280 1

(sta. 12190800) .. .________.__ 23 an 2.4) 4.7 (1.4} (110} (1.8 (.4) (3700) 6) (120} By}

Park Creek

(sta. 121907200 ________________ 84 11 2.1 2.7 8 15 1.1 .1 30 1 60 0

Sandy Creek

(sta. 12191000} ____.___.. . ______ 12 6.1 1.0 2.0 6 5.2 1.3 1 0 0 50 0

Sulphur Creek

(sta. 12191820) 21 12 36 5.2 1.5 24 1.9 1 10 0 70 0

Rocky Creek

(sta. 12191900y _____________ ... 6.4 9.2 9 1.4 3 6.4 8 1 30 1 40 0

Baker River 8.9 9.3 1.5 2.2 6 14 1.5 1 430 2 50 0

(sta. 12191700) _._____.________ (6.8) (6.8) (1.1 (1.5) €.5) 9.1 9 1y (5500 ()} (40) (0)

'Numbers in parentheses are median concentrations for 1975 (19 or fewer samples).



B20

water-quality characteristics in the lake, especially
near the inflow of Boulder Creek. Specific conductance,
pH, temperature, and dissolved-oxygen measurements
were made near the water surface and lake bottom,
and in vertical profiles at two stations. The measure-
ments were made from a small boat using a Martek
(Mark II) water-quality monitor,2 which was calibrated
before and after the field measurements.

At the time of the survey, Boulder Creek entered
Baker Lake mainly from two channels (three channels
at higher flows, fig. 4). The southern channel carried
most of the flow. The turbidity of Boulder Creek water
produced a murky gray color in the lake for a distance
of about 50-75 feet (15-23 m) offshore (fig. 4). A slight
hydrogen sulfide odor was detected in the air near the
mouth of the creek. On September 3, the first day of the
lake survey, water at the mouth of Boulder Creek had
a temperature of 10.0°C and a specific conductance of
260 micromhos per centimeter (at 25°C), and a pH of
3.8. The estimated discharge from Boulder Creek was
75 cubic feet per second (2.1 m3s).

To determine the effect of the acid-rich water of
Boulder Creek on Baker Lake, 88 water-quality sta-
tions (on seven cross sections) were located near Boul-
der Creek (fig. 5). Six cross sections were established
approximately perpendicular to Boulder Creek chan-
nels (or plumes of Boulder Creek water in the lake) and
following roughly along bottom contours. The other
cross section was perpendicular to the old (now inun-
dated) Baker River channel about 1.1 miles (1.8 km)
downlake from the southernmost channel of Boulder
Creek. It should be noted that, at the time of the study,
Baker Lake was drawn down to a water-surface al-
titude of 706 feet (215 m), considerably lower than
normal pool altitude of 724 feet (221 m).

Data from three cross sections (total of 22 stations) in
the lake less than 150 feet (46 m) offshore from the
channels of Boulder Creek showed a pH range of 3.8-
6.3 near the surface and 4.0-6.3 near the bottom. Close
to shore, where stream inflow and reservoir water were
mixing, the pH values varied from station to station,
but slightly more than half the values (both near sur-
face and bottom) had pH values less than 5.0 (table 4).

Even though the temperature, pH, and specific con-
ductance values were unstable in the mixing zone or
shoreward region of the lake, the stations located at
deeper depths showed definite patterns. In general,
when stream water at a certain temperature enters
impounded water, the stream water not only begins
mixing with the resident water but also tends to flow to
a depth interval at which the stream water has the

2The use of the brand name in this report is for identification purposes and does not imply
endorsement by the U.S. Geological Survey.
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same density as the resident water. Depending on
the density difference between incoming water and the
reservoir water (mainly related to temperatures),
either overflow, underflow, or interflow could result.
These flow patterns are shown schematically in figure
6. Boulder Creek inflow water was colder than the sur-
face water of Baker Lake during the September survey
and consequently showed a pattern of spreading as an
underflow or interflow, depending on water depth in
the lake. The underflow and interflow patterns are
shown clearly in figure 7 where Boulder Creek water
with its high specific conductance and low pH was
traced as an underflow (fig. 7B) in 16 feet (5 m) of water
or interflow (fig. 7A) in 32 feet (10 m) of water. Gener-
ally the water from Boulder Creek moved close to the
bottom in the shallower part of the lake until it
reached deeper waters of the same density, at which
depth it moved as interflow.

The upper layer of water in that part of the lake
remained nearly unchanged in terms of pH and specific
conductance. For example, the upper layer of water
depicted in figure 7 had about the same quality as the
lake water upstream of Boulder Creek (pH 6.7, specific
conductance 35). Normal background pH and specific
conductance values are shown for the upper waters at
all stations in cross sections x4 to X7 of the September
1975 survey (table 4). In contrast, where Boulder
Creek water was flowing as underflow in x4, the me-
dian nearbottom pH was 5.8 and specific conductance
55 micromhos (table 4). In general, for the greater lake
depths in the vicinity of Boulder Creek (deeper than
16 ft or 5 m), the pH was lower by 0.5-1.5 units and
specific conductance higher by 5-20 micromhos than
normal background values. However, the dissolved
oxygen concentration in the lake did not appear to be
affected by Boulder Creek. Dissolved oxygen concen-
trations were at or near saturation at all depths and
stations checked, including those close to shore near
the mouth of Boulder Creek (table 4).

At the time of the September 1975 survey, the de-
tectable acid-rich water from Boulder Creek, moving
as a density current, dissipated as it moved down-
reservoir. Although the exact areal extent of Boulder
Creek interflow is not known, it did not extend beyond
the sampling cross section (X 7) located about 1.1 miles
(1.8 km) south of Boulder Creek. All stations of cross
section X7 showed normal background pH and specific
conductance values (table 4). The low-pH water was
not pooled in large quantities on the bottom.

