
Hey and Associates, Inc. 

DRAFT: 
CALCIUM CARBONATE (MARL) BUDGET FOR 
EAGLE SPRING LAKE 
WAUKESHA COUNTY, WISCONSIN 

Prepared for: 

Eagle Springs Lake Management 
District 

February 14,2006 

PN: 021 12 

240 Regency Cburf; Smote 301 
BmoffieIld, N%sconsin 530456190 
Ot%ce (262) 796-0440 Fax (2Q) 796-0445 



Table of Contents 

Introduction ......................................................................................................................... 1 
Characteristics of Eagle Springs Lake ...........,................................................................... 2 
The Relationship of Phosphorus to Calcium carbomb (Marl) ........................................ 4 
Carbonate Precipitation and Solubility in Fresh Water Lakes ........................................... 5 

................................................................. Saturation of Eagle Springs Lake with Calcium 8 
Amount of Calcite (CaC03) Production per Year ............................................................. 9 
Conclusions ..................................................................................................................... 1 2  
References ......................................................................................................................... 1 3 



Calcium Carbonate (Marl) Budget for Eagle Spring Lake 

Introduction 

Eagle Springs Lake is a 291 acre impoundment on the Mukwonago River in 
Southwestern Waukesha County. The lake was formed by the flooding of a lowland area 
of the Mukwonago ~ i v &  valley. While a shallow impoundment, Eagle Springs Lake 
limnology does not act as a typical impoundment Large numbers of springs that feed the 
lake and the upstream river valley provide large mounts of cal-US groundwater that 
allows Eagle Spring to act more like a deep water glacial lake dominated by high levels 
of calcium carbonate (marl) 

Marl is a term that denotes calcareous material deposited in the littoral (shallow) regions 
of hard-water lakes. Calcareous material can come fiom many sources, including: 

Precipitation of calcite ((%co3i) at minerd springs, as groundwater is exposed to 
the d a c e  and c h g e s  in pressure and water, chemistry. 
Precipitation of calcite on the surface of aquatic plants as they remo3e carbon 
from the water column and cause shifts in w a k  column pH. 
Deposition of shells of gastropods ahd clams. 

Large areas of the bottom of Eagle Spring Lake are covered with marl deposits. This 
white substance which is made up of predominately calcium and magnesium carbonate 
plays a large role in the water quality of the lake. Calcium carbonate is a major 
compound that absorbs phosphorus in the water column making it less available to dgal 
growth. Good water clarity at Eagle Springs Lake during much of the year is the r d t  of 
this calcium and phosphorus balance. However, as calcium and magnesium carbonate 
precipitate out of the water colunm they form a fine white flock 6n the bottomof the lake. 
Due to the shallow depth of the lake (mean depth 3.6-feet) the marl flock is my re- 
suspended into the water colurmi causing the lake to take on a whitest color during open 
water periods, interfering with d o n a 1  use of the lake. 

The Eagle Springs Lake Management District has proposed to dredging portions of the 
lake to reduce the cwxummce of resuspension of the marl and ocxxmence of cloudy 
water conditions. A concern of the staff at the Wisconsin Department of Natural 
Resources (WDNR) is that the bottom mud is a reservoir of calcium carbonate that' helps 
keep available phosphorus levels low. If the bottom mud is removed through dredging, 
WDNR staff have asked the question, would there be enough calcium carbonate in'the 
system to absorb new phosphorus that enters the lake every year £tom watershed inputs. 

The purpose of this report is to summarize the calcium cafbonatephosphorus 
relationships in Eagle Spring Lake. Determine, based on annual surface and groundwater 
flow to the lake, what is the rate of calcium carbonate (marl) formation in Eagle Spring 
Lake. Based on the annual rate of calcium carbonate formation, determine if there enough 



new formation to maintain curzent in-lake phosphorus conditions and phosphorus 
retention in the bottom sediments. Attempt to answer the question, would removal of 
deposited marl effect in-lake phosphorus levels or is there enough new formation to 
maintain the current phosphorus equilibrium in the lake. Based on the annual rate of 
calcium carbonate formation, determine the rate of marl deposition on the lake bottom. 
Based on this rate of marl formation and deposition, determine how long would a 
dredging project on the lake be effective. 

Characteristics of Eagle Springs Lake 

The physical characteristics of Eagle Springs Lake are summarized in Table 1. 

TABLE 1 
Physical Characteristics of Eagle Springs Lake 

. 

