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ToO establish a relationship between levels of atmospheric pol-
lutants such as SO, and the acid-base chemistry of lakes is an
important but elusive goal of studies on acid precipitation. But
the direct effect of acid deposition on the acid-neutralizing capacity
(ANC) of lake waters is difficult to isolate, because rates of change
of the latter are small' and ANC is also influenced by other
factors®>. We report here the observation of changes in the ANC
of a seepage lake in Michigan driven by the effects of drought on
the local hydrology. While levels of acidic wet deposition at the
lake remained at a constant, moderate level over a five-year period,
a rapid, major loss of ANC occurred because of changes in the
input of ANC-rich groundwater. Thus even modest climate fluctu-
ations can have substantial effects on lake chemistry, and must be
taken into account when interpreting temporal trends. Sustained
drought conditions might similarly alter the acid—base chemistry
of other softwater systems.

The ANC of softwater lakes is determined by four main
factors: the geological setting, the hydrological paths of inputs,
internal alkalinity generation, and the atmospheric loading rates
of mineral acids. Seepage lakes are defined hydrologically by
the absence of permanent inlets and outlets of surface water,
and their sensitivity toward acidification is closely related to the
relative amount of ANC-rich groundwater they receive®. For
many of the low-ANC seepage lakes that receive <10% of their
water from groundwater, internal alkalinity-generating proces-
ses such as sulphate reduction become an important source of
ANC*. Seepage lakes occur worldwide, commonly in glacial
outwash deposits, coastal dunes and karst topography. In
geologically sensitive (that is, slowly weatherable) regions of
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FIG. 1 ANC and pH measured in samples coliected at 1.0 m depth from
Nevins Lake between autumn 1983 and autumn 1988. Trend slopes
were —-30 peql™*yr™* for ANC, (95% confidence interval —17 to
—40 peq ™ yr % p=0.007) and —0.14 units yr~* for pH (95% confidence
interval —0.04 to —0.21; p=0.011). ANC was determined by Gran titration
to pH 3.5 and pH samples were not aerated.
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the United States sampled during the National Surface Water
Survey, >25% of the lakes were seepage lakes. More important
from an impact perspective, 56% of the acidic lakes (ANC <
Ouneql™") and 41% of the lakes with ANC <50 neql™' were
seepage systems”.

Nevins Lake (46°31'00" N, 86°14'34” W) is a small (110 ha),
continually mixed seepage lake (maximum and mean depths of
49 and 1.8m) located in the eastern Upper Peninsula of
Michigan. The lake lies on a highland glacial outwash plain of
sand and gravel® within 10 km of Lake Superior and is surroun-
ded by white pine and hardwood forest. The watershed is
relatively remote, but 30 seasonal cottages and one year-round
residence are present on the northern shore. The region receives
~95 cm yr~! of precipitation, and the influence of Lake Superior
is reflected in the wide range of snowpack measurements from
two nearby stations (530-627 cm).

As part of a continuing study designed to detect trends related
to acid deposition’, water chemistry variables were analysed
between autumn 1983 and autumn 1988 on samples collected
at 1.0 m depth each spring (after the ice thawed), mid-summer
and autumn. To evaluate time trends, we applied the seasonal
Kendall 7-test (with correction for serial dependence)® to the
S0Z7, Ca®*, Mg®*, ANC, pH, conductance and dissolved
organic carbon (DOC) data. For variables showing significant
trends, the median rate of change was calculated using the
seasonal Kendall slope estimator®,

During the study period, there was a striking change in the
acid-base chemistry of the lake. The ANC decreased by a factor
of 8 from a peak concentration of 178 peq 1™ in autumn 1983
toalowof 22 peq 1™ ' in autumn 1988 (Fig. 1), a highly significant
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FIG. 2 Concentrations of g S02™, b, Ca®* and Mg and ¢, Si0, in samples
collected at 1.0m depth from Nevins Lake. Trend slopes were
—20peqtyr™* for Ca®** (95% confidence interval —12 to
—28 peqtyrt; p=0.010), —3 peql ™ yr* for Mg?* (95% confidence
interval —1 to =5 peq (™t yr™*; p=0.028),and —23 peq I"* yr™* for =Ca®* +
Mg2* (95% confidence interval —16 to ~32 pegli™ yr™%; p=0.011). No
significant trend was detected for SO~ (p=0.641). Analytical methods:
S02™, ion chromatography; base cations (dissolved), atomic absorption
spectrophotometry; Si0,, oxalic acid/molybdate method.
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change (—30 weql ' yr'). This was mirrored by a significant
decrease in the pH from 7.03 to 6.24 (Fig. 1). Parallel decreases
in Ca®* and Mg®* (19 and 3 peq1™' yr !, respectively) accounted
for most of the loss of ANC, with the balance attributable either
to variance about these slope estimates or to small undetected
trends in other variables. Of the remaining variables, a significant
trend was detected only for conductance (—2.3 pScm ™' yr!,
p=0.007, where P is the probability that » =0); DOC, Na*, K*
and Cl™ remained relatively constant at low concentrations.