The ‘extent and character of Boulder Creek water
downreservoir depends upon the dilution and buffering
provided in the reservoir; these processes, in turn, de-
pend greatly on temperature and volume of other
stream water entering the reservoir. Boulder Creek
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FicURE 4.—Aerial view of Boulder Creek flowing into Baker Lake on August 13, 1975. Light-colored water areas are sediment-laden
creek water. (Photograph by Roger Stanley, Washington Departmrent of Ecology.)

drains only about 5 percent of the total drainage area
for Baker Lake, and most of the total drainage area (79
percent) is upstream from the creek. Therefore, as
Boulder Creek water moves downreservoir, it is diluted
by water from upstream tributaries moving in the
same direction, as well as by the resident reservoir
water. The stream water (feedwater) flows through the
reservoir as a discernable mass (moving layer) when
the reservoir has a temperature stratification (warm-
est at top, coldest at bottom). Conversely, when the
reservoir is about the same temperature throughout
(homothermal), there is no distinct moving layer—the
entire volume of reservoir water moves as a body.
Water from Boulder Creek is most likely to persist as a
layer or plume at times when it enters the reservoir as
interflow or underflow (fig. 6) and joins a distinct mov-
ing layer in its course downreservoir.

The moving layer of stream water is most distinct,
and tends to have the least volume, when the tempera-
ture stratification is greatest. The stratification usu-
ally begins in March and is well underway by May. In

summer Baker Lake is moderately stratified. For
example, Goodwin (1967, p. 50) measured a 10°C dif-
ference in water temperature (18°C-8°C) between the
lake’s surface and bottom water (at most depths) in
August 1974. During summer the moving layer consti-
tutes the smallest percentage of the reservoir volume;
it was only 14 percent of the volume in August 1973,
according to Goodwin (1967, p. 31). By December, the
reservoir usually loses all stratification (Goodwin,
1967, p. 14). Therefore, during the winter months the
acid-rich water from Boulder Creek is likely to mix
quickly with the reservoir water, become diluted and
buffered, and move with the entire reservoir volume.

The volume of upstream feedwater is important in
determining the time required to flush out Boulder
Creek water—that is, the speed of its flow through the
reservoir. Water-residence time is the time necessary
to displace the water in the lake with inflowing water,
the rate of which can be estimated by the mean annual
outflow. If a mixed (homothermal) water mass, normal
pool altitude, and mean annual outflow are assumed,
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EXPLANATION
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Ficure 5.—Sketch of central Baker Lake showing cross-section and station locations for survey of September 3 and 4, 1975.
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TABLE 4.—Specific conductance, pH, temperature, and dissolved-oxygen measurements in Baker Lake, Sept. 3—4, 1975

Locations: Transect and station locations are shown on figure 5. Water data: Values of specifi d ce, pH, temperature, and dissolved

Depths: Measurement depth and sounding depth (total depth to lake bottom) oxygen are field measurements made with Martek (Mark II) water-quality

are given in feet below the lake surface (altitude 706 feet during this sur- monitor. Specific conductance values are in micromhos per centimeter at

vey). 25°C; dissolved oxygen in milligrams per liter.
Specific
Measurement Sounding conductance Temper- Dissolved
Transect Station depth depth (micro- pH ature oxygen

Date No. No. (ft) (ft) mhos) (units) °C) (mg/l)
Sept. 3 x1 1 1 1 220 3.8 12.8 10.1
3 x1 2 1 2 158 4.1 12.0 10.1
3 x1 3 3 5 98 4.4 15.0 10.1
3 x1 3 1 5 100 4.8 15.0 10.1
3 x1 4 1 5 104 4.7 15.0 10.1
3 x1 5 1 4 119 4.5 14.9 10.1
3 x2 1 1 7 121 4.5 14.8 10.2
3 x2 1 4 7 167 4.0 13.2 10.4
3 x2 2 1 7 98 4.7 14.2 10.2
3 x2 2 4 7 123 4.3 14.1 10.2
3 x2 3 1 7 67 5.3 14.7 10.2
3 x2 3 4 7 103 4.6 14.3 10.2
3 x2 4 1 9 73 52 14.7 10.0
3 x2 4 4 9 100 4.8 14.5 10.2
3 x2 5 1 4 82 5.1 14.7 10.1
3 x2 5 2 4 82 5.1 14.7 10.1
3 x3 1 1 12 57 6.2 14.1 10.4
3 x3 1 10 12 76 5.3 14.0 10.3
3 x3 2 1 13 60 5.9 14.0 10.2
3 x3 2 10 13 60 6.0 14.0 10.1
3 x3 3 1 18 60 6.0 14.0 10.1
3 x3 3 15 18 85 4.6 12.9 104
3 x3 4 1 12 58 6.1 14.0 10.0
3 x3 .4 10 12 60 5.9 14.0 10.1
3 x3 5 1 7 76 4.8 13.8 10.4
3 x3 5 4 7 97 4.6 12.1 10.3
3 x3 6 1 4 50 6.2 14.0 10.0
3 x3 6 3 4 50 6.3 14.2 10.0
Sept. 4 x3 7 1 4 50 6.3 14.2 10.0
4 x3 7 2 4 51 6.2 14.2 10.0
4 x3 8 1 4 71 44 14.0 10.2
4 x3 8 2 4 118 4.2 12.2 10.4
4 x3 9 1 5 53 6.0 142 10.0
4 x3 9 3 5 113 4.3 13.1 10.4
4 x3 10 1 2 55 5.0 14.0 10.0
4 x3 11 1 6 53 6.3 142 10.0
4 x3 12 5 6 56 5.4 14.0 10.0
4 x4 1 1 20 43 6.7 14.8 10.0
4 x4 1 18 20 54 5.9 13.2 10.2
4 x4 2 1 20 42 6.7 14.9 10.2
4 x4 2 18 20 54 5.9 13.8 10.0
4 x4 3 1 20 43 6.7 14.8 10.0
4 x4 3 18 20 56 5.8 13.5 10.0
4 x4 4 1 20 43 6.7 14.9 10.0
4 x4 4 18 20 55 5.8 13.5 10.0
4 x4 5 1 19 43 6.7 14.9 9.9
4 x4 5 18 19 55 5.9 133 10.2
4 x4 6 1 19 42 6.7 14.9 10.0
4 x4 6 18 19 69 4.9 13.0 10.0
4 x4 7 1 20 42 6.6 14.9 10.0
4 x4 7 18 20 68 5.2 13.1 101
4 x4 8 1 19 43 6.6 14.8 9.9
4 x4 8 17 19 64 5.2 13.1 99
4 x4 9 1 19 42 6.7 14.9 9.8
4 x4 9 18 19 56 5.8 13.9 10.0
4 x4 10 1 18 42 6.7 15.0 9.8
4 x4 10 17 18 54 5.7 14.0 10.0
4 x4 11 1 18 42 6.7 15.0 9.7
4 x4 11 17 18 58 5.5 13.8 9.8
4 x4 12 1 18 41 6.7 15.1 U
4 x4 12 17 18 51 5.6 13.9 10.0
4 x4 13 1 19 43 6.6 15.1 9.8
4 x4 13 17 19 52 6.0 14.0 9.8
4 x4 14 1 20 41 6.6 15.2 9.4
4 x4 14 18 20 53 5.9 15.7 9.6
4 x4 15 1 18 39 6.7 152 9.6
4 x4 15 17 18 48 5.9 14.0 9.8
4 x4 16 1 19 42 6.7 15.5 9.8
4 x4 16 17 19 61 5.4 13.7 10.1
4 x4 17 1 19 40 6.6 15.5 9.8
4 x4 17 17 19 56 5.9 13.9 9.9
4 x4 18 1 13 39 6.6 15.4 9.7
4 x4 18 12 13 40 5.8 14.8 9.7
4 x4 19 1 19 40 6.7 15.3 9.2
4 x4 19 17 19 44 6.3 13.9 9.7
4 x4 20 1 19 42 6.6 154 93
4 x4 20 17 19 46 6.0 13.8 9.5
4 x5 1 1 40 40 6.7 15.5 9.6
4 x5 38 40 37 6.8 12.2 9.8
4 x5 2 1 40 40 6.7 15.7 96
4 x5 2 38 40 34 6.8 12.1 10.0
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TaBLE 4.—Specific conductance, pH, temperature, and dissolved-oxygen measurements in Baker Lake, Sept. 3-4, 1975—Continued

