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Introduction 
 

Iron is thought to play a fundamental role in the biogeochemistry of nutrients of 
lakes. While itself rarely limiting in freshwaters, iron acts as a catalyst of several photo-
chemical reactions, is a substrate for several microbial groups  (iron reducing bacteria, 
iron oxidizing bacteria) and can adsorb chemically other metals such as phosphorus, the 
main nutrient limiting primary production in north temperate lakes. Its adsorption 
capacity is particularly high when iron is present as amorphous hydroxy-oxide particles, 
with its large reactive surface area. In oxidizing conditions, iron particles are essentially 
insoluble. However, when condition become reducing, such as in anoxic environments, 
iron hydroxy-oxides can be microbially reduced and liberated as dissociated and highly 
soluble ferrous iron, thereby releasing with it all elements previously adsorbed to it. 
Carignan (2003) has already shown that very little iron is returned to the water column 
even when hypolimnetic conditions in L. Heney become completely anoxic.  
  Following the reports of Carignan (2002, 2003), it has been hypothesized that an 
important reason explaining the non-recovery of L. Heney several years after the closing 
of the fish farm in 1999 (and its associated nutrient, mostly phosphorus) is that the lake is 
likely too poor in iron and therefore incapable of immobilizing the phosphorus it 
accumulated during the years of fish farming in its sediments. Indeed, in my experience, 
L. Heney, with an average of about 10-15 µg L-1 total iron, has one of the lowest total 
iron concentrations observed in any Quebec lakes.  In its present concentration, it can 
only play a very minor role is sequestering phosphorus. If this iron deficiency hypothesis 
were correct, lake wide iron additions would provide the additional adsorption capacity to 
bury permanently this excess phosphorus in the sediments of L. Heney. In the initial 
years following the iron addition, the reduced phosphorus concentrations would also 
decrease the primary production of the lake which, in turn, would lessen the rate of 
decomposition and oxygen consumption in its hypolimnion which is responsible for an 
important internal loading of phosphorus. Previous studies of L. Heney have suggested 
that this internal phosphorus loading is likely associated with the decomposition of the 
sediment organic matter. Thus the aim of an iron addition would be two-fold: not only 
would it trap some phosphorus, it would also break the cycle of phosphorus utilization, 
phosphorus sedimentation, phosphorus release from decomposition and utilization again. 
 To examine the iron deficiency hypothesis, several lines of evidence have been 
proposed. One is the experimental additional of iron in enclosures as well as in the 
curtained off Baie des Pères at the northern tip of the lake. While this answers directly the 
question of efficacy for the proposed lakewide iron addition, it does not ascertain the 
validity that 1) the binding capacity of lake sediments for phosphorus by iron is 



particularly low in L. Heney relative to other comparable lakes and 2) this binding 
capacity has substantially decreased during the years of operation of the fish farm.  
 The purpose of the present study was to investigate these claims by using 
sediment biogeochemical indicators. More specifically, we examined whether the iron to 
phosphorus ratio (Fe:P) in the sediments of L. Heney during the years of fish farm 
operation differed markedly for those pre-dating the fish farm. High values in Fe:P 
should reflect a higher adsorption capacity of the sediments for phosphorus by iron 
particles. In addition, we compared the temporal trends in the Fe:P ratio in L. Heney in 
comparison to those of other nearby and comparable lakes. 
 
 
Methodology 
 
Site location and sediment coring 
 

A total of 15 sediment cores were taken 
from lakes Bernard (1), Blue Sea (1), des Cèdres 
(1) and Heney (12). The three lakes other than L. 
Hney were chosen because of their comparable 
size and/or water renewal time. The general 
characteristics of these lakes and their catchments 
can be found in Table 1.The location of the coring 
sites for L. Heney are illustrated in Fig. 1 and 
followed roughly perpendicular transects along the 
main axis of the lake. For the other lakes, the cores 
were obtained from the deepest point of each lake. 
Sedimentary profiles were taken with a K-B 
gravity corer and were sliced in the field at every 1 
cm interval over the top 10 centimeters of each 
core. Sediment coring at the very deepest point of 
L. Heney (32 m) was not possible (although 
attempted several times) presumably because of 
methane production within the sediments at that 
site. Upon the vertical retrieval of the core, the 
methane bubbles simply expanded because of the 
lower hydrostatic pressure and expelled the 
sediments from the coring device. Fortunately, we 
were able to obtain an intact core in the near 
vicinity of the deepest point (station 8). 