Eagle Springs Lake has been monitored historically by the Wisconsin Department 'of 
Natural Resources (WDNR), U.S. Geological Survey (USGS) and Eagle Springs Lake 
Management District fkpm 1966 to the present. Table 2 summarizes the available water 
chekistry values for several parameters that are important in understanding the w ~ i u m  
carbonate-phosphorus balance in the lake. These values represent surfaces 
concentrations. Eagle Springs Lake does not thermally strati@ and long term monitoring 
indicates that the lake is well mixed throughout the year (Hey and Associates, Inc. 2004). 
Concentratiom of most parameters are similar at the surface and bottom of the lake. 

Lake Elevation 
Maximum Depth 
Mean Depth 
Watemhed Size 
Residence Time 

Pa~ametw 
AreaofLake 
Lake Volume 

817.83 feet abme MSL 
10 fa 
3.6 feet 

16,697 acres (26.09 mi2) 
0.1 years 

Value 
291 acres 

.. 1.244 acrefeet 

Source: WDNR, SEWRPC, and Hey and Associates, Inc. 



TABLE 2 
Chemical Characteristics of Eagle Springs Lake 

A detailed discnssian of each of the above parametexs is located in the report titled Eagle 
Spr;ing Luke Water Q d i &  Sununmy and M~a~agemen~.Report (Hey and Associates, Inc. 
2004). 

The hydrologic budget the year 2000 for Eagle Springs Lake is summarized in Table 3. 

TABLE 3 
2000 Hydrological Water Budget for Eagle Springs 



The Relationship of Phosphorus to Calcium Carbonate 
(Marl) 

Phosphorus has been identified as the limiting nutrient controlling the production of algae 
in Eagle Springs Lake (Hey and Associates, Inc., 2004). A potential concern of a 
dredging project at Eagle Springs Lake is that removal of calcium carbonate laden 
sediments may d i s ~ t  the delicate balance in the lake between calcite (CaC03) and 
phosphorus. 

Phosphorus is found in lake environments in several forms including (Snoeyink and 
Jenkins, 1980): 

Orthophosphate (H3P04, HzP04; HP04-, HPOA HPO2- complexes) 
Polyphosphates W 2 0 ? ,  H4P2O7, ~ 4 ~ 2 0 7 ~ - ,  ~ 9 2 % ~  7 

~ 4 p ~ ~ ~ ~ c o r n ~ l e x e s )  
Metaphosphate (HP~o?, ~ ~ 3 0 9 ~ 1  
Organic phosphates (phosphorus tied up in organic matter) 

A test for total-phosphorus will identie the combined':concentration of all of th above 
compounds. Orthophosphate and the other complexes sf phosphorus found in the natural 
environment are generally not very soluble and typically bind with various cations-such 
as calcium (Ca), magnesium (Mg), aluminum (Al) or iron (Fe). The most common 

, I complexes include the following: 

Calcium hydrogen phosphate caHPm(~) 
Calcium dihydrogen phosphate Ca(H2P04h(,) 
Hydroxyapatite C~S@O~~OH(,, 
Ferric phosphate FePO4 
Aluminum phosphate AIPO~ 

The solubility of these complexes in b h  wata is defhwd by a solubility equiliimn 
constant (prC,). The smaller the solubility constant the less soluble the compound is in 
water. Other complexes with sodium ma), magnesium (Mg), manganese (Mu), ,and 
orthophosphate, pyrophosphate and tripphosphate also exist, making p ~ s p h ~ &  
equilibrium chemistry very complex 

For example, if natural waters phosphate levels were controlled by equilibrium of water 
with the thermodynamically stable calcium phosphate, solid calcium hydroxyapatite 
(Cas(P04hOH(Sr) - phosphate levels would be so low that we would not be concerned 
with phosphate as a nutrient for photosynthetic aquatic organisms. However, levels of 
phosphorus exist in receiving waters that are far in excess of tho= predicted by 
equilibrium with hydro- because not only is the rate of fbrmaiion and dissolution 
of this solid slow, but also calcium phosphate solids of higher solubility form and then 
transform very slowly into hydmxyapatite (Snoeyink and Jenkins, 1980). 