Specific

Measurement Sounding conductance Temper- Dissolved
Transect Station depth depth (micro- pH ature oxygen
Date No. No. (ft) (ft) mhos) (units) (°C) (mg/)
x5 3 1 39 40 6.7 15.6 9.6
x5 3 33 39 34 6.8 123 10.0
x5 4 1 38 39 6.7 153 9.3
x5 4 35 38 36 6.7 124 10.0
x5 5 1 38 39 6.7 15.2 9.8
x5 5 35 38 36 6.8 12.7 10.0
x5 6 1 40 39 6.8 15.5 9.5
4 x5 6 38 40 37 6.7 12.8 10.0
4 x5 7 1 38 39 6.7 16.0 9.6
4 x5 7 35 38 69 5.1 13.0 10.0
4 x5 8 1 40 39 6.7 15.2 9.8
4 x5 8 38 40 43 6.5 12.2 10.0
4 x5 9 1 37 42 6.7 15.5 9.8
4 x5 9 17 37 55 5.8 13.7 oo
4 x5 9 35 37 53 5.9 12.9 9.9
4 x5 10 1 40 41 6.7 15.6 9.6
4 x5 10 17 40 50 6.0 14.0 e
4 x5 10 35 40 44 6.1 12.9 9.8
4 x5 11 1 40 41 6.7 16.2 9.6
4 x5 11 17 40 47 6.3 14.1 9.9
4 x5 11 37 40 46 6.2 12.9 10.0
4 x5 12 1 40 41 6.7 15.6 9.8
4 x5 12 32 40 53 5.5 13.0 R
4 x5 12 37 40 55 5.8 12.9 10.0
4 x5 13 1 39 42 8.7 16.0 9.6
4 x5 13 20 39 64 5.3 13.6 R
4 x5 13 37 39 57 6.2 12.9 10.0
4 x5 14 1 40 39 6.7 158 9.8
4 x5 14 37 40 89 4.7 13.1 10.2
4 x5 15 1 39 43 8.7 16.1 9.6
4 x5 15 21 39 56 5.7 13.5 10.0
4 x5 15 37 39 77 4.8 13.0 10.2
4 x5 16 1 39 39 6.6 15.7 9.6
4 x5 16 37 39 58 53 13.0 10.0
4 x5 17 1 38 40 6.6 17.0 9.6
4 x5 17 35 38 45 6.1 13.0 9.8
4 x6 1 1 50 41 6.7 17.0 10.4
4 X6 1 48 50 34 6.7 12.0 10.6
4 x6 2 1 50 41 6.7 17.0 9.6
4 . x6 2 48 50 34 6.7 12.0 10.6
4 . - x6 3 1 50 41 6.7 17.0 9.8
4 . - x6 3 18 50 46 6.2 13.0 104
4 R x6 3 48 50 33 6.6 12.0 10.5
4 _ - x6 4 1 50 41 6.7 16.5 9.8
4 _ - x6 4 15 50 46 6.2 13.2 10.0
4 _ - x6 4 48 50 34 6.7 124 104
4 _ - x6 5 1 50 41 6.7 16.6 9.8
4 _ - x6 5 18 50 41 6.3 132 10.0
4 . x6 5 48 50 36 6.5 12.5 10.2
4 _ - x6 6 1 48 39 6.7 16.5 9.8
4 _ - x6 6 17 48 50 5.9 13.5 10.0
4 _ - X6 6 45 48 37 6.3 12.8 10.0
4 _ - x6 7 1 50 36 6.6 16.6 9.9
4 . - x6 7 17 50 51 5.9 13.5 R
4 _ - x6 7 48 50 41 6.2 12.8 10.2
4 _ - x6 8 1 50 27 6.6 16.5 9.6
4 _ - x6 8 18 50 59 5.5 13.5 10.1
. x6 8 48 50 37 6.1 12.8 R
4 . x6 9 1 50 38 6.6 17.0 9.6
4 . - x6 9 18 50 94 4.6 13.8 10.2
4 _ - x6 9 48 50 45 5.9 12.7 10.1
4 R x6 10 1 50 38 6.5 16.8 9.8
4 _ - x6 10 35 50 59 5.4 13.0 10.1
4 _ - x6 11 1 50 38 6.6 16.5 10.0
4 _ - x6 11 18 50 60 54 13.5 10.0
4 _ - x6 11 48 50 65 5.0 12.5 10.2
4 - %6 12 1 51 37 6.5 16.5 9.8
L S x6 12 18 51 53 58 135 10.1
4 oL x6 12 48 51 50 5.6 12.8 10.1
4 _ - x7 1 1 27 35 6.6 17.0 9.5
4 _ - x7 1 25 27 38 6.3 14.0 10.0
4 _ - x7 2 1 51 35 6.6 17.0 9.5
4 - x7 2 47 51 36 6.4 13.0 10.0
4 _ - x7 3 1 50 32 6.6 17.0 9.5
4 _ - x7 3 47 50 36 6.4 13.0 10.0
4 - x7 4 1 50 37 6.4 17.0 9.8
4 - x7 4 47 50 32 6.4 12.8 10.1
4 . x7 5 1 69 25 6.6 16.0 9.8
4 . x7 5 66 69 31 6.4 12.1 10.0
4 - x7 6 1 88 36 6.5 16.0 9.8
4 - x7 6 85 88 29 6.6 119 9.5
4 . - x7 7 1 -90 36 6.6 16.0 9.7
4 _ R x7 7 85 90 30 6.4 12.0 10.0
4 _ R x7 8 1 92 35 6.6 16.0 10.0
4 - x7 8 90 92 26 6.4 11.9 10.1
4 _ - x7 9 1 97 35 6.6 16.0 .99
4 _ - x7 9 94 97 25 6.6 11.5 10.0
4 _ - x7 10 1 84 35 6.6 16.0 9.7
4 R x7 10 80 84 30 6.6 12.0 10.1
4 . - x7 11 1 58 35 6.5 17.0 9.6
4 x7 11 55 58 31 6.4 12.3 10.0
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the theoretical average water-residence time for Baker
Lake is 0.2 year, or the lake is flushed 5 times a year.
The actual water-renewal time for any given time of
the year may vary considerably, depending mainly on
the flow of the tributaries, total volume of reservoir
that is actively engaged in transport of water, and the
withdrawal of water from the reservoir. Generally, a
reservoir such as Baker Lake, draining a large river
system, has a much shorter water-residence time and
can flush a pollution load much faster than most
natural lakes which receive much less inflow.

