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1. Introduction 
This report presents the results of a lake sediment incubation study conducted on Lake Campbell, located 

on Fidalgo Island in western Skagit County, Washington. This study was performed for Skagit County by 

Herrera Environmental Consultants, Inc. (Herrera), in partnership with Western Washington University, in 

response to a recommendation by the 2024 Lake Campbell Lake Cyanobacteria Management Plan 

(LCMP) (Herrera 2024). This study provides a better estimation of sediment phosphorus release and 

evaluates the effectiveness of an alum treatment at varying pH and oxygen conditions. 

1.1. Background 
In 1985, Lake Campbell was treated with aluminum sulfate (“alum”) to reduce internal phosphorus 

sources fueling harmful algae (cyanobacteria) blooms (HABs); however, harmful blooms returned in the 

summer and fall of 2021, 2022, and 2023, exceeding the Washington State Department of Health 

recreational cyanotoxin guidelines. The 2024 LCMP, prepared by Herrera, agreed with the findings of 

previous studies (Entranco 1983, 1987) that phosphorus is the limiting nutrient for algae growth and most 

phosphorus input to the lake is from internal loading (sediment release) during the summer months. A 

long-term management approach was recommended, using a buffered aluminum sulfate (“alum”) 

treatment to inactivate phosphorus in the sediments. The applied aluminum binds to mobile phosphorus 

released due to organic decomposition and chemical reduction and prevents the phosphorus from 

reaching the water column (Herrera 2024). A follow-up incubation study, addressed in this report, was 

recommended to better estimate sediment phosphorus release, evaluate the effectiveness of the alum 

treatment, and determine an optimum buffered alum dose to control toxic cyanobacteria blooms for at 

least 10 years.  

1.2.  Objectives 
The objectives of the study described in this report include:  

● Collect 16 sediment core samples from the deepest location of Lake Campbell (identified as the 

CAM-DEEP monitoring station in the LCMP) 

● Collect vertical depth-profile parameters of temperature, dissolved oxygen, and pH at CAM-DEEP 

● Expose 16 sediment cores and overlying water to varying oxygen, pH, and alum treatment 

conditions via an incubation experiment 

● Measure temperature, dissolved oxygen, and pH and collect subsamples for analysis of total 

phosphorus (TP) and orthophosphate at 5 sampling events during the sediment incubation 

experiment 

● Quantify internal phosphorus content of sediment in Lake Campbell 
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● Confirm the efficacy of the sediment inactivation alum and sodium aluminate dosage 

recommended by the LCMP 

Each of the study objectives were met. 
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2. Study Methods 
This section provides a high-level overview of the study’s methodology. See the QAPP (Herrera 2024) for 

additional details. 

● On August 19, 2024, 16 sediment cores were collected from the deepest location in Lake Campbell 

(CAM-DEEP) using a hammer corer. Before core collection, a vertical depth-profile of temperature, 

dissolved oxygen, and pH was completed, with measurements taken at half-meter increments to a 

depth of 5.0 meters. A 20-liter (L) carboy was filled with filtered (0.45 micron) lake water from a 

depth of approximately 4.5 meters and subsamples were collected for analysis of total phosphorus 

(TP) and orthophosphate. 

● Eight (8) study groups were established (see Table 1) with a duplicate of each study group. These 

represent a combination of neutral or high pH (7 or 8.5 units), aerobic or anaerobic oxygen 

conditions, and alum treatment (no treatment or 18.0 g Al/m2). The dosage was achieved by adding 

0.5 mL of liquid aluminum sulfate (58 mg Al/mL) and 0.25 mL of liquid sodium aluminate buffer (146 

mg Al/mL). 

● Samples were taken from the sediment cores’ overlying water at hour 0 (the start of incubation; HR 

0), approximately 12 to 18 hours after beginning incubation (HR 12-18), 46 hours (HR 46), 70 hours 

(HR 70), and 185 hours (HR 185).   

● Each overlying water sample was measured for temperature, dissolved oxygen (DO), and pH, and 

analyzed for orthophosphate and total phosphorus (TP). 

 

Table 1. Redox Treatments of Sediment Cores. 