Orthophosphate levels monitored in Eagle Springs Lake are typically below the detection 
limit of 0.002 mgil. Therefore, phosphorus data is limited to total phosphorus 
concentrations which do not allow identification of the specific chemical forms of the 
nutrient. Available information on iron (Fe), aluminum (Al) and other completing metals 
is not available to facilitate a more complex analysis of phosphorus complexes in the 
lake. To simplify this analysis we will need to make an assumption that the predominate 
fom of phosphorus is calcium hydrogen phosphate [CaHP04(Sl]. However, it should be 
noted that this assumption will result in an oversimplification of the phosphorus 
precipitation process, and will not account for all of the removal ~nechanisms. 

The equilibrium equation for the formation of calcium hydrogen phosphate is: 

The solubility of a chemical salt like CaHP04(Sl can be defined by a solubility constant 
&), which defines ratio of equilibrium between the dissolved and solid forms of a 
compound. For CaHPO4@] the relationship can be shown as follows: 

The values in the brackets represent the concentrations in moles per liter. 

It is obvious that in an environment with excess orthophosphate the equilibrium of the 
above d o n  will lx bevm by the avdaldity of dissolved Ca2+ and the competition for 
the available CaB with a*- which will be discnssed below. 

Carbonate Precipitation and Solubility in Fresh Water ] . 
Lakes . . 

. . 
. . , . .  . . . 

. . 

The equilibrium of calcium carbonate (marl) in natural bodies of water is defined by the 
following equilibrium equation: 

The cycle is driven by the equilibrium with carbon dioxide (C02)  in water. The 
concentration of dissolved inorganic carbon is of tremendous importance in aquatic 
systems because it: 

1. buffers b h  waters against rapid changes in pH, 
2. determines the amount of inorganic carbon available for photosynthesis; 
3. provides the great bonding capacity of biaxubonate (HC03? and carbonate 

( C O ~  ions for cations; 



4. makes the ionic carbon concentration an important component of the anion 
concentration; and 

5. removes inorganic carbon and absorbed minerals fiom the water column upon 
precipitation as CaC03 aggregates (Kalff, 2002). 

Most lakes worldwide have been ibund to be supersaturated with C G  (Cole, 1994). The 
following reaction governs the flux and concentration of carbon dioxide into water: 

The dissolved C02 reacts with water to yield carbonic acid: 

H2CO3- is a weak acid and it dissociates, yielding HC03-. 

In calcareous drainage basins, like the Mukwonago River, about half of the HC03- 
released to waterways is derived fiom weathering (dissdution) of the soil. 

The HC03- fhrther dissociates to: 

At high HC03- concentrations and high pH (H3.5) the formation of carbonate ions takes 
place: 

ca2* + ~ 0 3 ' -  t* CaCQJ (solid) 

Often the above equatiohs are simplified es the folloAg: 

CaC03J (solid) - Ca(HC03h (soluble in water) 

The above reaction in most instances is shifted to the left by the loss of C02 (Cole, 1994). 
Carbon dioxide (C02) is lost by two mechanisms; a change in atmospheric pressure or 
uptake by plants. At springs, where groundwater is typically under greater pressure than 
surface water, pressure is suddenly released, CO;! is permitted to escape causing CaC03J 
(solid) to form. Phototrophic plants also trigger this reaction to the left by absorbing 
C02. often a calcite crust is found on the leaves of aquatic plants in high alkaline waters, 
such as Eagle Spring Lake. 

Orthophosphate ( H P o ~ ~ - )  and ~0:- both will react similarly with ca2+, W o r e  the 
precipitation meohanism for calcium hydrogen phosphate (CaHP04(.)) and calcium 
carbonate (CaC03) are both driven by the carbonate cycle. 



Calcite (CaC03) is by far the dominate crystal formed in high alkalinity waters 
dominated by low (<2) Mg:Ca ratio (Kalff, 2002). In Eagle Spring Lake the Mg:Ca ratio 
is 0.66, indicating that the formation of CaMgC03 crystals can be ignored for this 
analysis. 

Figure 1 illustrates the dissolving or precipitation of Calcite (CaC03) in water open to the 
atmosphere. 

s, P. K. Weyl, R. M. Garrels, and M. E. Thompson, 
ility of Skeletal Carbonates in Aqueous Solutions," 

FIGURE 1 
Illustration of Carbonate Solubility in Natural Waters 

Solubility of Calcite (CaC03) is strongly influenced by pH, or the hydrogen ion 
concentration of the water. Figure 2 illustrates the relationship between the ~ a + ~ ,  
CaC030, c~oP, and CaHC03+ at various pH levels (Snoeyink and Jenkins, 1980). , 

Eagle Springs Lake has a long-term mean pH concentration of 8.1, with a range from '7.4 
to 48.9. We see fiom Figure 2, that at a mean pH concentration of 8.1 in fresh'water, we 
should have the relationships outlined in Table 4 between calcium species at 25' C..' 

