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Abstract A geochemical model was incorporated into a stratification model for lakes to
create the model package: DYCD-CORE, a numerical code that couples the thermal and
hydrodynamic capabilities of DYRESM and the geochemical capabilities of the reactive
transport model CORE*”V4. Based on the chemical composition of solutes calculated in
each node for each time step, density was computed using specific partial molal volumes of
all considered solutes and fed back into the stratification module of the program package.
The density calculated each time step leads to a strong coupling of hydrodynamics and
hydrogeochemistry and reflects the complex interaction as it is present in all lakes. To
demonstrate the functionality of the numerical approach, an example of an iron-meromictic
lake was chosen, where the reactivity of the dissolved iron kept the water body perennially
stratified. To critically validate the model results, temperatures were continously measured
at high vertical and temporal resolution in a field investigation of Waldsee (near Dobern,
Germany). Multiparameterprobe profiles and water samples confirmed the continous
chemical stratification and served as initial and boundary conditions for the simulation
period. The model package DYCD-CORE could reproduce the permanent stratification as
it were in the lake. A demonstration run using the standard UNESCO equation for density,
and hence assuming non-reactive solutes, failed entirely. Hence, stratification models using
salinity for density are not suited for simulating density created by lake-internal geo-
chemical transformation of solutes. However, density can be based directly on the
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simultaneous numerical simulation of lake geochemistry. Predictive modeling of changing
lake circulation in a variable climate or considering change of use will require a proper
inclusion of the geochemistry as demonstrated in this paper.

Keywords Meromictic lake - Stratification - Stability - Hydrodynamic model -
Geochemical model

1 Introduction

Most of the lakes in temperate climates show extended periods of stratification. Usually,
deep circulation periods occur at the beginning of the autumn, and the entire water column
is homogenized. These lakes are called holomictic. In some lakes, the fall overturn does
not involve the entire water body and a layer of water remains stable in the deepest part of
the lake, the monimolimnion. Concentrations of dissolved substances in this deep layer are
large enough to prevent turbulent and shear flows to accomplish a full turnover. This
situation can be stable for many years, even decades, or centuries. Such lakes are called
meromictic. The monimolimnion and the water body above, the mixolimnion, are sepa-
rated by the chemocline, a zone of large chemical gradients. Such large gradients of
density often limit mass fluxes to values similar to those produced by molecular diffusion
(e.g., von Rohden and Ilmberger 2001).

Many different meromictic lakes have been identified and shown in the literature
(Walker and Likens 1975). In Boehrer and Schultze (2008) and Schultze and Boehrer
(2009), processes sustaining meromixis are discussed and some examples of meromictic
lakes are shown. Several deep lakes are meromictic, but some shallow and medium depth
lakes can become meromictic due to the high concentrations of dissolved substances in the
monimolimnion coming from saline inflows or biogeochemical cycles. Examples for
biogeochemically caused meromixis were some of the maar lakes of the Eifel region
(Germany, Scharf and Oehms 1992) and Lake Lugano (Wiiest et al. 1992), which became
meromictic due to eutrophication in the second half of the last century. Reduction in
nutrient load, remediation measures, and extreme natural events (storms, floods, and an
accompanying turbidity current in the case of Lake Lugano (Scharf and Oehms 1992; De
Cesare et al. 2006; Aeschbach-Hertig et al. 2007) resulted in a change back from mero-
mixis to holomixis in these lakes). Another important biogeochemical process is the
cycling of iron and manganese between oxic and anoxic conditions, often called iron
meromixis (Hongve 1997, 2002). This cycle is also of importance in many pit lakes, which
are suspected to be more prone to become meromictic than natural lakes in general. Their
often small ratio of diameter to depth and the occurrence of geochemically different
inflows into pit lakes are the main reasons for this (Lyons et al. 1994; Miller et al. 1996;
Castro and Moore 2000; Sanchez Espaiia et al. 2009). Meromixis is not often desirable due
to its negative impacts on organisms. Large areas of the profundal cannot be colonized by
organisms depending on oxygen. In addition, an unexpected turnover of a meromictic lake
could produce acute environmental problems. Toxic substances accumulated in the mon-
imolimnion could then migrate to the mixolimnion resulting in devastating effects on fish,
other organisms, and human beings such as the catastrophic episode of Lake Nyos (Hal-
bwachs et al. 2004). In other cases, however, meromictic conditions have been used to
improve the quality of surface waters by using the monimolimnion as a trap for undesirable
substances from the mixolimnion (Stottmeister et al. 2010) and for treatment of acid mine
drainage (Fisher and Lawrence 2006; Gammons and Duaime 2006).
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The processes that can cause or affect the stability of the meromictic conditions in lakes
are mainly related with the duration and/or strength of the circulation periods and the
increasing of the concentration of dissolved species to the bottom waters. However, it is
necessary to identify quantitatively the contribution of all the different aspects that can
influence meromictic conditions in order to make reliable predictions of the future water
quality when managing lake water quality or planning restoration measures on new pit
lakes. The formation or removal of a monimolimnion can affect seriously the quality of the
water column and must be considered in management decisions or calculations. This is the
reason why models can be an extremely useful tool to predict these special events and help
managers and regulators in the remedial activities.