Figure 1. Position of the sediments 
cores collected from L. Heney. 
Colors correspond to bathymetry. 



 
Table 1. General characteristics of the study lakes and their watersheds (from 
Carignan 2003) 
 
Sediment chronology and dating 
 
 Lake sediments are the chronological archives of lakes. Each year, a thin layer of 
new sediments accumulates at the bottom of every lake and the sedimentary sequence 
reflects to a certain degree the conditions that prevailed at the time those particles were  
deposited. The match is not perfect because, in most lakes, there is some mixing of the 
uppermost sediments and also because chemical and physical transformations of the 
sediment constituents occur over time, a process called diagenesis.  
 

For the particular case of L. Heney, for which the period of point source pollution 
is well-known (1992 to 1998), testing the iron deficiency hypothesis using sediment 
biogeochemical indicators requires that we circumscribe well the sediment thickness 
representing the years of operation of the fish farm. Thus, the sediments have to be dated 
as precisely as possible, thereby allowing the identification of a pre-fish farm (pFF) 
period and a fish farm period (FF). In this study, we used two different sedimentary 
geochronological markers to date the sediments: 210Pb and 137Cs.  

 
The chronology estimated by these two radioactive isotopes rest of very different 

principles. Lead 210 is a naturally occurring radioisotope belonging to the uranium decay 
series. One of the intermediary products of the U decay series is radon 222, a gas that 
escapes land masses, mixes in the atmosphere and is redeposited as 210Pb at a relatively 
homogeneous rate, at least regionally. Because of its relatively short half-life of 22.3 
years, the decline the unsupported 210Pb activity in a vertical profile of sediments can be 
used to estimate the age and sediment accumulation rates over the upper layers of 
sediments to a maximum of about 100-120 years in the past. Unsupported 210Pb was 
calculated by subtracting the background 210Pb activity from all 210Pb records. This 
background activity is due to the disintegration of its grandparent radioisotope, radium 
226, present in the sediments. Samples were frozen, lyophilized and counted on a gamma 
spectrometer for about a day. The advantage of this method is that it can also record 
changes in sediment accumulation rate over the past century. Dates from 210Pb profiles 
can be calculated according to two different models known as CIC (Constant Initital 
Concentration) and CRS (Constant Rate of Supply). As the names imply, they rest on 



slightly different assumptions concerning the delivery of Pb210 in the ecosystem and on 
the main sedimentation processes occurring in the lake. Because the validity of these 
assumptions are hard to test for L. Heney, both methods were used to assess any marked 
differences in the results (see Blais et al. 1995 for a more detailed discussion of these two 
methods).  

   
The second sediment chronology is based on 137Cs (cesium 137), a radioisotope 

produced as a by-product of nuclear fission reactions. Its natural abundance increased 
markedly in the atmosphere during nuclear bomb tests during the 1950’s and 1960’s. 
Atmospheric nuclear testing reached its peak in 1963-1964 and peaks in 137Cs in the 
sediment profiles correspond to that period. This technique generally allows one to 
confirm dates inferred from 210Pb but can be used to estimate average sediment 
accumulation rate over the past 40 years or so but cannot be used to examine how 
sediment accumulation rates changed within the last 40 years.  
 
Sediment iron and phosphorus concentrations 
 

Sediment samples obtained from the cores were weighed fresh, dried at 100 °C 
for 24 hours and weighed. The dried sediments were then burned at 550 °C before 
extraction with a boiling solution of 1N HCl. Details of the extraction methodology can 
be found in Prairie et al. (2001). The extract was then diluted with MilliQ water before 
analysis of total phosphorus (by spectrophotometry after reaction of the molybdenum 
blue method) and total iron (by flame atomic absorption spectrometry). Results for both 
iron and phosphorus are expressed in mg per g dry weight and the ratio of iron to 
phosphorus (Fe:P) is expressed a weight:weight.   
 
