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Abstract

Geothermal heat fluxes into the deepest waters of four caldera lakes were measured.
Temperature profiles within the stratification period between July and November 2007
allowed a quantification of the acquired heat. Due to their enormous depth, heat input from
the lake bed was locally separated from heat fluxes at the surface. In conclusion, a direct
measurement of geothermal heat input could be accomplished. Although enhanced
geothermal activity could be suspected in all cases, two lakes showed a geothermal heat flux
of 0.29 or 0.27 W/m? (Lake Shikotsu and Lake Tazawa), as found in other regions not
affected by volcanism, while both other lakes (Lake Kuttara and Lake Towada) showed a
much enhanced heat input of 1 or 18.6 W/m2, respectively. In conclusion within our
investigated set, all lakes acquired more heat from the underground than the continental heat
flux average. Hence, the heat flux into the lakes from the ground was not dominated by the
temperature gradient implied by the inner heat of the Earth. Other effects like the general
temperature difference of deep lake water and the groundwater or local sources of heat in the
underground deliver more important contributions. Obviously the flow of water in the

underground can play a decisive role in the heat transport into the deep waters of lakes.
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1. Introduction

Lake stratification and wind circulation are driven by forcing from outside, such as heat
fluxes and wind stress. Most of the fluxes happen at the lake surface by exchange with the
atmosphere, such as gas exchange, evaporation and precipitation and heat input and loss by
irradiation or sensitive heat flux, to just mention the few leading processes. Deep recirculation
in winter is pivoted very sensitively at a balance of remaining density stratification and input
of kinetic energy. Also the smaller contributions of heat exchange from the ground must be
considered. As this heat enters the lake at its base, the deepest layers experience a
destabilisation in terms of density gradient, and hence full overturns are supported and

redistribution of solutes and oxygen over the entire water body is accomplished.

The global average for geothermal heat flux amounts to 0.065 W/m?2 below continents
(Pollack et al. 1993) and may serve as a first estimate for the heat flux into lakes. However,
local variability is high on the global scale. Most measurements lie in the range between 0.04
and 0.1 W/m2, higher values are rare and may reach 0.25 W/m2. No measurements beyond 1
W/m? are reported in Pollack et al. (1993). If we consider heat input into lakes, we look at a
slightly different mechanism. Deep water in lakes of the temperate climate zone is formed in
the cold period of the year, and represents a cold location in the environment. Hence it would
not be too surprising, if lakes would acquire more heat than just the geothermal heat flux.
Hence the heat flux of 0.101 W/m2 (Pollack et al. 1993) into the deep ocean may also be
considered for comparison. Contrary to the ocean, deep lakes in a temperate climate represent

cold spots well confined in a warmer environment. Hence, they may attract more heat.

Indeed, lakes located where no volcanic activity was present were reported to be
exposed to heat fluxes from the ground in the range of 0.23 W/m?, e.g. von Rohden and
IiImberger (2001). They found this value when they derived vertical transport coefficients by
implementing gradient flux calculations to a SFe tracer experiment in the Lakes Wallendorfer
See (max. depth 30m) and Rassnitzer See (max. depth 38m) in the abandoned lignite mine
Merseburg-Ost in Central German mining district (see e.g. Bohrer et al. 1998) located in an
unconsolidated rock environment. In shallow areas of Mining Lake 111 (max. depth 10 m) in
the Lusatian mining district of Germany, Karakas et al. (2003) showed that the heat balance

might be also negative in the beginning summer stratification, as sediments had cooled while
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they were exposed to cold water temperatures during winter. The results were concluded from

gradient flux calculations by requiring reasonable values for the vertical transport coefficients.

Finally Crawford and Collier (1997, 2007) presented heat fluxes into the deep water
body of Crater Lake (max. depth 594 m) in Oregon, U.S.A., in a very similar system
compared to presented lakes. Though they presented differences of stored heat between years,
i.e. they also included the heat transfer into and from the upper water body, their time series
of heat fluxes could be used for an estimate of heat flux from the ground in years with few
deep water renewal, i.e. hardly any heat exchange with the shallower water layers. Their 14
years time series reached maxima of around 1 W/mz2. From the monimolimnion of the tropical
meromictic Lake Kivu (max. depth 485 m) in East Africa, Schmid et al. (2010) reported heat
gain in the range of 0.05 to 0.2 W/m?, to which the (double) diffusive heat loss to shallower
layers of 0.016 to 0.18 W/m?2 had to be added to find the amount of heat delivered from the

ground.