There is at least one successful long-term predition of meromxis with numerical models
(Bohrer et al. 1998; Heidenreich et al. 1999). More recently, models have included the
effect of some dissolved species in separate, such as iron or dissolved organic carbon, in
the density calculations (Wiiest et al. 1996; Schmid et al. 2003; Katsev et al. 2010).
However, there is no well-known publication on the simulation of a meromictic lake, in
which chemical reactions of the dissolved substances are the crucial or pivotal process for
the permanent density stratification. The presented simulation hence expands the previous
set of lake stratification models by the simulation of the iron meromixis in Waldsee
(Germany). In this lake, the redox cycle of iron is known as the crucial process to keep the
lake stratified (e.g., Boehrer et al. 2009).

A coupled hydrodynamic and geochemical model accounts for the strong control that
geochemical transformations play on the stratification. DYRESM is used to simulate the
stratification of the lake. Within each layer, CORE?” V4 calculates the chemical com-
position of solutes considering chemical equilibrium, mineral precipitation, and gas
reactions. Finally, the inital density equation implemented in DYRESM based on Fofonoff
and Millard (1983) is substituted by a more accurate algorithm that calculates water density
from water temperature and the chemical composition calculated by the geochemical
model in each time step. This density is fed back into the stratification model, where
circulation and mixing are based on the density differences implemented by the geo-
chemical model. As a consequence, this approach leads to a strong coupling of hydro-
dynamics and hydrogeochemistry. The program package, DYCD-CORE (Moreira 2010),
was used to simulate temperature and chemical profiles. The purpose of the paper is to
demonstrate that detailed simulation of biogeochemically caused stratification of lakes is
possible using the chosen approach.

2 Study Site and Methods
2.1 Study Site

Waldsee is a small meromictic lake located near Dobern (Lusatia, Germany). The lake is
located within a forest with a significant sheltering against wind impact and shadowing
effects that must be considered in the simulation. The lake is closed and has a maximum
depth of 4.7 m and a maximum length and width of 120 x 50 m? (Fig. 1). Its catchment
area is very small (about 30,000 m?) caused by glacial folding of the lignite seams and the
accompanying aquitards (Kupetz 1997) and former mining operations.

The lake shows permanent stratification (Schimmele and Herzsprung 2000; Dietz et al.
2008; Boehrer et al. 2009; von Rohden et al. 2010). The chemocline is established at
depths ranging from 1 to 1.5 m from the lake surface (Fig. 2). Dissolved oxygen profiles
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Fig. 1 Morphometry of Waldsee
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Fig. 2 Measured temperature and conductivity profiles of Waldsee during 2007

(Fig. 3) show a well-defined oxic mixolimnion well supplied with oxygen and an anoxic
monimolimnion where Fe** hydroxides are dissolved and reduced to Fe*". A rise of the
chemocline was observed during the cold season, showing that groundwater inflows into
the monimolimnion and chemical reactions in the chemocline most likely contribute to the
fluctuations of the chemocline depth (von Rohden et al. 2009, 2010). According to von
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Fig. 3 Measured dissolved oxygen profiles and pH of Waldsee during 2007

Rohden et al. (2009), turbulent mixing forced by the wind plays a subordinate role. Diurnal
convection of the mixolimnion driven by night cooling eroded the monimolimnion during
summer and lowered the chemocline (von Rohden et al. 2009, 2010).