In summary, three important factors in assessing
possible adverse effects of acid-rich water entering
Baker Lake are (1) the flow rate and concentration of
acid in Boulder Creek, (2) the degree to which the
acidic inflow remains segregated from the other lake
water, and (3) the volume of upstream feedwater that
dilutes Boulder Creek water.

FIGURE 6.—Schematic sections showing overflow, underflow, and
interflow in a reservoir from incoming stream water.
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Ficure 7.—Vertical profiles of temperature, specific conductance, and pH at two locations on Baker Lake (locations shown
in fig. 5).
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LAKE ALKALINITY AND ACID-BUFFERING CAPACITY

One other particularly important factor in assessing
the possible effects of acid-rich inflow is the ability of
Baker Lake to chemically neutralize or buffer the acid.
A buffer is a substance or mixture of substances that,
in solution, is capable of neutralizing both acids and
bases within limits and thus acts to maintain the orig-
inal hydrogen-ion concentration (pH) of the solution.
Natural buffering action maintains the pH between 6.5
and 8.5 in most open lakes. Lakes in igneous rock
areas, such as Baker Lake, are often not well-buffered
and have low alkalinity values.

The buffering mechanism for Baker Lake is primar-
ily due to the equilibrium between carbon dioxide
(COz2) in the air and bicarbonate ions (HCOs) in the
water. If a few drops of acid are added to a liter of
Baker Lake water, little or no change occurs in pH. The
biocarbonate ions present, in effect, take up enough of
the added hydrogen ions from the acid so that the
amount of free hydrogen ions in the solution is not
greatly increased. When enough acid has been added to
a buffered solution to significantly change the ratio of
acid to bicarbonate, the buffer loses its effectiveness;
the pH is lowered and responds directly to additions of
hydrogen ions.

The capacity of a water to chemically neutralize acid
is measured by its “alkalinity,” which is a standard
way of designating the bicarbonate (HCOs) and carbo-
nate (COs) concentrations in the water. Alkalinity is
equivalent to the amount of concentrated sulfuric acid
(laboratory standard) needed to neutralize the COs and
HCOs ions in a liter of water. For Baker Lake water,
the completion of the reaction (termed the equivalence
point) occurred when the pH was lowered to about pH
5.2-5.5. The alkalinity of Baker Lake water in 1975
was observed to range from 14 to 20 mg/liter as calcium
carbonate.

