puts to lakes rather than processes with-
in lakes. Inputs dominate because they
are controlled by rates of mineral alter-
ation, degradation of entrained organics,
and regrowth of vegetation in deposit
areas.
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Biological Responses of Lakes in the

Mount St. Helens Blast Zone

Abstract. Loadings of dissolved organics and suspended particulates from de-
stroyed forests and volcanic debris produced by the 18 May 1980 eruption of Mount
St. Helens altered the trophic structure of many blast zone lakes to the extent that
anoxic conditions and chemoorganotrophic and chemolithotrophic microorganisms
prevailed. High bacterial counts and high adenosine triphosphate concentrations
were directly related to enhanced concentrations of dissolved organic carbon, and
plankton chlorophyll a was inversely related to light extinction. The recovery of these
lakes to the preeruption state appears dependent upon the oxidation of organics and

the stabilization of watersheds.

The 18 May 1980 volcanic eruption of
Mount St. Helens devastated lakes and
watersheds near the mountain. A major
difference between lakes impacted by
this eruption and previously studied vol-
canically influenced waters was that, in
addition to volcanic material, many lakes
within the Mount St. Helens blast zone
received high loadings of organic matter
(1, 2). The eruption produced superheat-
ed magmatic gases, pyroclastic material,
and steam which pyrolyzed and extract-
ed organic matter from surrounding soils
and forests (2—4). Virtually all fish, their
food chains, and their habitats were de-
stroyed. The lake chemistries were so
altered that the trophic structure of many

lakes appeared to be dominated by che-
moorganotrophic and chemolithotrophic
microorganisms in anoxic waters. This
eruption offered a unique opportunity to
study for the first time the unique and
rapid evolution of the highly impacted
lake ecosystems. We describe here the
first step in that process for lakes inside
and outside the immediate blast zone
(radius of 16 to 28 km northwest and
northeast of the crater).

The lakes were in four deposit areas:
U, morphologically unaffected regions
outside the blast zone; S, scorched areas
on the edge of the blast zone; B, timber-
blowdown areas within the blast zone;
and M, regions of blast zone mudflows,

178 0036-8075/82/0409-0178301,00/0 Copyright © 1982 AAAS

debris avalanches, and pyroclastic flows
(2). Spirit Lake, an area M lake (8 km
north of the crater), was sampled both
before (4 April 1980) and after the erup-
tion. Our preeruption data from Spirit
Lake are in agreement with the limited
historical data available for lakes near
Mount St. Helens (5) as well as with data
from similar, subalpine Cascade Moun-
tain lakes (6). Lake locations and addi-
tional chemical features of biological sig-
nificance are given elsewhere (2).

In most respects, the posteruption
condition of Spirit Lake was typical of
the highly affected lakes (area M lakes).
Inputs of organics, pyroclastic materials,
and soil extracts resulted in a 33-fold
increase in suspended particulate matter
(SPM) and a 36-fold increase in the light
extinction coefficient (Table 1 (7)]. The
lake temperature increased to 34°C on 20
May 1980 (8) but cooled to a more nor-
mal but still somewhat elevated value of
22°C by 30 June. Although particulate
organic carbon (POC) and particulate
organic nitrogen (PON) showed, respec-
tively, only moderate one- and twofold
increases, dissolved ‘organic carbon
(DOC) was enriched 48-fold. The dra-
matic increase in DOC was accompanied
by a 17-fold increase in living matter as
measured by adenosine triphosphate
(ATP). This increase was not attribut-
able to algal growth because chlorophyll
a concentrations decreased substantially
after the blast. Furthermore, the ATP
increase corresponded not only with
higher DOC but with lower dissolved
oxygen concentrations,

The physical and chemical character-
istics of the unaffected lakes (Merrill,
McBride, June, and Blue) (Table 2) were
comparable to those of Spirit Lake prior
to the eruption (Table 1). Merrill and
June lakes had POC, PON, chlorophyll
a, and ATP concentrations comparable
to oligotrophic Findley Lake (9), a total-
ly unaffected mountain lake about 200
km north of Mount St. Helens. McBride
and Blue lakes had somewhat higher
concentrations of POC, PON, chloro-
phyll a; and ATP because of more abun-
dant phytoplankton and invertebrate
communities (/0).

As in Spirit Lake, almost all lakes
within the blast zone had higher SPM
concentrations, light extinction coeffi-
cients, and DOC, POC, and PON con-
centrations than lakes outside the blast
zone (Table 2). The highest DOC and
ATP concentrations were observed in
the highly impacted organically enriched
Ryan and Spirit lakes and in the newly
formed East Castle, West Castle, and
South Coldwater lakes. These high ATP
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values were similar to values reported
for oxygen-depleted waters with dense
heterotrophic microbial populations (/7).
Again, the increased ATP concentra-
tions could not be attributed to algal
growth because most blast zone lakes
had undetectable concentrations of chlo-
rophyll a and few phytoplankton and
zooplankton (/0).