Groundwater is the main water inflow to the lake. Due to the complicated and disturbed
geology, there is no exact information about groundwater inflow direction and the com-
position of the groundwater. Data of groundwater observation wells, which are located
around the lake, showed a high spatial variability. Pechstein (2008) assumed that main
groundwater inflow was from south or southeast direction. Tracer studies have been
conducted to elucidate the groundwater/lake connection in the complex sedimentary
sequences of the surroundings of the lake. Seebach et al. (2008) and von Rohden et al.
(2009) estimated groundwater inflows and outflows from tracer experiments and isotopic
data. According to von Rohden et al. (2009), groundwater inflows range from 4 to 12 m’/d
with a mean value of 8.2 m’/d, while groundwater outflows range from 0 to 12 m>/d with a
mean of 6.0 m*/d.

2.2 Field Data

Meteorological data are acquired at a station on the lake (Umweltanalytische Produkte,
Cottbus, Germany). They include as follows: wind speed (ms~') and direction (degree),
precipitation (mm), air temperature (°C), relative humidity (%), solar radiation (W m~2),
and air pressure (bar). The sensor suite was mounted on a floating station located in the
middle of the lake. A thermistor chain below acquired water temperatures at a spacing of
10 cm and a temporal resolution of 10 min. More details can be found in Boehrer et al.
(2009). Data for cloud cover were collected in a nearby station of the German Meteoro-
logical Service (DWD).

Available data include also water samples collected for chemical analyses and tem-
perature profiles recorded from April to October 2007. Water sampling and chemical
analysis were done as described by Dietz et al. (2008) and Boehrer et al. (2009).
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In addition, fine resolution profiles of temperature, electrical conductivity, oxygen con-
centration, and other physico-chemical parameters, such as pH, were acquired with mul-
tiparameter probes (IDRONAUT, Milano, Italy) at intervals of 4 weeks. Groundwater
samples were taken as described by Seebach et al. (2008) and von Rohden et al. (2009).
Chemical analysis was done in the same way as for the lake water.

3 Modeling

A coupled hydrodynamic and geochemical code based on the one-dimensional assumption,
DYCD-CORE, has been developed to model the hydrodynamics and geochemical evolu-
tion of mine lakes (Moreira 2010). This code simulates lake stratification using DYRESM
(Dynamic Reservoir Simulation Model), a code developed by Imberger and Patterson
(1981), the geochemistry of each layer using some of the geochemical capabilities of the
reactive transport code, CORE*’V4 (Samper et al. 2003). Based on the results of chemical
simulation, the density is calculated every time step in each layer and uses the equation for
water density in terms of solute concentrations. The coupling of both codes has been done
in the way that once the mixing and transport processes are performed by DYRESM code,
the geochemical equilibrium is calculated each time step for each one of the layers and
then the calculated values of the concentrations of each one of the primary species are used
in the calculation of the water density, which will be used in the next time step for mixing
processes.

3.1 Stratification and Geochemical Model

The code DYRESM was developed at the Centre for Water Research at the University of
Western Australia (http://www.cwr.uwa.edu.au) and is designed for modeling one-
dimensional vertical variations in temperature, salinity, and density. A detailed description
of DYRESM can be found in Imberger and Patterson (1981), Imberger and Patterson
(1990), and Antenucci and Imerito (2002). DYRESM has been successfully used to model
limnic conditions in existing pit lakes such as Brenda lake in British Colombia (Hamblin
et al. 1999), the Island Cooper Mine lake in British Colombia (Fisher 2002), the Dexter
lake in Nevada (Balistrieri et al. 2006), and a coal mine lake in Western Australia (Huber
et al. 2008; Salmon et al. 2008). DYRESM has also been used for model predictions for
open pit mines such as Martha lake (Castendyk and Webster-Brown 2007a, b) and As
Pontes lake (Moreira 2010).