TABLE 4 
Calcium Species Concentration in Moles 



FIGURE 2 
Concentration of Calcium Species in Equilibrium with CaC03(sl at 25°C 

(Concentration in -log Moles) 

I .  

Saturation of Eagle Springs Lake with Calcium 

Based on Figure 2 we can calculate the potential concentrations of the various calcium 
species in Eagle Springs Lake at 25OC and a mean pH of 8.1 units. Table 5 outlines.the 
concentrations of the various calcium species in moles and mg/l. 

- .  
TABLE 5 

Theoretical Calcium Species Concentrations in Eagle Springs Lake ' 

. 

Mean dissolved calcium concentrations measured in the lake are 48.5 mgfl. This value is 
over 18 mgll greater than the predicted equilibrium value. Causes for this difference are 
as follows: 

Calcium Species Concentration (Moles) 
B 

CaC030 1.55*10-~ M 
cao# 7.94' 10" M 

CaHCO3+ 32*10* M 

30.4 
0.794 
0.0007 
0.80 



The presence of sulfate (SO4) in the water can increase the solubility of calcium 
(Sawyer, et. al., 1994). However, at a mean concentration of 17.47 mgll, the 
presence sulfate may not explain all of the above difference between the 
theoretical and measured concentration of dissolved calcium. 
Many groundwater fed lakes have been documented to be super-saturated with 
calcium (Cole, 1994). Super-saturation is caused by the rate of calcium input 
fiom surfice and groundwater exceeding the rate of calcite (CaC03) and other 
calcium compound formation. 

Because carbonates ( ~ 0 3 ~ 1 ,  in aquatic systems open to the atmosphere, are not limited 
because of the unlimited supply of carbon dioxide (C02) fiom the atmosphere, the 
formation of CaC03 is typically not limited by carbonate availability in alkaline lakes, 
but is limited by availability of calcium (ca23. 

A mean in-lake total phosphorus concentration in Eagle Springs Lake is 0.01 7 mg/l and 
dissolved phosphorus concentrations are typically less than detection. At a mean 
dissolved calcium concentration of 48.5 mgA, .calcium levels are much greater than 
phosphorus levels. As stated above Eagle Springs Lake appears to be super-saturated 
with calcium. It appears that the formation of '&ci~m-~hos~hate complexes is not 
limited by the availability of calcium. The lack of  dissolved phosphorus in the water 
column indicates that most of the total .phosphorus observed in likely in the form of 
organic complexes associated with plant and bacteria production in water column. 

Amount of Calcite (CaC03) Production per Year 

We can calculate the amount of excess calcite (CaC03).J that may precipitate in a l&e by 
understanding the following in-lake relationships (Snoeyink and Jenkins, 1 980): : 

. . 
' (1) Total acidity = 2@I2~@*] + WCaI + - [OK] = 2.02 e q l h x  
(2) Total alkalhity = Cayeq/lita) = 2[ca23 + + [OK] - IH+] -2[Ca27 = 

7* lo-' . . 

(3) &,I = 
[H' ] [HC03-] 

[H~co~*]  



To solve the above equations we can substitute into equation (2) to obtain one equation 
with one unknown, [@I, and solve by trial and error. Combining equations (3), (4) and 
(5) and using equation (7) to solve for [ c d * ]  = & , / ~ ~ C T . C O ~  we develop the following 
relationship: 
+ 

Substituting into equation (I), we get: 

We can solve equations (8) add (9) by assuming [ I f ]  and using a values fiom know 
tables. Solving we find [ ~ a + ]  at equilibrium to be approximately 7.6* 10" M . 

Mean in-lake dissolved calcium concentrations were measures at 48.5 mgll or 1.2" 10" 
M. Subcndiog mC [Cdt] at e q u i l i i  h n  [a perrent in the watex column yields 
the ch+ concentdon, and &us the CaCOySlwhich precipitates per liter of solution. 