Total bacterial counts [Table 2 (/12)] in
the unaffected lakes ranged between
1 % 10° and 8 x 10° per milliliter and
were similar to the highest annual counts
for Findley Lake (9). Although Panhan-
dle, Boot, and Venus lakes contained
bacterial numbers comparable to those
of the unaffected lakes, most blast zone
lakes had bacterial counts above 10°.
Ryan and West Castle lakes contained in
excess of 107,

Counts of viable heterotrophic bacte-
ria (I3) were low and varied little
(1 x 10° to § x 10° per milliliter) in the
unaffected lakes. However, counts in
many blast zone lakes were so unexpect-
edly high that they were not accurately
assessed by the dilutions initially used.
Some blast zone lakes had counts ex-
ceeding 10*. In fact, counts of viable
bacteria for all lakes were 0.02 to 3
percent of the total bacterial counts, an
indication of moderately eutrophic con-
ditions (14).

Although total and fecal coliform bac-
teria (15) were undetectable (< 0.1 per
100 ml) in McBride and Merrill lakes,
and were similar to preeruption Spirit
Lake values (5), most blast zone lakes
contained total coliform bacteria ranging
from 15 to 145 per 100 ml. West Castle
Lake had a concentration of > 10 per
100 ml. Three lakes, Fawn, Hanaford,
and West Castle, also contained fecal
coliform bacteria. We have tentatively
identified one of the coliform isolates
as Klebsiella pneumoniae, a potential
pathogen that has been reported to occur
in association with terrestrial vegetation
6).

The highest total bacterial counts,
ATP concentrations, and DOC values
were observed in the most volcanically
disturbed lakes, Ryan, Spirit, East Cas-
tle, West Castle, and South Coldwater.
The possibility that the development of
dense bacterial communities and the
high concentrations of ATP were associ-
ated with enhanced DOC concentrations
in many blast zone lakes is shown by
the significant regressions between them
(Fig. 1A). The labile DOC compounds
are not known but probably include
products of primary metabolism (that is,
sugars, amino acids, and other low mo-
lecular weight compounds) which came
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Table 1. Biological and physiochemical characteristics of Spirit Lake water before and after the
18 May 1980 volcanic eruption of Mount St. Helens. Response and enrichment factors
correspond to values for 30 June 1980 divided by 4 April 1980 values. Samples were taken 0.25

m below the water surface. Methods are described in (7).

1980 Response
Characteristic en(r)irc he

4 April 30 June ment
Light extinction coefficient (o) 0.17 6.05 36
SPM (mg liter™?) 0.75 24.61 33*
Dissolved oxygen (mg liter™!) T 2.35
Temperature (°C) 4 22.4
DOC (mg liter™ %) 0.83 39.9 48%
POC (pg liter™}) 435 570 1*
PON (g liter™") 47 70 2%
Chiorophyil a (ug liter ') 25 0.3 0.1
ATP (ug liter™) 0.25 43 17

*Enrichment,

+Since the dissolved oxygen concentration was 9.0 mg liter™' at 16°C in August 1974 (5),

the dissolved oxygen concentrations were most likely supersaturated on 4 April 1980.

from the pyrolyzed and steam-leached
vegetation and soils. If present, these
labile organics would have been readily
used by the developing bacterial commu-
nities. In contrast to the stimulatory ef-
fect of organics on bacterial numbers,
algal bioassays with Mount St. Helens
ash . samples containing organic c¢com-
pounds of terrestrial origin implied in-
hibitory effects on phytoplankton devel-
opment (17).

Nevertheless, the primary reason for
the low phytoplankton numbers in the
blast zone lakes was probably light limi-
tation rather than toxicity of dissolved
organics or competition by dense bacte-

Log -total bacterial counts (cell mi™%)
Log adenosine tiphosphate; ATP (ug iter D

5.0 v

T T T
0.0 1.0 2.0
L.og dissolved organic carbon (mg liter™ %)

rial populations for nutrients. A signifi-
cant inverse relation was observed be-
tween chlorophyll a concentrations and
light extinction (Fig. 1B). Moreover, the
minimal influence of high DOC concen-
trations upon chlorophyll a concentra-
tions was indicated by the lack of an
inverse correlation between them. Simi-
larly, the lack of any relationship be-
tween chlorophyll a and either bacterial
numbers or ATP suggests little competi-
tion for nutrients. '

The return of these lakes to more
“typical”’ conditions with ecosystems
dominated by phytoplankton or zoo-
plankton will probably depend upon how