 
 
Results and Discussion 
 
Sediment chronology 
 
The main purposes of establishing the sediment chronology for the study lakes were 1) to 
identify the thickness of the sediment layer corresponding to the years of operation of the 
fish farm, and 2) to compare recent sedimentation rates among lakes of similar 
characteristics.  
 
Cesium 137 
 

The 137Cs profiles followed the expected pattern of distribution with a single peak 
located a few centimeters from the sediment surface. This peak corresponds to the 
maximum atmospheric thermonuclear bomb testing and is thus a good marker for 1963-
1964. Because it is a marker for a single point in time, it can be used only to calculate the 
average sediment accumulation over the past 40 years. Figure 2 illustrates these profiles 
for the 4 lakes studied. From the position of the 137Cs peak within the profiles, it can be 



calculated that sediments accumulated at an average rate of 0.9, 1.4, 0.9 and 1.1 mm per 
year for L. Bernard, Blue Sea, des Cèdres and Heney, respectively.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Lead 210 
 
 
 The 210Pb profiles followed for the most part the expected exponential decay (Fig. 
3). Because some of the deviation from a perfect exponential is likely attributable to 
changes in sediment rate, the CRS model would theoretically be more appropriate. 

Figure 2 137Cs profiles in the sediments of L. Bernard, Blue Sea, 
des Cèdres and Heney (station 8 in figure 1). Horizontal lines 
correspond to depth of Cs-137 peak 



However, because our cores were not quite long enough to capture the total burden of 
unsupported 210Pb in the sediments, some uncertainty is induced in the calculations of the 
CRS model dates. However, this uncertainty should be small for sediments younger than 
50 years. For these reasons, Table 2 reports both dates (CIC and CRS) for each sediment 
layer of the 4 lakes along with the position of the 137Cs 1963-1964 marker.  
 
 
 
 
 

 
Figure 3 Vertical profiles of unsupported 210Pb activity in the 4 study lakes. 
 

In general, the correspondence between the 210Pb dates (particularly CRS model) 
and Cs chronologies is excellent particularly considering that the isotopic dates represent 
the average age of the sediments within a particular sediment slice. In any case, the main 
purpose of the sediment chronology was to establish for L. Heney the sediment layer 
corresponding to the years since the beginning of the fish farming operations and those 
prior to it. It is clear from Table 2 that the 3rd cm corresponds to pre fish farming 



conditions and that the top cm include a large portion of the fish farming operations 
although it is probably reflected as well in the 2nd cm. The discrepancy between the CIC 
and CRS dates at the top of the core for L. Heney probably reflects changes in sediment 
accumulation rates, with a higher accumulation rate near the top of the core. This could 
be due either by a change in the actual sedimentation rate (as g dw m-2 yr-1) or in the 
nature of the sedimenting material (e.g. more organic sediments will produce higher 
accumulation rate for a given sedimentation rate).  
 
 
 
 
 
 
 
 
 
 

 
 
 
 
The main conclusions from the sediment chronology portion is that: 
 

1) the first centimeter of sediments from L. Heney essentially comprises 
the entire duration of fish farming operations and therefore corresponds 
to our FF period. Because of bioturbation and sediment mixing 
processes, the 2nd cm may also contain signals from the FF period. For 