[ca2+]ua - [ c a 2 + ] V ~ ~  = (1 2 * 1 oJ )- (7.6 * 1 i4) = 4.4 * 1 O4 moles 1 liter 

(4.4 * 1 o-" moles 1 liter) * (2eg / mole) = 8.8 * 1 odeg 1 liter 

(8.8 * 1 O4 eg / liter) * (50000mgCaCO3 / eg) = 44mg 11 - CaC03(s) 

The above concentration can be converted into an annual loading with the f&idwing 
relationship (Vollenweider, 1976): 

Where: 

W' = loading (mglm2/yr) 
p = flushing rate in = QN 
Q = annual outflow (m3/yr) 
V = lake volume (m3) 
H = mean depth (m) 
P = chemical concentration (mg/m3) 



The following hydraulic values have been calculated for Eagle Spring Lake (hey and 
Associates, 2004): 

Q = 17,334,375.5 m3lyear (14,053 ac-ft/yr) 
V = 1,534,474 m3 (1,244 ac-R) 
p= 11.3 years-' 
H = 1.097 m (3.6 R) 
A (lake area) = 1,177,667 m2 (29 1 a) 

Based on the above information, Eagle Spring Lake receives: 

1.252.595 kdyear (2,761,499 lblyr) of calcium (ca2+) 

From this calcium input: 

833.422 k~lvear (1,837,380 lblyr) of calcite (CaC03) solid is formed. 

The next step is to cbnvert these mass loadings, into a voltme. A cubic meter of dry 
unconsolidated clay soil weights 2,310 k@m3 ($370 lblcu yd) (Nunually, 2001). 
Convertiag the annual loading of calcite to a volume results in the following volume of 
dry sediment: 

833,422 kglyear = 608m3 l year 
2,3 1 0kg/m3 

1,837,3 80Zb / year = 795cu - yd /year 
1,37Oh/cu - yd 

Lake sediment is not made up of just solids, but is a mixture of solids and, water. 'The 
percent water in mail sediments can vary greatly dep.ending on other sediment material 
and lake depth. If we assume a range of sediment make up of 80 to,90% wat~.and 20 to 
10% solids we have the following range of wet sediment volume: . . 

. . 

10% solids = 6.080 m3/vear (7,950 cu-yd/year) 
20% solids = 3.040 m31vear (3,975 cu-ydyear) 

The above sediment volumes would result in the following average sediments depths if 
distributed evenly over the entire lake bottom: 

100/osolidS=5mm/year(O.l96in/ye8f) 
20% solids = 2 xnmlyear (0.078 inlyear) 



Conclusions 

Based on the above analysis the following conclusions can be reached: 

(1) At a mean dissolved calcium concentration of 48.5 mgil ca2+, Eagle Spring Lake is 
super-saturated with calcium. Annually the lake receives approximately 1,252,600 
kglyear (2,761,500 lb/yr) of calcium (ca2>. With regards to total phosphorus, the 
lake receives only 344 kglyear (759 lb/yr). Therefore, the formation of calcium- 
phosphorus complexes is not limited by available calcium. With the excess available 
calcium in the water column and large quantities of new calcium being delivered to 
the lake daily, the availability of calcite (marl) in the bottom sediment is not a 
limiting factor to the binding of phosphorus as calcium hydrogen phosphate 
(CaHPO4)(,), calcium dihydrogen phosphate (Ca(H2P04)2)(s1 or hydroxyapatite 
(Cas(P04hOH)((I). Dredging of marl laden bottom sediment fkom the lake will likely 
have no impacts on the long term binding of phosphorus in the sediments of Eagle 
Spring Lake or result in any change in water column phosphorus concentrations. 

(2) It is estimated thataJhgle Spring Lake generates 833,422 kdyear (1,837,380 lb/yr) of 
calcite (CaC03) solid. Depending on the solid content of the bottom sediment, 
between 3,000 to 6,000 cubic meters (4,000 and 8,000 cubic yards) of'flocculent 
sediment are formed annually. This results in the buildup of 2 to 5 mm (0.078 to 
0.196 in) of new marl per year. 

The Eagle Spring Lake Management District has proposed to dredge five areas of the 
lake by 1 to 3 feet (304 to 914 mm). At a deposition rate of 5 mm per year it would 
take between 60.8 and 183 years to fill the dredged areas with marl alone. It should 
be noted that other sediment sources such as surfkce nmoff and decomposition of 
aquatic'plants also contriiute to sediment accumulation, and the life expediericy of 
the proposed dredging project would be less that the above durations. 
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