To determine the effect of mixing Boulder Creek
water with Baker Lake water, laboratory tests similar
to alkalinity determinations were made, using acid-
rich Boulder Creek water instead of a standard labora-
tory acid. As in an alkalinity test, the mixing of the two
waters produced a neutralization reaction, resulting in
the removal from the Baker Lake water of all COs and
HCOs ions. With the addition of Boulder Creek water
to a sample of Baker Lake water, the pH changed very
little at first, slowly declined as the buffering capacity
was depleted, then changed rapidly and reached the
equivalence point at about pH 5.5. The volumetric mix-
ing ratio of Boulder Creek to Baker Lake water at pH
5.5 plotted against Boulder Creek acidity is shown in
the graph of figure 8. Six tests (called titrations) were
performed for Boulder Creek acidities ranging from
0.27 to 12 mg/l as HT. The uppermost left point on the
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EXPLANATION

For a known acidity of Boulder Creek water, this graph can be
used to estimate the relative volume of Baker Lake water
needed to buffer the acid as the waters mix. For example,
when Boulder Creek water has an acidity of 4 mg/liter as
Ht (represented by horizontal line about midway on graph)
10 liters of Baker Lake water would buffer about 1 liter of
Boulder Creek water (0.1 volumetric ratio) to pH 5.5 in the
resultant mixture. Derivation of the graph is discussed in
the text.

Ficure 8.—Experimental volumetric capacities of Baker Lake water
to buffer Boulder Creek water of various acidities to pH 5.5

graph (12 mg/l as H") represents a sample taken from
a creek in Sherman Crater on September 19, 1975, and
the lowermost right point (0.27 mg/l as HT) represents
a sample taken at the Boulder Creek station on Oc-
tober 22, 1975. Thus, the ranges on the graph define
the approximate upper and lower acidity values ob-
served in 1975. If the acidity of Boulder Creek at a
specific time is known, the graph can be used to esti-
mate the relative amount of Boulder Creek water, ex-
pressed as a volumetric ratio, required to lower the
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normal pH of a volume of Baker Lake water to pH 5.5.
For example, the graph shows that, in order to lower
the pH of Baker Lake water from its normal value to
pH 5.5, 50 liters of Boulder Creek water at an acidity of
0.9 mg/l as H™' would need to be added to 100 liters of
Baker Lake water. In contrast, only 4 liters of Sherman
Crater water at an acidity of 9 mg/l as H' would pro-
duce the same neutralizing effect. Experimental titra-
tion data (not shown by fig. 8) indicate that at acidity
values of 0.1 mg/l as HT or less, the lake could assimi-
late Boulder Creek water indefinitely, at flows ob-
served in 1975, without lowering the pH of Baker Lake
water below 6.0. Furthermore, at a creek-water acidity
of less than 0.5 mg/] as Ht (fig. 8), a volume of Boulder
Creek water greater than Baker Lake water would be
required to lower the pH of the mixture to 5.5.

The graph in figure 8 is useful to estimate the buffer-
ing capacity of Baker Lake attributable to dissolved
buffer components in the water. However, it should be
considered as only an approximate relationship, be-
cause the lake’s buffering capacity also may depend on
such things as (1) ion-exchange processes or buffering
by bottom and suspended sediments, (2) biochemical
processes, and (3) rates at which buffering reactions
take place (Stumm and Morgan, 1970, p. 152).

CURRENT MONITORING ACTIVITIES

Despite the continued steaming of Mount Baker, the
Geological Survey’s monitoring activities from March
1975 to April 1976 have been unable to detect definite
geological warning signals usually associated with im-
pending eruptions. For this reason, and because of the
lack of evidence for an imminent steam explosion or
some other volcanic event that could trigger a large
avalanche or mudflow, the U.S. Forest Service and the
Puget Sound Power and Light Co. reopened Baker
Lake, its lakeshore, and nearby campgrounds to public
use. The Geological Survey has reduced its level of sur-
veillance but plans to continue, in cooperation with
other agencies, periodic visual observations and some
seismic and ground-deformation measurements.

For water-resources monitoring, current plans are
to continue surveillance of the Boulder Creek-Baker
Lake-Baker River system to provide additional back-
ground data on water-quality conditions and flow of
Boulder Creek and to detect any significant changes in
these conditions. Specifically, the objectives of this pro-
gram are as follows:

1. Maintain the radiotelemetry monitor on Boulder
Creek to provide hourly data on streamflow, pH,
stream temperature, and specific conductance.
The ratiotelemetry capability will allow early de-
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tection of any major changes in the flow or water
conditions in Boulder Creek that might indicate
significant events on Mount Baker related to vol-
canic activity. Possible events include (a) block-
age of the east breach by an avalanche, thereby
reducing outflow to upper Boulder Creek and im-
pounding more water in Sherman Crater; (b)
changes in the heat emission in the crater, which
would tend to increase or decrease melting of
snow and ice and the outflow to upper Boulder
Creek; or (¢) changes in the character or amount
of the acidic fluid discharge from vents in and
around the crater. These changes might be de-
tected in the pH, specific conductance, tempera-
ture, or flow of Boulder Creek water.

Provide a continuous record of streamflow and
the other characteristics of Boulder Creek for
background data in (a) computation of the loads of
acid and some mineral constituents reaching
Baker Lake from Boulder Creek; (b) computation
of percentage contribution of Boulder Creek flow
to the total flow through the lake; and (c) assess-
ment of long-term changes in streamflow and
water quality corresponding to increased or de-
creased volcanic activity.

2. Continue periodic sampling of Boulder Creek,
Baker Lake, and Baker River for analyses of acid-
ity, heavy metals, and other selected constituents.
These data will allow determination of the extent
and intensity of water-quality differences and
changes within the Boulder Creek-Baker Lake-
Baker River system.

3. Monitor water quality in selected nearby streams
by periodically sampling them for determination
of acidity and other selected characteristics. The
resulting data will define water-quality condi-
tions of adjacent streams that do not head in
Sherman Crater. The data will be useful for
background comparison to Boulder Creek water
and also for assessing the impact of aerosol drift
and possible acid rainfall caused by the volcano.