Core Number Oxygen Condition pH Condition Alum Treated Description a, b 

1 Aerobic Neutral pH (~7) No Overlying water was bubbled with ambient air at 

a rate of 0.500 standard liter per minute (slm) and 

with CO2 at a rate of 5.5106 standard cubic 

centimeters per minute (sccm).   
2 Aerobic Neutral pH (~7) No 

3 Anaerobic Neutral pH (~7) No 
Overlying water was bubbled with N2 gas at a rate 

of 0.750 slm and with CO2 at a rate of 7.700 sccm.  
4 Anaerobic Neutral pH (~7) No 

5 Aerobic High pH (~8.5) No Overlying water was bubbled with ambient air at 

a rate of 5.600 slm and with CO2 at a rate of 0.400 

sccm.  6 Aerobic High pH (~8.5) No 
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7 Anaerobic High pH (~8.5) No Overlying water was bubbled with N2 gas at a rate 

of 3.700 slm and with CO2 at a rate of 0.100 

sccm.  8 Anaerobic High pH (~8.5) No 

9 Aerobic Neutral pH (~7) Yes Overlying water was bubbled with ambient air at 

a rate of 0.500 slm and with CO2 at a rate of 

5.5106 sccm.   

0.5 milliliters (mL) of aluminum sulfate (0.0654 g 

alum) and 0.25 mL of sodium aluminate were 

added. 

10 Aerobic Neutral pH (~7) Yes 

11 Anaerobic Neutral pH (~7) Yes Overlying water was bubbled with N2 gas at a rate 

of 0.750 slm and with CO2 at a rate of 7.700 sccm.  

0.5 milliliters (mL) of aluminum sulfate and 0.25 

mL of sodium aluminate were added. 12 Anaerobic Neutral pH (~7) Yes 

13 Aerobic High pH (~8.5) Yes Overlying water was bubbled with ambient air at 

a rate of 5.600 slm and with CO2 at a rate of 0.400 

sccm.  

0.5 milliliters (mL) of aluminum sulfate (0.0654 g 

alum) and 0.25 mL of sodium aluminate were 

added. 

14 Aerobic High pH (~8.5) Yes 

15 Anaerobic High pH (~8.5) Yes Overlying water was bubbled with N2 gas at a rate 

of 3.700 slm and with CO2 at a rate of 0.100 sccm. 

0.5 milliliters (mL) of aluminum sulfate (0.0654 g 

alum) and 0.25 mL of sodium aluminate were 

added. 

16 Anaerobic High pH (~8.5) Yes 

a In the QAPP, the gas injection was provided in terms of a concentration (e.g., 10,600 ppm CO2). This table provides the flow rate of the 

bubbled pure gasses, which was modified throughout the study to maintain the target oxygen and pH conditions. The flow rate listed is 

of hour 185.  

b The alum dose calculation is provided in the QAPP. 

slm – standard liter per minute; sccm – standard cubic centimeter per minute.  

mL – milliliters; g – grams  
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3. Quality Assurance Review 

3.1. Deviations from Work Plan 
Sampling was conducted in accordance with the Lake Campbell Phase II Sediment Incubation Study 

Quality Assurance Project Plan (QAPP) with the following exception: 

We suspected the DO sensor measurements were inaccurate due to the continued level of oxygen 

measured in the anaerobic core study group (an average of 160.8 µmol/L at HR 185) despite being 

bubbled with pure nitrogen gas. While a minor amount of oxygen generation via photosynthesis may 

have occurred, the levels of measured oxygen were higher than would be expected in a dark chamber. 

For this reason, a YSI was used to measure DO at HR 185 (the last sampling event). Substantial differences 

in measurements were found between the YSI and the DO sensor. It is possible this may have been due 

to equipment or calibration issues. Based on the observed differences in oxygen concentrations between 

the aerobic and anaerobic cores during the incubation period, we believe that the anaerobic conditions 

were maintained for the desired cores. 

3.2. Laboratory Data Review 
Laboratory reports for the water samples underwent a quality assurance (QA) review, in accordance with 

the 2024 QAPP. The following deviation from the QAPP was noted during quality assurance review:  

● Core 7 at HR 0 had a TP measurement of 459.1 µg P/L. This differed substantially from the rest of 

the cores at HR 0, which averaged 67.3 µg P/L. This data point was considered an outlier and re-

analysis of the sample resulted in a far lower value. Therefore, this value was flagged for rejection 

(R) and was not used in the calculations.  

● Core 3, from an anaerobic study group, at HR 185 was qualified as rejected (R) and not used in the 

calculations due to elevated measured DO in the sample according to YSI multimeter readings, 

which may have resulted in depressed orthophosphate and total phosphorus due to oxidation of 

iron in the sediment. 

● The QAPP matrix spike recovery ranged from 80-100 percent. The core 8 (anaerobic, high pH) TP 

sample at HR 0 had a high spike recovery of 176 percent. The core 12 (anaerobic, neutral pH, alum 

treated) HR 46 and core 14 (aerobic, high pH, alum treated) HR 70 TP samples had a low recovery 

rate, 76 percent and 72 percent, respectively. It is possible this may have been due to a matrix 

interference. These data were qualified as estimated (J). 