L. Bernard L. Blue Sea

Pb 210 Pb 210 Pb 210 Pb 210

Sediment Depth (cm) CIC CRS Cs 137 CIC CRS Cs 137

0 - 1 1996 1991 1999 1999

1 - 2 1982 1980 1992 1991

2 - 3 1960 1973 1977 1984

3 - 4 1951 1966 ca. 1964 1971 1975

4 - 5 1947 1957 1966 1966

5 - 6 1941 1949 1962 1955 ca. 1964

6 - 7 1937 1937 1956 1942

7 - 8 1928 1926 1945 1926

8 - 9 1927 1904 1938 1898

9 - 10 1927 1927

L. des Cèdres L. Heney (station 8)

Pb 210 Pb 210 Pb 210 Pb 210

Sediment Depth (cm) CIC CRS Cs 137 CIC CRS Cs 137

0 - 1 2000 1998 1996 2001

1 - 2 1998 1987 1996 1990

2 - 3 1992 1978 1984 1985

3 - 4 1985 1963 ca. 1964 1971 1973

4 - 5 1972 1949 1955 1959 ca. 1964

5 - 6 1956 1935 1931 1946

6 - 7 1941 1919 1913 1935

7 - 8 1932 1898 1911 1918

8 - 9 1916 1875 1902 1895

9 - 10 1916 1908

Table 2 Summary table of sediment chronology based on 210Pb and 137Cs. 



that reason the 3rd cm, will be considered our pre Fish Farm period 
(pFF) for comparative purposes (approx. 1985). The 10th cm represents 
conditions prevailing probably in the early 1900’s. However, a fair 
amount of diagenesis may have occurred over the last 100 years. 

 
 

2) 210Pb dating suggests that there is little evidence of changes in sediment 
accumulation rates in L. Bernard and L. des Cèdres. However, for L. 
Heney, a large increase in sediment accumulation rates occurred in the 
most recently deposited sediments. For L. Blue Sea, the Cs profile 
shows a high sediment accumulation rate in the past 40 years but the 
unusual 210Pb profile (particularly apparent in the CRS model plot, not 
shown) indicates a sudden and major change around 1980, the causes of 
which at present unknown. 

 
 
 



 
 
Sediment total Iron and Phosphorus concentrations 
 
Comparison among the 4 study lakes 
  
 Total iron and total phosphorus 
concentrations in the sediments (all depths 
and lakes combined) varied from 9 to 63 
and 0.6 to 9 mg g dry wt.-1, respectively. 
Mean concentrations were 25 mg g dry wt.-
1 for iron and 1.9 mg g dry wt.-1 for 
phosphorus, which are well within the 
range of values reported for other Quebec 
lakes (Prairie et al. 2001).  The 
corresponding Fe:P ratios (by weight) 
varied between 5 and 40 with a mean value 
of about 15. However, much of the 
variability observed in the absolute 
concentrations and in the ratios is due to 
difference among lakes and differences in 
the sediments depths. Indeed, lakes have 
inherently different Fe:P ratios depending 
on the stoichiometry of the water they 
receive and on the amount of organic 
matter they produce. In addition, the Fe:P 
ratio of the sediment within a single site 
varies with the sediment layer considered. 
In general, recent sediments tend to have 
somewhat lower Fe:P ratios because, with 
time, part of the phosphorus is mineralized 
and released back to the water column or 
migrates to the upper layers of the 
sediments. Because of this process, it is 
difficult to infer much from the Fe:P of a 
single sediment core. Instead, our first 
approach is to compare the Fe:P ratio 
among lakes for the sediment layer 
corresponding to recent but prior to the 
operations of the fish farm. According to 
our sediment chronologies, the 3rd cm 
fulfills this criteria. Figure 4 illustrates that, for this sediment layer, the Fe:P varied from  
10.5 in L. Bernard to 16 in L. Heney. For the sediment layer corresponding to the early 
20th century, the range is much smaller, owing to diagenetic processes but the tendency is 
the same (Figure 5). Thus, in that suite of lakes, L. Heney tended to have the highest 
sediment Fe:P ratio prior to the fish farm operations, therefore conferring it the highest 

F
E
:P

10

11

12

13

14

15

16

17

Bernard Blue Sea Des Cèdres Heney

Lac

F
E
:P

10

12.5

15

17.5

20

22.5

Bernard Blue Sea Des Cèdres Heney

Lac

Figure 4. Fe:P ratio in the 3rd cm of sediments 
from the 4 study lakes 

Figure 5 Fe:P ratio in the 10th cm of 
sediments in the 4 study lakes. 



sorption capacity, at least in principle.   
 