CORE?"V4 (Samper et al. 2003, 2009) is a code for modeling water flow, heat trans-
port, and multicomponent reactive solute transport under local chemical equilibrium,
kinetic conditions, and microbial processes. The solution of the non-linear chemical
equations is carried out using a Newton—Raphson iterative method. The CORE code has
been extensively used to model laboratory and in situ experiments in porous and fractured
media (Samper et al. 2006, 2008; Zhang et al. 2008), inverse reactive transport (Dai and
Samper 2006), evaluate the long-term geochemical evolution of radioactive waste repos-
itories (Yang et al. 2008), and analyze stochastic transport and multicomponent compet-
itive cation exchange in aquifers (Samper and Yang 2006).

In the model of the Waldsee, only dissolved primary and secondary species, minerals,
and gases have been considered in terms of geochemical equilibrium. The Oy, concen-
trations are used to fix the redox conditions. O, is kept at 8 mg/L in the uppermost 1.5 m
of the mixolimnion, while 0 mg/L is implemented in the bottommost 2.5 m of the
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monimolimnion to maintain Fe*" dissolved. COy,, is fixed to the measured values, and the
CO, is considered in the equilibrium of the carbonate system. The mineral phase con-
sidered to equilibrate Fe is amorphous Fe(OH);. However, calcite precipitation is not
considered in the model because measured concentrations of Ca and bicarbonate show that
the system is undersaturated for calcite and aragonite. Further calculations using PHRE-
EQC-2.17 (Parkhurst and Appelo 1999) confirmed this hypothesis. The calculated satu-
ration indexes for calcite and aragonite are —0.74 and —0.89 in the monimolimnion and
—1.56 and —1.74 in the mixolimnion.

3.2 Water Density Equation

The original water density equation of Fofonoff and Millard (1983) already implemented
in DYRESM was replaced in DYCD-CORE by an equation which accounts for the
dependence of water density, p, on temperature, 7, and the specific contribution of dis-
solved species. Dissolved substances may change the water density in two ways. The first
one is related to the gain in mass when solute mass is added to the solution. The second
way is a specific contribution to the volume called the partial molal volume, i.e. the volume
that 1 kg of water gains when 1 mol of a substance is dissolved in it.

Partial molal volumes of the most common salts are available from Millero (2001, Tab
3.19). As cations and anions are dissolved at given concentrations, the contribution of each
ion cannot be determined empirically. However, partial molal volumes can be attributed to
other ions by choosing one ion as a reference (Millero 1969, 2001). They are referred as
conventional partial volumes (Millero 2001). As we have found all relevant anions listed as
salts of sodium (Na®), Na% is selected as the reference ion and contributed the partial
molal volume to the anion. Among others, we find a partial molal volume for CI™. As a
result, the remaining partial molal volume of chlorides can be attributed to the respective
cations relating the increase in water density in kgm™3 to an increase in solute concen-
tration ¢; (inmol L™!). We divide by the molecular weight, M; (gmol '), and retain a
factor, w;. The resulting factors w; are dimensionless. For evaluation of the partial volumes
see also Boehrer et al. (2010). Following Imboden and Wiiest (1995), water density is
calculated following equation (1):

6
p=p(T.c;)=f(c;) pr(T) =f-> a-T* (1)
k=0
where factor f'is given by equation (2):
_ > wiciM;
fle) = 1+=1005 (2)

The values of w; for the calculation of density p in kgm™3 are listed in Table 1. T is
temperature in °C, and a; are seven -coefficients equal to 999.8395, 6.7914x
1072, —9.0894 x 1073, 1.0171 x 107%, —1.2846 x 107%, 1.1592 x 108 and — 5.0125
x 107! according to Chen and Millero (1986).