Several lines of evidence support our hypothesis that the
acidification (loss of ANC) was driven by fluctuations in climate
and hydrology, and not by increases in atmospheric pollutant
loading, shifts in internal alkalinity-generating processes, or
watershed disturbance. Nevins Lake receives moderate loadings
of mineral acids; based on interpolation of data from the
National Atmospheric Deposition Program, wet SO%~ deposi-
tion is 15.1kgha™'yr ! and the volume-weighted pH of the
precipitation is 4.6 (T. Olsen, personal communication). Wet-
deposition rates of base cations and strong-acid anions remained
stable between 1979-1987 (seasonal Kendall 7-test) at the closest
NADP stations (Trout Lake, Wisconsin and Douglas Lake,
Michigan)'®. Further, we observed no significant trend in lake
SO;™ during the study period (Fig. 2a). Nitrate was detectable
only in spring samples and then concentrations were low
(<10 peql™'). The magnitude of ANC loss, combined with
stable SO~ concentration in the lake, discount a change in
internal alkalinity generation by sulphate reduction as the
primary explanation for the patterns we observed. Low con-
centrations of soluble reactive phosphorus (<3 pgl™') and the
lack of change in land use during the study period suggest that
shoreline dwellings were not a factor inducing the chemical
changes.

The monotonic decreases in Ca**, Mg** and SiO, (Fig. 2b, ¢)
strongly suggest that the rapid acidification of Nevins Lake was
linked to reduced groundwater discharge. Superimposed on the
progressive loss of ionic strength, we observed summer maxima
in ANC and Ca®* (Figs. 1, 2b) which may reflect pulsed inputs
of groundwater following the melting of the snow. The absence
of this seasonal pattern after 1986, concurrent with a decrease
in SiO, (Fig. 2¢), probably marks the end of the flow of ground-
water into the lake. Low-ANC seepage lakes receive a large
portion of their ANC, Ca**, Mg®* and SiO, from groundwater,
although their hydrological inputs are dominated by precipita-
tion rather than groundwater!'"!*. Elimination or reduction of
groundwater discharge combined with continued inputs of
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FIG. 3 Five-year running means of annual precipitation at Grand Marais,
calculated monthly. The dashed line indicates the 30-yr average annual
precipitation at the site. NOAA climatological data 1970-88 (National
Climatic Center, Asheville, North Carolina).
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mineral acids from precipitation, gradually depletes the ANC,
primarily through dilution'*!". Ion-enrichment calculations'!
predict that prolonged absence of groundwater inputs to Nevins
Lake would eventually result in acidic conditions (ANC <0).

Climate data further support our interpretation of the
chemical trends. Five-year running averages of annual precipita-
tion at Grand Marais (22 km to the northeast of the study site)
were far below normal during the entire study period (Fig. 3).
Hydrological records are unavailable, but the lake level in 1988
was as much as 0.5 m below that of previous years (local resi-
dents’ and our observations), corresponding to ~10% loss of
volume. In addition, the water table at three US Geological
Survey monitoring wells 13 to 95 km from Nevins Lake had
decreased significantly (seasonal Kendall 7-test) since 1975.

The speed and magnitude of a lake’s chemical response to
drought seems to be related to the initial percentage of ground-
water input, which determines ANC, and water residence time.
During the same period, drought-related decreases in the lake
level and in the water table, followed by cessation of ground-
water inflow, were observed at Vandercook Lake and Little Rock
Lake, two low-ANC (20-25 peql™!) seepage lakes in north
central Wisconsin (D. A. Wentz and W. J. Rose, personal com-
munication). During this time, however, a drought-related
decrease in ANC of 10 peq1™" occurred only in the untreated
basin of Little Rock Lake (C. Watras, personal communication).
This decrease in ANC was much less than that observed at
Nevins Lake (150 peql™") owing to Little Rock Lake’s lower
initial ANC (25 neq1!), longer residence time (~3 yr) and
smaller groundwater contribution. The relatively short inflow-
based water residence time (~1.6 yr) of Nevins Lake, the result
of a shallow mean depth combined with large annual inputs of
precipitation, explains its rapid response. Lakes with longer
water residence times, such as Vandercook Lake (~5yr)',
would be expected to exhibit lags in their chemical response to
hydrological fluctuations.

The data from Nevins Lake demonstrate that changes in
hydrological flowpaths caused by climate fluctuations—in this
case a shift in the relative inputs of groundwater and direct
precipitation—can cause ANC changes exceeding those expec-
ted in response to acidic deposition™’. It is likely that the
chemical changes in Nevins Lake represent an extreme in terms
of the magnitude and the speed of the response. Nevertheless,
the process we describe is generally applicable to systems that
rely on small inputs of groundwater to sustain their ANC,
especially low-ANC seepage lakes and peatlands'®. Uncertaint-
ies about the effects of drought on overland and stream flow
(hydrological inputs absent from seepage lakes) complicate but
do not preclude extrapolation to low-ANC drainage lakes. Our
results suggest that reduced groundwater inputs related to sus-
tained drought or to global warming increase the risk of
acidification to many softwater systems. 0]
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THERE have been several reports’ of electromagnetic radiation
being detected in air and/or underground before large earthquakes
or volcanic eruptions. Unfortunately, such measurements are often
plagued by contamination from other sources of noise. We have
developed an electrode system that is effective at filtering out urban
and atmospheric background noise. Here we report the detection
of anomalous electromagnetic signals several hours before the
occurrence of large earthquakes near Ito city, Japan, about 150 km
from the location of the electrodes. We have also detected
anomalous signals about one day before an undersea volcanic
eruption that constituted part of the same seismic swarm near Ito.
Although the mechanism responsible for such signals is still
unclear, these results indicate that their monitoring could be
valuable for the prediction of seismic activity.