Using this sequence of pre-fish farm 
Fe:P ratios (lowest in L. Bernard and 
hioghest in L. Heney) as a reference, 
we can examine whether the same trend 
exists in the sediments corresponding to 
the years of fish farm operations in L. 
Heney (first cm of sediments).  Figure 6  
illustrates how the trend is completely 
reversed in that sediment stratum, with 
L. Heney having the lowest Fe:P of all 
lakes and the other 3 lakes conserving 
their original sequence. This is a very 
clear indication of a major shift in the 
Fe:P balance of L. Heney in recent 
years, and a shift towards conditions 
less favorable for phosphorus being 
adsorbed to iron. Furthermore, Fig. 7 
shows that this recent decline in Fe:P 
ratio is not due to a decrease in Fe but 
rather because of the substantial increase in phosphorus, consistent with the excessive 
loading of nutrient rich material during the fish farm years. 
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Figure 4 Fe:P ratio in the top cm of sediment 
in the study lakes, corresponding to the years 
of operation of the fish farm in L. Heney. 

Figure 5 Sediment Iron and Phosphorus concentrations in the different sediment layers of L. Heney (station 8). 



Iron and phosphorus distribution within L. Heney 
 
Within L. Heney, there exists considerable 
spatial variation in the Fe:P ratio of the  
sediments (from 5 to 18 in the top cm of 
sediments and from 10 to 28 downcore) and 
much of this variation can be explained by 
differences in the organic content of the 
sediments in the various sampling locations.  
More organic sediments tend to have lower Fe:P 
ratios (Fig. 8) and this holds for the other lakes 
as well (data not shown). In turn, the distribution 
of the organic matter content of the sediments is 
not randomly distributed in the lake and is 
related to the morphometry of the lake basin 
which determines where in the lake are the 
depositional areas. In L. Heney, as in many other 
lakes, there exists a good statistical relationship 
between lake depth and organic matter content of 
the surface sediments at that location. Although 
the relationship is not perfect, it can be used to estimate the organic matter content of the 
surface sediments throughout the whole lake.  
 
Recent sediment phosphorus burden 
 
Similar relationships can be developed to predict the amount of sediments (as dry weight) 
in the first cm as a function of lake depth (Z, in m). Having established that this first cm 
represents more or less phosphorus deposited since the beginning of the operations of the 
fish farm, these relationships can be used to estimate the total mass of phosphorus 
deposited at the whole lake scale.  The following empirical equations are used: 
 
Sediment in 1st cm (g d.w. /m2) = 621.5  - 15.9 Z (m)       r2 = 0.74, n=20  Eq. 1 
 
and 
 
ln(sed. [P], in mg/g dr. wt.) = 3.148 - 0.439 ln(g d.w. in 1st cm, in g/m2), r2=0.48 Eq. 2 
  
 
 

Applying and combining these two equations to the known bathymetry of L. 
Heney allows us to produce maps of 1) the distribution of sediments deposited in the first 
cm, 2) the distribution of P concentration, and 3) of the distribution of the mass burden of 
phosphorus (mg P m-2) in the first cm of sediments. These 3 maps should be viewed as 
approximations as they assume that the first cm of sediment represent roughly the same 
number of years and because they are based on imperfect statistical models. These maps 
are included in the Appendix.  While they show that P concentration in the sediments is 
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Figure 6 Relationship between the 
organic matter content of the sediments  
and the corresponding sediment Fe:P 
ratio for L. Heney. 



highest in the deep zone (App. Fig. 1), the organic character of this sediment makes it 
less dense (App. Fig. 2) and that there is overall less phosphorus contained in the first cm 
of the profundal zone than there is in the shallower areas (App. Fig. 3). The spatially 
integrated average of P burden is 745 mg P m-2. Over the entire lake (12.32 x 106 m2), 
this represents a total amount of about 9200 kg of phosphorus has been deposited as the 
top centimeter of sediments, representing the accumulation over the past 9-10 years, or 
about 900-1000 kg per year. As a comparison, the entire water volume of the lake (172.3 
x 106 m3), at an average of about 21 µg P/L, contains a total of about 3620 kg of 
phosphorus, i.e. less than half contained in the first cm of sediments.  
 