B8
u
1.0 4
=
’C—
I
£
3 M
1]
3 B
g u
g
k MB
© 0.51
U B MB
B
0.0 ~—MS 88 7 B8
0.0 0.5 1.0 1.6

Light extinction coefficient {aga)

Fig. 1. (A) Relation between DOC concentrations of total bacterial counts (solid line and
uncircled letters) and ATP concentrations (dashed line and circled letters) for four lake groups;
BS and MB are for lakes overlapping two categories. The solid line represents the least-squares
fit of the total bacterial counts [y = 5,72 + 0.67x, x = DOC, r (correlation coefficient) = .75,
N = 17, significant at' P = .10]. The dashed line represents the least-squares fit of ATP
(y = =0.11 + 0.43x, x = DOC, r = .66, N = 16; significant at P = .10). (B) Relation between
the chlorophyll a concentrations and the light extinction coefficient (a,). The solid line repre-
sents exponential fit (y = 0.61e%%* x = a,, r = .69, N = 13; significant at P = .10) with zero
chlorophyll a values represented as 0.01 pg liter™! in calculations.
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6.05
24.61
2.35
22.4
39.9
570
70
0.3
4.3
5x 10°
>10*
15
0

7.21
89.58
6.90
16.2
23.14
0.0
2.6
7%x10°
0

3690
402
>10*
145

MB
49.10
10.0
13.0
65.80
259
27
0.0
4.6
6x10°

12.43
46.36
3.00
20.0
148.65
5925
1305
0.6
15.2
2x107
3x10°
>10*
70

19
8.90
2.79
0.8
0.8

3x10®

1.

12.14
20.5
4x10°

Ryan
7.82
19.43
3.60
25.5
10.97
827
104
0.0
3.6
1x107
3x10°
60

BS

Venus
375
51.00
8.15
19.0
1.91
29
0.7
0.3
7x10°
>10*

Lakes inside blast zone
497

Boot
14.30
188.76
7.90
18.9
4.98
985
48
0.0
0.7
3x10°
=107
45

Pan-
handle
16.38
132.83
8.32
13.8
3.60
813
38
0.0
0.6
7x10°
>10*

St.
Helens
81.72
8.85
9.4
2.42
29
0.0
1.0
1x10°
>10*
20

574

Fawn
3.04
24.60
7.25
19.5
1.34
395
43
0.3
1.0
2x10°
5%x10°
20

ford
4.28
28.36
6.60
15.5
4.79
45
0.1
1.1
2x10¢
20
10

Hana-
485
4x10°

Blue
0.71
8.17
8.00

15.5
0.65

49
‘0.6
3.6

8x10°
2x10°

635

June
3.15
11.2
7.5
2.28
240
18
0.1
0.7
1x10°

0.59
1.33
8.35
17.6
1.29
565
62
1.3
3.7
6x10°
2x10°
0

Lakes outside blast zone
McBride

0.56
1.23
8.75
18.3
1.09
15
0.3
0.6
5x10°
0

Mesrill
1x10°

197

Charac-

teristic

gen (mg liter ™)

coefficient
Temperature

(ug liter ™)
ATP (ug liter ™)

(1/100 mb)
Fecal coliform

(1/100 ml)
*Newly formed (2).

SPM (mg
(ml™)

Total coliform

(ml™")

liter 1)
Dissolved oxy-
()
liter 1)
POC (pg
liter 1)
PON (pg
liter ')
Chlorophyll a
Viable bacteria

Table 2. Biological and physiochemical characteristics of lakes near Mount St. Helens. Samples were taken 0.25.m below the water surface on 30 June 1980. The lakes are grouped into four blast deposit
DOC (mg

areas (see text); BS and MB refer to lakes having features of more than one area. Methods are described in (7, 12, I3, I5).

Light extinction
Total bacteria

fast the high concentrations of organic
matter are oxidized or otherwise re-
moved (for example, by permanent buri-
al in sediments or loss through outflow).
This will in turn depend on the ease of
oxidizability of organics in the waters
and sediments. Data from September
1980 indicate even higher bacterial densi-
ties but similar DOC and POC concen-
trations (I8). Four vertical profiles in
Ryan, Spirit, South Coldwater, and West
Castle lakes showed no oxygen below
the surface, high concentrations of meth-
ane, carbon dioxide, and reduced iron
throughout the water column (I8, 19).
The pronounced odor of hydrogen sul-
fide was strongly evident in most water
samples. These observations indicate the
potential for development of dense che-
molithotrophic microbial communities.
As part of the recovery process, tran-
sient producer and consumer communi-
ties will probably develop. For example,
during chemoorganotrophic and chemo-
lithotrophic phases, bacteria-zooplank-
ton food chains may predominate. As
turbidity decreases, phytoplankton pri-
mary production should increase to pro-
duce mixed bacteria-phytoplankton-zoo-
plankton communities. However, given
the denuded lake watersheds and contin-
ual inputs by wind and water, these lakes
may not recover from the effects of the
eruption until after significant mineral
alterations, degradation of organics, and
regrowth of vegetation in the deposit
areas.
RoBERT C. WISSMAR