3.3 Coupled Model
The coupled code DYCD-CORE can model the interactions between chemistry and

hydrodynamics by calculating the geochemical composition of each layer and updating the
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Table 1 Coefficients w; relating

water density to solute concen- Solute Wi [dimensionless]
trations in Eq. 2 _
Cl 0.53915
HCO3 0.62989
SOz~ 0.87593
Na™ 1.00000
Ca®t 1.37760
K* 0.82940
Fe**/Fe™* 1.29270
Mg** 1.75570
Other 0.70000
gfa R}: \ZVa%eSI;zrarlrllg;:Iracterlstlcs Coefficient/variable Unit
Length of the simulation 210 days
Simulation period Apr 4, 2007-Oct 25,
2007
Min/max layer thickness 02 04 m
Time step 600 S
Output time of the day 64,800 S
(from midnight)
Output interval 1 day
Lake latitude 51 °N

water density as a function of the chemical composition using Eq. 2. DYCD-CORE solves
first the stratification and mixing processes transporting chemical primary species and
minerals by calling DYRESM. Geochemical calculations are performed by using the
geochemical routines of CORE*” V4, but only considering mineral precipitation/dissolu-
tion and gas reactions. These calculations are based on the assumption of local chemical
equilibrium and provide the chemical composition that is used to update the calculation of
water density for the following time step.

In the current version of DYCD-CORE, the concentrations of dissolved gases (O, and
CO,) and the pH are fixed in each layer of the model according to measured profiles
(Fig. 3). Once the mixing calculations are performed by DYRESM subroutines, the con-
centrations of the total dissolved species in each one of the layers are updated according to
the chemical equilibrium and the mineral precipitation and gas reactions.

3.4 Model Application: Boundary Conditions and Initial Values

The main characteristics of the simulations are shown in Tables 2, 3, and 4. The model of
Waldsee was run from April 4, 2007, to October 25, 2007, using time steps of 10 min and a
minimum layer thickness of 20 cm. The simulation has been performed for this period
because the version of DYRESMv?2 used in the coupling does not handle the ice covering
or temperatures close to freezing. Computed results were compared with field data col-
lected at a sampling point located in the middle of the lake. The same values of the
different coefficients have been used in DYRESM and DYCD-CORE (Table 3). The
meteorological data measured on the lake surface were used as boundary conditions.
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Table 3 Characteristics of the

hydrodynamic model of Waldsee Coefficient/variable Unit
(see Imberger and Patterson 1981 . L . 1
for the definition of the Light extinction coefficient 2.7 m
coeficients) Wind stirring efficient 0.1

Potential energy mixing efficiency 0.06

Shear production efficiency 0.005

Number of inflows 1

Inflow elevation 2.0 m

Outlet elevation 2.5 m

Table 4 Initial profiles and
groundwater concentrations used
in the DYCD-CORE model

Mixolimnion Monimolimnion Groundwater

pH 7.00 7.00 6.00
0, (mgL™1) 8.00 0.00 0.00
CO, (mgL™") 2.00 154.00 0.00
Cl(mgL™) 5.00 5.70 5.20
HCO; (mgL™") 60.00 400.00 60.00
SO, (mgL™!) 160.00 200.00 233.00
Na (mgL™") 7.00 10.00 10.20
Ca(mgL~!) 60.00 90.00 110.00
Mg (mgL!) 12.50 140.00 12.00
K (mgL™") 6.00 7.00 4.50
Fe (mgL~!) 0.15 160.00 57.00
Mn (mgL~!) 1.10 1.40 1.00
Fe hydroxide (mgL~')  0.00 0.00 0.00

Measured values of shortwave radiation and wind speed were reduced by 20% to account
for sheltering and shadowing effects of the surrounding forest.

The main characteristics of the stratification model are shown in Table 3. Groundwater
is assumed to be the main water inflow into the lake. A first estimate of its mean flux based
on the investigation of von Rohden et al. (2009) was modified slightly to 7 m3/day during
model calibration, which lies within the range of values found by von Rohden et al. (2009).
The outflow rate has been fixed to 6.0 m*/day according to the estimated value in von
Rohden et al. (2009). The composition of inflowing groundwater was taken equal to the
average value of available data from samples taken from groundwater observation sites in
the surrounding areas. Initial conditions for temperature and salinity were specified from
values measured on April 4, 2007 (Fig. 4). The primary species used in the geochemical
model, minerals and gases, as well as the initial values of the concentrations in the
mixolimnion and the monimolimnion and the constant composition of the groundwater
used in the model are listed in Table 4.