The amount of phosphorus retained per year (averaged at roughly 900-1000 
kg/yr) can be compared to the annual amount of phosphorus retained in the L. Heney 
estimated from mass balance (inputs – outputs). Carignan (2003) estimated that 
phosphorus retention is about 550 kg for 2002-2003, a value lower than estimated here. 
For an average hydrological year, this value would probably reach 700 kg. However, our 
estimate includes the years of operation of the fish farm, which would have yielded much 
more phosphorus than in 2002-2003.  

 
Because we could not find any statistical relationships predicting the sediment Fe 

concentration on the basis of either sediment characteristics or lake morphometric 
variables, we applied a constant Fe concentration of 28 mg g-1 dw to the relationship 
between sediment deposition in the 1st cm and lake depth (Eq. 1) and obtained the map 
illustrated in App. Fig. 4 of the iron burden (mg Fe m-2) distribution over the entire 
surface of the lake. Spatially integrated average burden was estimated to 13.45 g m-2  

which, over the whole lake, represents a total of about 165 tons of iron trapped in the first 
cm of sediments.  

 
Spatial distribution of the Fe:P ratio 
 

The mass ratio Fe:P for the entire 1cm layer is thus 165000:9200 or nearly 18 
(g:g). However, Fig. 8 (right panel) illustrates how the ratio in unevenly distributed 
within the lake, with much lower values in the deeper section of L. Heney. Given the 
inverse relationship between organic matter content and Fe:P (Fig. 8), it is also where the 
most organic sediments are found.To compare this map to pre Fish Farm conditions, we 
repeated the same modeling exercise to the deeper sediment layer (3rd cm) and the results 
are shown in Fig. 8 (left panel). Assuming that the modeled Fe:P ratios correctly reflect 
the sediment conditions at the time of their deposition, Fig. 9 clearly suggests that the 
Fe:P ratio was much more homogeneously distributed historically (left panel) than it is 
now (right panel). The area where this ratio is currently much lower appears fairly 
confined to the deep zone of the lake. There is a natural tendency for sediments to focus 
in the deeper areas but it suggests nevertheless that the nutrient enriched sediments 
(relative to iron) is mostly deposited in this area. This may have implications on where 
the foreseen iron addition may be distributed in L. Heney. 

 
 
 



 
Figure 9. Spatial distribution of the Fe:P ratio prior to the fish farm operations (left 
panel) compared to the period inclusive of the fish farming (right panel). 

 
 



 
 
 

Conclusions 
 
 This study of the sediment iron and phosphorus geochemistry in L. Heney and 
other comparable lakes of the same region is only one line of evidence to circumscribe 
better the role of iron in sequestering the phosphorus in its sediments. Our results showed 
that 
 

1) The historical Fe:P ratio of the sediments of L. Heney was the highest of the 4 
lakes studied. However, in its most recent sediments, it has the lowest value 
suggesting a currently much lower binding capacity for phosphorus.  

 
 

2) This decrease in the Fe:P ratio is largely due to an increase in the phosphorus 
content of the sediments and not because of a decrease in the iron content. 

 
 

3) The higher phosphorus content of the recent sediments reflects a sediment 
richer in organic matter. 

 
 

4) The lakewide total phosphorus burden in the top cm of sediments is estimated 
at 9.2 metric tons, or an annual rate of about 900-1000 kg per year. 

 
 

5) Much of this phosphorus rich sediment appears preferentially located in the 
deeper zone of L. Heney. 
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APPENDICES 



 
 
 
 
Fig. 1. Spatial distribution of sediments (g m-2) in the first cm of sediments 

 
 



 
Fig. 2. Spatial distribution of sediment the total phosphorus concentrtion 
(mg g-1) in the first cm of sediments 

 
 

 
 
 
 



Fig. 3. Spatial distribution of sediment total phosphorus burden (mg P m-2) 
in the first cm of sediments 
 
 
 

 
 
 
 
  
 



Fig. 3. Spatial distribution of sediment total iron burden (mg Fe m-2) in the 
first cm of sediments 

 
 
 
 



 
 
 
 
 
 
 
 
 