SOME QUESTIONS, SOME ANSWERS

The increased voleanic activity on Mount Baker has
resulted in a better understanding of the dynamic
processes of Cascade volcanoes and the possible im-
pacts of voleanic activity, including effects on the water
resources. Many questions about water-quality im-
pacts have been raised in relation to management of
the water and water-related resources, and the data
available at present allow answers (in part, provi-
sional) to some of these questions. The monitoring ac-
tivities and studies now under way are expected to
furnish additional answers.
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Are the waters of Baker Lake and Boulder Creek safe for
drinking and other human contact?

Water near the surface of Baker Lake, except perhaps
near the mouths of Boulder Creek, apparently is not
much different from its condition prior to March
1975; that is, it is of generally excellent chemical
quality. Boulder Creek water, however, has always
been silty at times; its present acidity, high iron con-
centration, and slight rotten egg (hydrogen sulfide)
odor make it even less desirable for drinking and
other uses. Although the water in the lower reaches
of Boulder Creek, under the conditions so far meas-
ured, should not be harmful in normal skin contact,
the drinking of this or any other natural water, in-
cluding Baker Lake, without treatment is not rec-
ommended because of the possible presence of bacte-
rial contaminants.

Are dangerous constituents being emitted and finding
their way into the streams and lake?

The water analyses made to date include determina-
tions of eight constituents usually considered minor
or trace elements, or substances that typically occur
in concentrations less than 1 mg/liter. These ele-
ments include total lithium, mercury, manganese,
aluminum, iron, arsenic, boron, and selenium (tables
1, 3). Arsenic, selenium, and mercury can be consid-
ered “dangerous” to animal life in minor amounts.
Using the concentrations of arsenic and selenium
shown in table 3 for comparison, the limits recom-
mended by the U.S. Environmental Protection
Agency (1973) for public water supplies would not be
exceeded unless arsenic concentrations in Boulder
Creek increased 9 times, or selenium about 10 times,
the concentrations in the April 29, 1975 sample. For
mercury (table 1) the highest concentration was
0.2 ug/liter in a Boulder Creek sample—about one-
tenth the recommended limit for public water sup-
plies (U.S. Environmental Protection Agency, 1973,
p- 72); however, no mercury was detected in 7 out of
10 samples from Boulder Creek in 1975.

Lithium is present in most natural waters in
minor amounts, but thermal waters may contain
higher lithium levels. In 1975, three samples of
Boulder Creek water that were analyzed for lithium
showed no detectable concentrations of that element
(table 1). Another measured trace element, boron, is
toxic to plants in small concentrations. However,
even sensitive plants probably would not be harmed
by water from Boulder Creek unless boron concen-
trations more than tripled the amount shown in
table 3 (U.S. Environmental Protection Agency,
1973, p. 341). The concentrations of iron (table 3) and
manganese (table 1) observed in Boulder Creek ex-

ceed the recommended limits for public water supply
(Environmental Protection Agency, 1973, p. 69, 71);
however, these limits are based on water-user pre-
ference rather than toxicity to plants and animals.
Low concentrations of aluminum are common to
waters at near-neutral pH, but aluminum may occur
at higher concentrations in low-pH water. The con-
centrations of aluminum in the low-pH Boulder
Creek water ranged from 440 to 22,000 wg/liter in
1975 (table 1), considerably higher than most
natural waters. Although no public water-supply
limit has been recommended for aluminum, the
presence of ionic aluminum in concentrations great-
er than 100 ug/liter would be deleterious to growth
and survival of fish (U.S. Environmental Protection
Agency, 1973, p. 179).

In the analyses of samples from the other streams,
little arsenic and no detectable selenium or mercury
was found, indicating that the source of these trace
elements in Boulder Creek is the drainage from
Mount Baker, rather than fallout such as fumarole
dust or contaminated precipitation. Although other
trace elements may exist in Boulder Creek water in
amounts detectable in the laboratory, it is unlikely
that any are present in dangerous amounts.
Nevertheless, a broader spectrum of analyses is
planned to make certain.

Are pools or layers of acidic water likely to accumulate

in the lake?

As previously stated, the degree to which inflowing

Boulder Creek water remains as a distinct layer,
unmixed with the receiving water of Baker Lake,
depends mainly on the seasonal temperature
stratification in the lake. During the September
1975 survey, when the lake water was temperature
stratified, an identifiable layer of Boulder Creek
water was found to extend beyond 0.3 miles (0.5 km)
from the mouths of the creek (beyond cross section
x6) but not as far as 1.1 miles (1.8 km) downreser-
voir (to cross section x7). The acidity of the inflowing
creek water, of course, depends on the acid load re-
ceived from Sherman Crater and the rate of flow of
the creek. Any identifiable layers of acidic water can
accumulate only during periods of stratification,
which are temporary. Mixing with other lake water
goes on continuously and is especially rapid during
the late fall and winter seasons when there is little
or no stratification in the lake.

Is the acidic water likely to weaken the concrete of Baker

Dam?

Data from the September 1975 survey indicate that the

layer of acidic water from Boulder Creek had dissi-
pated before it moved one-third of the distance
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downlake from the creek to the dam; thus, it appears
unlikely that acidic water would pool behind the
dam unless Boulder Creek increased greatly in flow
and acid load. Acidic waters are generally regarded
as damaging to concrete if their pH values are lower
than 6 (Czernin, 1962, p. 88), and for lower pH values
the corrosion of concrete becomes appreciably more
severe (Biczok, 1964, p. 246).

Sulfate ions in sufficient concentration also are
damaging to concrete. Depending on local conditions,
the critical sulfate concentration at which damage
would begin may differ widely even for the same type
of cement or concrete, but special methods of protect-
ing concrete against corrosion are generally consid-
ered necessary when water in contact with the con-
crete has sulfate concentrations exceeding about 400
mg/liter in still water (Biczok, 1964, p. 187-188).
However, according to Czerin (1962, p. 91), a moving
water might prove dangerous to concrete while con-
taining no more than 180 mg/liter of sulfate, a con-
centration that was exceeded in Boulder Creek sam-
ples only during March and April 1975.