4 Results and Discussion

Despite its small depth, the lake stayed stratified throughout the considered period.
Thermistor stings recorded the temperatures on several depths at a high vertical resolution
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Fig. 4 Measured profiles of Temperature[°C]
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Fig. 5 Contour plots of temperature profiles: measured (fop) and computed with DYCD-CORE with water
density of Eq. 1 (bottom). A difference of 1-2°C can be observed in the surface layers

(see Fig. 5 upper panel). While the monimolimnion warmed slowly and continously over
the summer, the mixolimnion reflected warm and colder periods over the summer, with
pronounced variations in the temperature record. The mixolimnion never circulated deeper
than 2.60 m above ground, not even at times when temperature gradients had basically
dissipated.

In the lower panel of Fig. 5, contour plots of computed temperatures using DYCD-
CORE in Waldsee are shown. Clearly, the vertical stratification during warmer and colder
periods can be identified in the display. Even the inverse temperature stratification during
early autumn could be reproduced (October 25). In addition, the mixing depths are similar
in the model run and in the measurements. The permanent stratification of the lake could be
simulated with the presented model.
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Contour plot of computed temperatures (°C) using pure hydrodynamic code DYRESM
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Fig. 6 Contour plots of temperature (fop) and salinity (bottom) computed with DYRESM using the
UNESCO density equation (Fofonoff and Millard 1983)
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To demonstrate the central importance of basing the density on the results of the
geochemical model for the stratification in meromictic lakes, we included a model run,
conducted under the assumption of conservative salinity, and the density based on the
UNESCO formula according to Fofonoff and Millard (1983), which is the standard in the
DYRESM code (Fig. 6). Groundwater salinity was set to 0.7 psu. Starting the measured
profile on April 4, 2007, the vertical stratification has disappeared after only a few days of
simulation (Fig. 6 lower panel). This could easily be accomplished in this lake as the
conservative salts had been mixed through the water column within only few days of
model run, as precipitation of iron oxides or iron hydroxides was not included. As a second
factor, the gradients were much lower in the initial density profile, if the UNESCO formula
was applied to the conductivity profile compared with the density profile when using the
proper specific density fraction w; (Table 1).

For a closer and more critical look at the temperature profile of the major simulation, we
displayed profiles of multiparameter probes with modeled temperature profiles in June 7,
August 9, and October 25. In all three cases, the shape of the temperature profiles is
reproduced correctly (Fig. 7). In general, the temperatures lie in the correct range, and a
thermocline is clearly identifiable in each profile. The profiles of measured temperatures
are smoother than those of computed temperatures possibly because DYRESM neglects
heat transport by molecular diffusion beyond the turbulent diffusion (Fig. 7). A closer look
reveals differences in the thermocline depth in the range of up to 0.5 m. Simulated tem-
peratures in summer are higher by about 1-2°C in the mixolimnion during summer, which
we would like to attribute to shading effects by the surrounding vegetation of more than
20% (see above). A difference in the water level of 0.2 m with respect to the measured
water level is obtained at the end of the simulation.

For predictions of the incorporated geochemical model, we exemplarily refer to total
dissolved sulfate, calcium, and iron (Fig. 8). For all three substances, measured concen-
trations are constant throughout the mixolimnion at any measuring date, clearly separated
from monimolimnion values. A clearly identifiable chemocline is present at both sampling
dates on August 9 and October 24. In general, the model reproduced the sharp separation
into two water bodies of different properties. Both the mixolimnetic as well as the mon-
imolimnetic concentrations are well predicted (possibly with the exception of sulfate on
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Temperature ( °C) Temperature ( °C) Temperature ( °C)
5 10 15 20 25 5 10 15 20 25 5 10 15 20 25
0 0 .A 0 &
05 [ yune 7th, 2007 1 05| August 9th, 2007 05 October 25th, 2007
1 1 1 1
15 1 15 15
- 2 = 2 - 2
E ] E
£ 2. {E€ 2 £ 2
E 5 g 5 § 5
° 3 4T 3 T 3
35 1 35 35
4 1 4 4
45 1 45 45
5 5 5

Fig. 7 Comparison of measured temperature profiles (red symbols) and computed temperature profiles
(blue lines) in Waldsee

October 24). This is particularly important for the observed gradient of iron and its
extremely high concentrations in the monimolimnion. While the sharp chemocline is
reflected in the model results, the predicted chemocline depth is deeper by only 0.1-0.2 m.