In this contribution, we investigated the case of very deep lakes, which are of general
public interest to Japan (e.g. Abukawa et al. 2012, see also Global VVolcanism Program

www.volcano.si.edu for general information on the investigated volcanic areas). Other than in

the cases above, we concentrated here on providing a direct measurement of geothermal heat
flux into lakes. The depth of very deep caldera lakes was sufficient that heat introduced over
summer from the surface remained locally separated from the heat from the ground. Hence,
heat input from the ground into the lakes could be measured much more accurately than in the
estimates above. The constant lake water temperatures at great depth (e.g. Yoshimura 1936 a,
b) also indicate pretty constant heat fluxes over the annual cycle; i.e. beyond the observation
period. The details of the heat transmission - such as the role of groundwater flow - are not
distinguished in this approach. All selected lakes are caldera lakes, some with known
geothermal activity close to the lake basins. Hence direct measurements of heat fluxes in such
areas could be of interest per se. We selected a time period between July and November 2007
covered by the summer stratification when large scale exchanges in the vertical could be

excluded.
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2. Lakes and Measurements

We selected four very deep caldera lakes in Japan, namely lakes Shikotsu, Kuttara,
Tazawa and Towada. For some more information on the geological surrounding of the caldera
lakes, see the work by Yamagata (1993) for lakes Shikotsu and Kuttara, by Kano et al. (2007)
for Lake Tazawa or by Kudo (2010) for Lake Towada, respectively. The lakes were located in
southern Hokkaido or in the mountainous Tohoku area (Northern Honshu, see Fig. 1).
Maximum depths ranged from 148 m to 423 m. All lakes consisted of a single round basin
with steep side walls. All lakes experienced cold winters and hence formed deep water
temperatures close to 4°C (see e.g. Boehrer et al. 2009). Deep water temperatures varied only
marginally in the range of fractions of a degree over the annual cycle. For more information
on the circulation of the lakes see Boehrer et al. (2008, 2009).

Lake Shikotsu (as well as Lake Kuttara) showed a thermobaric stratification: i.e.
pressure affected the temperature of maximum density with consequences for the deep
recirculation during winters. Lake Shikotsu could be considered a beautiful representation and
demonstration model of a horizontally homogeneous, thermobarically stratified lake (Boehrer
et al. 2008, 2012).

We used an Ocean Seven 316 multiparameter probe (Idronaut, Italy). The probe carried
sensors for pressure (range 0 to 1000dbar), temperature (range 0°C to 30°C), electrical
conductivity (freshwater range: 0 to 6 mS/cm), dissolved oxygen, pH and other quantities not
required for this investigation. For back-up and data confirmation, a CTD probe (Sea & Sun
Technology, Germany) was attached to the multiparameter probe and operated independently
(see Boehrer et al. 2009). Probes were run in continuous data collection mode: Ocean Seven
at 1.2 Hz, and CTD at 4 Hz.

Both manufacturers claimed an accuracy of about 0.005 K for temperature and 0.005
mS/cm for conductivity. The results however showed a difference of 0.025 K between probes.
Measured conductivities agreed within 0.0025 mS/cm between probes. However, calculation
of heat input is based on the measurement of small temperature differences between July and
November measurements. The measured profiles showed identical temperatures at mid depth,
which confirmed that no noticeable drift of calibration had taken place. In the cases of Lake
Shikotsu, Lake Kuttara, Lake Towada the measured temperature difference could be
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confirmed within 10% by data of the CTM probe, only in the case of Lake Tazawa, the
relative difference turned out to 20%, because of the minuscule temperature changes over the

observation time.

Before profiling, oxygen and pressure sensors were calibrated on site. The probes were
lowered at speeds of about 0.3 m/s by hand on a rope. Even at depths beyond 400m, ground
contact could be felt by releasing tension in the rope. The probes were immediately pulled
back up, and contact with lake beds could be verified with several measurements at constant

depth in data files after data recovery.

3. Results:

The presentation of the results starts from the Northern end.

3.1 Lake Shikotsu

According to its reputation as a thermobarically stratified lake, Lake Shikotsu showed
temperatures below 4°C also during summer stratification (Fig.2 upper row). The
conductivity profiles showed (very) small gradients of dissolved substances. The distinct tiny
step, which was observed in spring profiles of 2005 (Boehrer et al. 2008, 2009) and which
clearly defined the circulation depth, was not visible in summer or autumn 2007. Possibly the
later time of the year had allowed for some mixing and a previous step would have smoothed

out.