Conventional methods of measuring underground elec-
tromagnetic radiation (EMR) associated with seismicity are not
effective in a highly industrialized area with high levels of urban
noise. Measuring EMR using a steel pipe in a deep borehole as
an electrode was therefore proposed, especially to measure the
vertical component of the underground electric field®. This
configuration is very effective for reducing signals caused by
lightning discharges or other atmospheric effects®. Such signals
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FIG. 1 The electromagnetic radiation recording system is installed at
Tsukuba. The 1989 seismic swarm occurred off the coast of Ito on the Izu
peninsula.
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propagate between the ionosphere and the ground in a
‘waveguide mode’, which means that the associated electric
fields under the ground surface are predominantly horizontal.
The electrode system was installed in late March 1989 at
Tsukuba, ~60 km northeast of Tokyo. One electrode is a steel
pipe in a borehole 603 m deep and the other is a circle of
grounded wire, 40 m across, which surrounds the hole at a depth
of 1 m. Although we have no means of knowing the exact extent
of earthing of the casing pipe at an arbitrary depth, we suspect
that the finite value of earth resistivity would cause partial
grounding. At Tsukuba, the surface of the pre-Tertiary base-
ment'® is at a depth of 400 m. Below the ground surface the
resistivity is several tens of ohm metres, but lower down, it is
an order of magnitude more conductive owing to the high salinity
of fossil water''. The lowest layer below the basement surface
has a high resistivity of several hundreds of ohm metres. The
vertical inhomogeneity in the resistivity enables the electrode
system to be sensitive to vertical gradients of the electric field.

We have observed EMR in three frequency bands—the d.c.
range (~12 Hz), the ultra-low-frequency (ULF) range (0.01-
~12 Hz), and the extremely-low-frequency (ELF) and very low-
frequency (VLF) ranges (1-~9 kHz)—since last March. We
detected no anomalous record in the ULF ranges with our
recording method, however, and the following discusssion is
limited to the ELF/VLF bands. Amplitude envelopes of the
ELF/VLF band have been recorded on strip charts. Criteria for
determining abnormal radiation were tentatively selected by
examining the normal patterns before and after events.

The most anomalous precursory EMR was observed during
the seismic swarm and the undersea volcanic eruption that took
place in 1989 off the coast of Ito (Fig. 1)'*. (Seismic swarms
have been occurring almost annually in the western area of
Sagami Bay since 1978'%.) Last summer’s swarm activity started
at the end of June and on 5 July 1989 a moderate earthquake
of magnitude M =4.9 occurred near Ito, at 02:28 local time.
Figure 2a shows the EMR amplitude from ~16:00 on 4 July to
~05:00 on 5 July. At ~20:00 the radiation pattern suddenly
changed; the first burst in radiation level was maintained for
half an hour and in the second burst the level was maintained
for about an hour. These bursts occurred ~6 h and 4 h before
the earthquake, respectively. Typical radiation patterns of nor-
mal conditions are shown in Fig. 2b. Normal patterns consist
almost entirely of short-lived pulses, and are thought to be the
result of atmospheric activity.

The anomalous radiation is characterized by sporadic bursts
lasting half an hour, together with numerous large pulses. By
inspecting the data with an event-recorder we found that the
durations of the pulses were >50 ms, much longer than the
~5-ms duration of pulses caused by atmospheric activity. The
pulses continued until the earthquake occurred. There were no
appreciable abnormal fluctuations in the magnetic field data
from Ohshima, which is in the vicinity of the seismic swarm at
the time of the anomalous radiation.

The largest shallow earthquake (M =5.5; focal depth, 17 km)
during the swarm occurred at 11:09 on 9 July. The EMR recorded
before this earthquake is shown in Fig. 3. Prominent, sporadic
emission bursts, about half an hour long, occurred intermittently
for ~10 h before the earthquake. Because 108 earthquakes were
recorded on this day (Japan Meteorological Agency), it is not
clear whether or not the bursts were related to a particular
earthquake. The regularity of the bursts, however, suggests that
the abnormal radiation was related to the largest earthquake.

The seismic swarm peaked between 4 and 10 July with promi-
nent crustal motions, such as observed by the Global Positioning
System (GPS) technigue'*. On 11 July a volcanic tremor started
without any appreciable crustal motion, however, causing con-
cern among the disaster prevention communities in Japan. Our
EMR data showed a distinctive abnormal radiation pattern from
~13:00 to ~17:00 on the day before the eruption on 13 July
(Fig. 4). The radiation pattern is obviously different from that
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