Hence, the model is capable of simulating chemical effects: dissolved oxygen in the
mixolimnion promotes iron and sulfide oxidation and leads to the precipitation of iron
hydroxides. On the other hand, anoxic conditions prevailing in the monimolimnion at the
bottom of the lake favor the reductive redissolution of these iron hydroxides. Water from
the mixolimnion and the monimolimnion mix and react in the chemocline leading to
mineral precipitation and strong chemical gradients. The proper inclusion of these
chemical phenomena in the density calculation of the numerical model keeps a strong
enough stratification to resist the seasonal overturn. Model results show that the main
reason for the sharp contrast in water density is due to the high concentration of dissolved
Fe in the monimolimnion (see Fig. 8), combined with the effect of the carbonate system
supported by the weak mixing action due to the sheltering effects of the surrounding forest.
It is important to remark that high concentration of some species such as sulfate or calcium
is not especially relevant for permanent stratification because it is the concentration dif-
ference of dissolved substances between layers and not the absolute values that prevents
the lake from overturning.

5 Conclusions

A coupled hydrodynamic and geochemical model for lakes has been presented in which the
geochemical transformations were numerically included in the density stratification.
Besides temperature, density was based on the simulated composition of solutes by
implementing a specific density fraction for each considered chemical species. This
feedback couples the stratification tightly to the geochemical evolution of the lake. This
coupled model has been applied to data from Waldsee, a small and shallow meromictic
lake near Dobern (Lusatia, Germany). Measured profiles of temperature and chemical
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Fig. 8 Comparison of measured concentrations (blue symbols) and computed concentration profiles (green
lines) for total dissolved SO3~, Fe and Ca in Waldsee in August 9 (top) and October 24 (bottom) 2007

concentrations show a stable stratification due to mineral dissolution/precipitation cycles
supported by a groundwater inflow.

The meromictic state of the lake could be reproduced qualitatively and quantitatively.
Permanent stratification was sustained over the entire period including the sharp chemo-
cline separating the mixolimnion from the chemically different monimolimnion. Both
temperatures and concentrations of solutes were reproduced well, though still some aspects
would require additional investigations to improve numerical results.

On the contrary, standard hydrodynamic models such as the one implemented in
DYRESM are unable to reproduce the stability of the monimolimnion because they do not
account for the impact of chemical reactions. The simulation assuming conservative salts
and using the standard density equation of DYRESM predicts fully mixed thermal con-
ditions and cannot reproduce the observed meromictic conditions of Waldsee. Therefore, it
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is mandatory to include the geochemical composition of each layer in the simulation and
update the calculated density as a function of the temperature and the composition, if
chemical reactions are involved in sustaining the density stratification.

In conclusion, modeling of geochemically induced lake meromixis (and especially
shallow meromictic lakes such as Waldsee) requires a feedback of chemical reactions to
the density calculation. Although in holomictic lakes, the stratification is not controlled by
geochemical reactions, these effects may still be relevant for the stability of the density
stratification, and hence for the progress and the timing of the deep circulation. As
examples, the accumulation of dissolved substances in the deep water due to decompo-
sition of organic material over the stratification period and the precipitation of calcite from
the epilimnion during summer may considerably contribute to stability of the water col-
umn. Recently, investigations suspected altered circulation patterns of lakes as a conse-
quence of climate change or change of use (Danis et al. 2004). Such predictive modeling
would reach a new quality if geochemical effect was included, when vertical circulation is
inhibited by temperature boundary conditions. Experience shows that lakes turning mer-
omictic start accumulating solutes in the deep water, which guarentee the stable stratifi-
cation in the long run (e.g. Ikedako, Hirae et al. 1997; Boehrer et al. 2008).

Although the current model improves the capabilities of existing models, it requires
further improvements to compute pH and dissolved gas profiles (instead of fixing them). In
addition, sediment settling and microbial activity in the lake may have contributed to the
large measured Fe concentration in the monimolimnion, and they have to be accounted for
in new versions of the coupled model. The current model does not account for heat
conduction, reactive transport between sediments and water and ice cover episodes. These
processes should be included in future studies and models.
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