ALLAN H. DeEvoL
Fisheries Research Institute,
University of Washington,
Seattle 98195

JaMEs T. STALEY
Department of Microbiology,
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Venus: Chemical Weathering of Igneous Rocks and

Buffering of Atmospheric Composition

Abstract. Data from the Pioneer Venus radar mapper, combined with measure-
ments of wind velocity and atmospheric composition, suggest that surface erosion on
Venus varies with altitude. Calcium- and magnesium-rich weathering products are
produced at high altitudes by gas-solid reactions with igneous minerals, then
removed into the hotter lowlands by surface winds. These fine-grained weathering
products may then rereact with the lower atmosphere and buffer the composition of
the observed gases carbon dioxide, water vapor, sulfur dioxide, and hydrogen
fluoride in some regions of the surface. This process is a plausible mechanism for the
establishment in the lowlands of a calcium-rich mineral assemblage, which had
previously been found necessary for the buffering of these species.

The most important geochemical pro-
cesses at work on the surface of the earth
are erosion and transport of material by
running water and the atmosphere. On
Venus running water is absent, yet radar
images of the surface suggest the exis-
tence of some active processes which
modify landforms (/, 2). Erosion pro-
duced by atmospheric motion has been
suggested (2, 3). We examine the role of
the hot, reactive, lower atmosphere in
surface modification.

Measurements by the Pioneer Venus
entry probes and the Soviet Venera land-
ers reveal the lower atmosphere of Ve-
nus to be roughly adiabatic (4), although
some stratification is present (5).

The mean Venus surface temperature
is 740 K, at a pressure of 92 bars. The
observed lapse rate is about 8 K/km,
compared with about 6.6 K/km on the
earth (4, 5). There is substantial dis-
agreement between Soviet and American
analyses of the composition of the lower
atmosphere. A summary of the major
and minor reactive constituents of the
Venus atmosphere is given in Table 1.
There are major uncertainties concern-
ing the lower atmospheric abundance of
water vapor (H,0) and the sulfur-bearing
gases COS, SO,, and H,S (6). Since
reactions involving H,O are crucial to

Table 1. Composition of the Venus atmo-
sphere.

. Mole Source
Species fraction 6, 7)
CO, 0.97 Pioneer and
Venera
Cco ~2 x 107* Earth-based
H,0 2x 107 to Pioneer and
5x 107 Venera
HCI >10"¢ Earth-based
HF >1078 Earth-based
N, ~0.03 Pioneer and
Venera
SO, + S, <3 x 107 Pioneer and
Venera
H,S ~107¢ Pioneer
Ccos >3 x 107° Pioneer

weathering on Venus, we explored the
consequences of a range (2 X 1073 to
5 x 1074 of H,0 mole fractions. Chemi-
cal arguments based on the oxidation
state of the crust and lower atmosphere
(7) require the presence of COS; howev-
er, the Pioneer Venus mass spectrometer
experiment was unable to detect the ex-
pected amount due to contamination by
an ingested H,SO, droplet. Because of
the role sulfur plays in the chemistry of
iron and in the buffering of the atmo-
spheric oxidation state, more analyses of
the lower atmosphere are required. Fu-
ture experiments must be conducted
with care to avoid contamination by
cloud particles.

Wind speeds in the lower atmosphere
of Venus have been measured by the
Venera landers and by radio tracking of
the four Pioneer Venus entry probes (8).
The Soviet results are consistent with
surface winds of 0.5 to 1.5 m/sec, which
agree with the Pioneer Venus near-sur-
face data. The Pioneer Venus measure-
ments also show free-atmosphere wind
speeds of about 5 m/sec at an altitude of
12 km. This suggests that wind shear
near the surface boundary layer will be
greater at high altitude; still, the ob-
served surface winds are probably ade-
quate for moving fine-grained material
.

Radar images and altimetry from
ground-based radar and from the Pioneer
Venus orbiting radar are too poor in
resolution for detailed geomorphological
interpretation. Earth-based radar images
portray surface roughness on a scale of
centimeters, Pioneer Venus measure-
ments reveal roughness at a scale of 1 m,
and global altimetry reveals surface fea-
tures with a vertical resolution of 200 m
and horizontal resolution of 100 km. In
addition, the Pioneer Venus measure-
ments allow estimates of the surface
dielectric constant in surface cells 10 to
100 km across. Radar measurements
show Maxwell Montes, a peak 10.8 km
above the mean planetary radius, to be

0036-8075/82/0409-0181501.00/0 Copyright © 1982 AAAS 181