Therefore, even if Boulder Creek water somehow
reached the dam in an undiluted condition, the sul-
fate concentration, under conditions measured to
date, probably would not be great enough to weaken
the concrete of the dain, although the hydrogen-ion
concentration (pH) apparently would be sufficient to
attack the concrete to some degree.

Will the acidity of Baker Lake gradually build up?

As previously stated, the acid in the inflowing Boulder
Creek water apparently is being neutralized by
natural buffering agents in the lake water (includ-
ing, perhaps, sediment). Buffering agents are being
continually added by inflowing water in Baker River
and the many other streams. Under conditions that
prevailed in winter 1975, the lake water probably
could assimilate the flow of Boulder Creek almost
indefinitely without increasing measurably the av-
erage acidity of the lake. However, the buffering
ability of the lake depends largely on the acid load
from Boulder Creek in relation to the inflow from
other sources and on the rate of outflow at Upper
Baker Dam. If Boulder Creek were to bring in water
of the same acidity at a much greater rate of flow, or
if the acidity of that or other creeks were to increase
greatly, then much more lake water would be needed
to buffer and neutralize the greater acidic inflow.

Can acid waters from Boulder Creek be expected to
cause fishkills in the future?

Past research has revealed that pH levels of less than
5.0 are lethal to eggs and fry of salmon, whereas
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waters with a pH in the range of 6.0-6.5 are unlikely
to be toxic to fish unless free carbon dioxide is pre-
sent in excess of 100 mg/liter (U.S. Environmental
Protection Agency, 1973, p. 141). Conditions during
the September 1975 survey suggest that, when the
lake is well stratified, not much increase in acid load
would be required to produce a pH of 5 or less near
the mouth of Boulder Creek. Therefore, even if the
acid load from Boulder Creek does not greatly in-
crease in the future, occasional light fish mortalities
would not be surprising—particularly, because hy-
drogen sulfide toxicity to fish is greatly increased in
acidic conditions. However, according to Bell (1973,
chap. 10, p. 1), the ultimate effects of low pH on
fisheries may depend on many factors such as temp-
erature, dissolved oxygen, concentrations of various
other dissolved constituents, and prior acclimatiza-
tion of the fish to acid water. The timing of acid infu-
sion to a lake also may be important. Sudden drops
in pH at the time fish are spawning or eggs are
hatching may cause malformation and death to de-
veloping fish, even at acidity levels lower (pH levels
higher) than those normally harmful to adult fish
(Chemical and Engineering News, 1976, p. 15).

If the volcanic activity should increase greatly, the
load of acid reaching Baker Lake would likely in-
crease, and the chance of acid-related fishkills could
increase accordingly. Also, of course, fish mortalities
might occur at any time from other unrelated causes.
Since the acidic potency of Boulder Creek is locally
increased during the summer, it is during this period
of the year that the greatest biological impact may
occur, such as fishkills—especially if the Boulder
Creek acid load became greater than that in Sep-
tember 1975.

CONCLUSIONS

The greatest level of voleanic activity observed dur-
ing 1975 caused increased inflow of acidity and dis-
solved constituents to Baker Lake by way of Boulder
Creek, but the inflowing creek water apparently had
no major deleterious effect on the lake, its fisheries, or
Upper Baker Dam. However, the available data indi-
cate that the same array of acid or other mineral input,
in somewhat greater concentrations or at greater rates,
could be more serious. The greater input could occur in
at least three ways: (1) temporary blockage of the east
breach of Sherman Crater, with accumulation and
subsequent sudden release of a slug of the more potent
Sherman Crater water; (2) greater volcanic activity,
with corresponding increase in the load of acidity and
other constituents in Boulder Creek water; or (3) in-
creases in the acidity or concentration of troublesome
dissolved constituents in other streams draining from
Mount Baker to Baker Lake.
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Despite the monitoring experiments and observation
programs it is uncertain whether the mountain’s activ-
ity will continue and lead to an eruption, mudflow, or
additional impact on local water resources, or whether
current activity eventually will die away until some
future time. This uncertainty, and the magnitude of
the possible effects on Baker Lake, make continued
monitoring of Mount Baker and the affected water re-
sources very desirable.

REFERENCES

American Public Health Association, 1971, Standard methods for
examination of water and wastewater: Washington, D.C., Am.
Public Health Assoc. (13th ed.), 874 p.

Bell, M. C., 1973, Fisheries handbook of engineering requirements
and biological criteria: U.S. Army Corps of Engineers, Fisheries
Research Program, chap. 10, p. 1-3.

Biczék, Imre, 1964, Concrete Corrosion—Concrete Protection:
Budapest, Hungarian Acad. Sci., 543 p.

Chemical and Engineering News, 1976, Norway: Victim of other
nations’ pollution: Chemical and Engineering News, v. 54,
no. 25, p. 15-16.

Cogbill, C. V., and Likens, G. E., 1974, Acid precipitation in the
northeastern United States: Water Resources Research, v. 10,
no. 6, p. 1133-1137.

Czernin, Wolfgang, 1962, Cement Chemistry and Physics for Civil
Engineers: New York, Chemical Publishing Co., 139 p.

Davis, R. M., 1959-76, Water supply outlook for Washington: Port-
land, Oreg., U.S. Soil Conservation Service, dupl. rept. (pub-
lished monthly during Jan.-June for years indicated).

Frank, David, 1975, Subglacial transfer of geothermal fluids in
Boulder Glacier, Washington (abs): Am. Geophys. Union Trans.,
v. 56, no. 8, p. 532.

Frank, David, Post, Austin, and Friedman, J. D., 1975, Recurrent
geothermally induced debris avalanches on Boulder Glacier,
Mount Baker, Washington: U.S. Geol. Survey Jour. Research,
v. 3, no. 1, p. 77-87.