A close look at conductivity reveals a slight increase in the deep water towards the lake
bed in the July profile and even more in the November profile (Fig. 2, upper row, last column).
Obviously, some dissolution from the sediment had increased the conductivity. This small
increase contributed to density and hence created a stable stratification in the bottom layer.
Supposing the additional conductivity originated from decomposed material, this would
contribute heat to the deep water. A quantitative estimate of the amount of produced carbon
dioxide (and bicarbonate) showed that reaction enthalpy and dissolution would contribute far
less than 1mK to the temperature of water. Following the estimates of “Energy Fluxes in the
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Bottom Boundary Layer” of Imboden and Wiest (1995), we found an estimate of the order of
1mK from bottom friction, if all energy was deposited in the bottom 1m. Temperature
increase in the bottom boundary was much larger (~20mK) over a layer of more than 100m
thickness, and hence could not be a consequence of decomposing organic material nor of

mechanical work.

The area between both profiles represented the heat input between the measuring dates:

H = [(Tuoy = To) - pC,02 (1)
Now due to the enormous depth of Lake Shikotsu and the increased density by released
substances, the heated layer at the bottom of the lake stayed locally clearly separated from
heat exchange at the surface. Hence the integral spanned over the depth range which
represents the layer heated from below. There was no reason to suspect any heat transport
from the surface to the bottom over the stratified period July to November 2007. Hence we
interpreted the resulting heat flux of dividing H by the enclosed time interval as geothermal
heat flux into a lake.

h=H/At =0.29 W/m?2 (2
Both paths of inflowing groundwater and sensible heat flux were included in this approach.
As a consequence, we also disregarded any geothermal heat input above the layer covered by
the integral. The resulting value lay considerably higher than average heat flux from the inner
Earth through continents (0.065 W/m?2) and into oceans (0.101 W/m2 , Pollack et al., 1993).

3.2 Lake Kuttara

The approach for Lake Kuttara was the same as for Lake Shikotsu. Also in this case,
the heated bottom layer was clearly separated from the heat exchange at the surface (Fig.2
second row). The numerical evaluation however revealed a higher value of 1.0 W/m? for the
heat flux from the lake bed.

The profiles of temperature and conductance revealed two steps in both profiles of July and
November. Temperature affected density stratification in an unstable way, while this effect
was balanced by the density effect of dissolved substances. Hence the preconditions for
double diffusive convection and hence the formation of staircases were given (e.g. Boehrer
2012). Double diffusive convection forming staircases had been known for tropical lakes
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(Newman 1975, e.g. Schmid et al. 2004), but had also been observed in lakes of the temperate
climate zone (e.g. von Rohden et al 2010). Layer thicknesses usually lie in the range of

decimetres to one meter.

Calculating the density difference due to temperature differences (0.2 K, thermal expansion

coefficient o ~ 2-107°/K from Boehrer et al. 2012) between 90 and 140m depth and doing
the same for the conductivity differences (1 uS/cm, p=0.6 kg/m3/(mS/cm) e.g. Bauerle et al.
2001 referred to 25°C as reference) yielded a density ratio of

PASIAZ 6
aAT [ Az

for diffusive regime conditions. This value implied overall stable conditions, as density gain

3)

R (diffusive) =

due to solutes overcame the destabilization due to temperature gradient. A value below 10
indicated the possibility for double diffusive convection. The scaling of Kelley (1984)
delivered a value in the range of 8m for the layer thicknesses of possibly resulting staircases,
which at least met the order of magnitude of observed 25m layers. In conclusion, chances
were good that the steps originated from double diffusion convection, though they were

extraordinary high.

3.3 Lake Tazawa

For Lake Tazawa, the approach was the same: although the stratifying contribution of
released substances from sediments was too small to be resolved and too small to confine the
heat to a defined layer close to the bottom (Fig. 2 third row). Hence the heat must have driven
convection and heat was forwarded to an altitude where it touched the temperature
stratification formed from the surface. Hence the calculation could still be done in the same
way as for Lake Shikotsu. We found a value of 0.27 W/m2 close to the value in Lake Shikotsu

and no verification of additionally increased heat input due to volcanic geology.