Frank, David, Meier, M. F., and Swanson, D. A., 1977, Assessment of
increased thermal activity at Mount Baker, Washington, March
1975-March 1976: U.S. Geol. Survey Prof. Paper 1022-A, 49 p.

Gibbs, George, 1874, Physical geography of the northwestern bound-
ary of the United States: New York Jour. Amer. Geog. Soc., v. 4,
p- 298-392.

Goodwin, C. L., 1967, Comparative physical limnology of seven hy-
droelectric reservoirs in the western United States: Washington
Dept. Fisheries Summ. Rept., 74 p.

Hyde, J. H., and Crandell, D. R., 1975, Origin and age of postglacial
deposits and assessment of potential hazards from future erup-
tions of Mount Baker, Washington: U.S. Geol. Survey open-file
rept. 75-286, 22 p.

VOLCANIC ACTIVITY AT MT. BAKER

Malone, S. D., and Frank, David, 1975, Increased heat emission from
Mount Baker, Washington: Am. Geophys. Union, v. 56, no. 10,
p. 679-685.

Radke, L. F., Hobbs, P. V., and Stith, J. L., 1976, Airborne gases and
aerosols from volcanic vents on Mt. Baker: Geophys. Research
Letters, v. 3, no. 2, p. 93-96.

Stumm, Werner, and Morgan, J. J., 1970, Aquatic chemistry: New
York, Wiley-Interscience, 583 p.

U.S. Environmental Protection Agency, 1973, Water Quality
Criteria, 1972: Ecological Research Series, EPA-R3-73-033,
594 p.

U.S. Geological Survey, 1955, Compilation of records of surface
waters of the United States through September 1950; Pt. 12,
Pacific Slope basins in Washington and upper Columbia River
basin: U.S. Geol. Survey Water-Supply Paper 1316, 592 p.

1961, Quality of surface waters of the United States; Pts. 9-14,

Colorado River basin to Pacific Slope basins in Oregon and lower

Columbia River basin: U.S. Geol. Survey Water-Supply Paper

1885, 677 p.

1962, Quality of surface waters of the United States; Pts. 9-14,

Colorado River basin to Pacific Slope basins in Oregon and lower

Columbia River basin: U.S. Geol. Survey Water-Supply Paper

1945, 691 p.

1963, Quality of surface waters of the United States; Pts. 9-14,

Colorado River basin to Pacific Slope basins in Oregon and lower

Columbia River basin: U.S. Geol. Survey Water-Supply Paper

1951, 781 p.

1964, Compilation of records of surface waters of the United

States, October 1950 to September 1960; Pt. 12, Pacific Slope

basins in Washington and upper Columbia River basin: U.S.

Geol. Survey Water-Supply Paper 1736, 415 p.

1965, Water quality records in Washington, 1964: Tacoma,

Washington (annual reports of a series).

1966, Water resources data for Washington, 1965; Pt. 2, Water

quality records: Tacoma, Washington (annual reports of a

series).

1971, Surface water supply of the United States 1961-65;

Pt. 12, Pacific Slope basins in Washington: U.S. Geol. Survey

Water-Supply Paper 1932, v. 1, 679 p.

1972-75, Water resources data for Washington; Pt. 1, Surface

water records, 1971-74: Tacoma, Washington (annual reports

published for years indicated).

1974, Surface water supply of the United States, 1966-70;
Pt. 12, Pacific Slope basins in Washington: U.S. Geol. Survey
Water-Supply Paper 2132, v. 1, 640 p.

Westley, R. E., 1966, Limnological study of Merwin, Upper Baker,
and Lower Baker Reservoirs: Washington Dept. Fisheries
Summ. Rept., 206 p.

Wilson, R. T., and Fretwell, M. O., 1976, Table of data on quality of
surface waters and of snowpack draining to Baker River from
Mount Baker, Washington: U.S. Geol. Survey open-file report
(unnumbered), 4 p.










| UNITED STATES DEPARTMENT OF THE INTERIOR : e e o o ‘ o ’ o PROFESSIONAL PAPER 10228
. GEOLOGICAL SURVEY , e L i L e . i A ‘ ‘ . PLATEL, . !

R R \Q“'\‘ A e ‘ :
“@EQ)}}}}}\)}} Kkk_\%%\%‘@ W A - | EXPLANATION ' -
% )“&4{}&%@;\\& . . . £

) o % *":,\{ﬁ%\\\ ! - - I Continuous-record siream—ga’ging station and water-

IS ’S‘“““'
TN
SO
e T NG K
4&%) N quality site equipped with monitor (Boulder
0 Creek) , :

il
v

~ Other active water-quality sites
A 1A
~ Partial-record gaging station (floods)
~ Discontinued gaging station
L e /
- Station number in USGS data system

%

&K

o - = e . ‘
~ Depth contour, Baker Lake, in feet below 724-foot
- altitude (normal maximum altitude of water

- surface) - i E

W2 AU e O N T i : o R A e e SRR T
NS g RN
\ VL o —Te e W S TN Sl
{ N ‘a,‘%“’isfj’//ff Pl il ))'*ﬁ

1 4'l % : ..V‘ m )J’/é ~ -

& X, ,f—pf i
L ?}“,"
7 / e 2 /
i £ < S
TR (b
e S
Pt ) ‘

=

e

: Base from U.S. Geological Survey Mt. Baker
o ._ihjt'erimtopographic map (1972), 1:24,000,
- and Lake Shannon (1952), 1:62,500 !

~ APPROXIMATE MEAN
DECLINATION, 1977

'SCALE 1:48 000

L2 aies

1B o 1 . o a oa . 5 KILOMETERS
 CONTOUR INTERVAL 100 FEET
DATUM IS MEAN SEA LEVEL

£ J ,‘s: ol
\
[ { B

U7 e K 2 A2 0 SHOWING LAND AND WATER FEATURES
L e 79 e e ot 'AND STREAM-DATA STATIONS “