3.4 Lake Towada

Lake Towada showed increasing temperatures throughout the entire profiles (Fig. 2

bottom row; excluding a thin surface layer). Hence the separation of heat input at depths and



220

225

230

-9-

from the surface cannot be done as simply as in the previous lakes. At 90 m depth, however,
both July profile and November profile showed a temperature minimum. Net transport of heat
across this line should vanish on both dates and probably most of the time between. Though

arguable, we took the 90 m mark as the upper end of our integral.

The calculation revealed 18.6 W/m?2, which was more than two orders of magnitude larger
than the global average of geothermal heat flux and much more than in the other lakes of this
study. It was suspected that submerged springs carry the heat into the deep water of Lake
Towada. A maximum in the conductance profile at 200m depth supported this idea. Possibly
also a short circuit of lake water could accomplish a heat transport: Lake water could enter the
ground and acquire heat from geothermal sources. The increased buoyancy could allow the
water to re-enter the lake. Nishimura et al. (1999) had already attempted clarifying the origin
of the deep waters in Lake Towada.
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4. Conclusions

All investigated lakes showed heat fluxes into the deep water body from the ground:
From high accuracy and high resolution profiles of temperature and electrical conductivity,
the heat flux over the stratified period from July to November 2007 could be quantified. In all
investigated lakes, geothermal heat fluxes (Lake Shikotsu 0.29 W/m?, Lake Tazawa 0.27
W/m?2) overcame the global average of heat flux from the inner Earth of about 0.065 W/m?
through continents and even the value of 0.1 W/m2 into oceans. The heat flux into lakes could
however be even much larger, e.g. Lake Kuttara 1 W/m? or Lake Towada 18.6 W/m2,

All investigated lakes were caldera lakes, and they all lie in still volcanically active
zones. Higher temperatures in the ground than the global average could be suspected. In Japan
In general, precipitation overcomes evaporation from a water surface. Lakes produce an
outflow either at the surface or through the ground. Groundwater outflow had been
documented in the case of Lake Kuttara (Chikita el al. 1995) and also Lake Ikeda (Terada
1996, Hirae et al. 1997, Momii 2003), which lies in Kyushu but was not part of this
investigation. Outflowing groundwater might well receive considerable heat from the ground,
as e.g. demonstrated by the appearance of hot springs at the bottom of Lake Kuttara, possibly
connected to thermal springs in Gigokudani “Hell’s Valley” of Noboribetsu (Chikita et al.
1995). This heat however is felt in the lake only, if the heated groundwater can find its way
into the lake, as it is suspected for deep areas in Lake Towada (see also Nishimura et al.,
1999).

In all presented lakes, the input of heat from the ground overcame the average
geothermal heat flux by a factor of at least 4 compared to globally averaged heat flux through
continents (and still by a factor of 2.5 compared to the ocean situation). Apparently, this was
also valid for the cited estimates from other lakes. We concluded that factors beyond the
general temperature gradient from the inner Earth to the surface had to be involved in the heat
transport. Differences of deep water temperatures and groundwater temperatures as well as
local conditions, such as in volcanic activity and groundwater flow, were responsible for the

geothermal heat flux into lakes.
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Table 1: investigated lakes, morphology and location of measuring points and measured

geothermal heat flux.

Name Max depth | Surf. area Altitude | Region North East Heat flux
z, [m] A, [km?] [m asl] n°n'n" n°n'n" [W/m2]
Shikotsu | 360 78.8 248 Hokkaido | 424613 | 1412119 | 0.29
Kuttara | 148 4,72 258 Hokkaido | 422957 | 1411113 |1.0
Tazawa | 423 25.7 250 Tohoku 394313 |1403943 |0.27
Towada | 334 59 401 Tohoku 402651 | 1405326 | 18.6
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Figure Captions:

Figure 1: Contour maps of the investigated lakes at the same length scale, including their

locations in Japan. Contour intervals (annotations in [m]) vary.

Figure 2: Profiles of temperature and electrical conductance (i»s) from caldera lakes in Japan
during 2007. July profiles are drawn as broken lines, while November profiles of the same
year are drawn in solid black. Exact dates for the measurements and lake names are marked

for each line of panels. Third and fourth column of panels show details of the profiles.
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during 2007. July profiles are drawn as broken lines, while November profiles of the same
year are drawn in solid black. Exact dates for the measurements and lake names are marked
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