The quality assurance review determined that the laboratory results are valid and acceptable for use with 

no further qualification. 
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4. Results 

4.1. Aluminum Concentration 
The measured aluminum concentration in the alum sample was 60.1 g/L and in the sodium aluminate 

sample was 108.0 g/L. For the dosage calculations, the assumed concentrations were 57.9 g/L and 146 

g/L, respectively. The aluminum concentration in alum between the assumed and measured were 

comparable; however, the aluminum concentration in the sodium aluminate was approximately three-

quarters that assumed. This resulted in an aluminum dose of 57.1 mg or 15.7 g/m2, compared to the 

planned dose of 65.4 mg or 18.0 g/m2, which is 13 percent lower. 

4.2. Physical Measurements of Overlying Water 
A comparison of DO, pH, and temperature between the study groups is shown in  

Figure 1. Duplicate cores within a study group are represented by red and blue lines labeled with core 

numbers. The dashed line represents the time alum was added to the cores receiving alum treatment. 

Conditions prior to treatment are to the left of the dashed line and conditions post-treatment are to the 

right of the dashed line.  

Key DO observations include: 

● Oxygen levels in the anaerobic study group were lower than in the aerobic study group. As noted 

above, there were concerns with the accuracy of the DO sensor, but these results can be interpreted 

qualitatively such that we are confident that the anaerobic cores experienced depleted oxygen 

levels during the incubation period.  

Key pH observations include: 

● The pH measurements in cores not treated with alum remained relatively stable in the neutral pH 

group, with some variability in the pH 8.5 group (high pH group).  

● Core 6, in the aerobic, high pH, untreated experimental group, became more acidic than its 

duplicate, core 5, and exhibited a higher-than-expected phosphorus concentration and release rate 

under those lower pH conditions.  

● The experimental groups receiving the alum treatment were also dosed with sodium aluminate (a 

pH buffer). All 8 of 8 cores in this treatment group experienced a drop in pH after the alum dose, 

with more marked decreases in the high pH group. The decrease in pH was expected due to the 

acidic nature of the aluminum hydroxide floc forming from the alum reacting with water.    

● In the alum treated high pH experimental group, the most substantial drop in pH was observed in 

anaerobic conditions. For example, cores 15 and 16 had a pH of 8.63 and 8.56 (respectively) prior to 

the alum dose and a pH of 7.54 and 6.98 (respectively) after the addition of alum. This 

demonstrates the importance of properly applying alum with a buffer and monitoring pH to avoid 

impacts on aquatic biota.  
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For temperature, the key observation was that the temperature of the overlying core water during 

incubation (averaging 19.4 degrees Celsius (°C) at hour 185) was slightly lower than that of the lake at a 

depth of 5 meters (20.5 degrees Celsius (°C).   
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Figure 1. Dissolved Oxygen, Temperature, and pH over time. 
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4.3. Phosphorus Measurements 
A comparison of total phosphorus (TP) and orthophosphate concentrations between the study groups is 

shown in Figure 2. Duplicate cores within a study group are represented by red and blue lines labeled 

with core numbers. The dashed line represents the time alum was added to the cores receiving alum 

treatment. Conditions prior to treatment are to the left of the dashed line and conditions post-treatment 

are to the right of the dashed line.  

Key findings include: 

● The concentrations of total phosphorus (TP) and orthophosphate were lower in the aerobic 

experimental group than in the anaerobic experimental group not treated with alum.   

● TP and orthophosphate concentrations remained stable throughout the study in the aerobic 

groups, except in core 6 (aerobic, high pH, untreated), for which orthophosphate increased by 

nearly 50 times the original concentration by the end of the study. The higher-than-expected 

concentration and release rate may be due to natural variation in the samples. 

● There was a decrease in TP and an increase in orthophosphate, over time, in the anaerobic, neutral 

pH group not treated with alum. TP and orthophosphate both increased throughout the study in 

the anaerobic, high pH, untreated group.   

● In all alum dosed cores, at the first sampling event post-alum treatment (HR 12-18), concentrations 

were less than the detection limits, (5.0 µg/L) in 5 of 8 cores, and (3.0 µg/L) 8 of 8 cores, for TP and 

orthophosphate, respectively. 

● Following the initial substantial decline in TP and orthophosphate in all treated cores after the alum 

application, concentrations increased slightly through the end of the study. Despite this, TP 

remained low in alum-treated cores, with an HR 185 average of 6.9 µg P/L for the aerobic neutral 

pH group, 13.2 µg P/L for the aerobic high pH group, 13.5 µg P/L for the anaerobic neutral pH 

group, and 16.7 µg P/L for the anaerobic high pH group.  

● Orthophosphate remained low throughout the study in all alum-treated groups, with 5 of 8 cores 

remaining under the detection limit at hour 185. Core 15, in the anaerobic, high pH group, core 14, 

in the aerobic, high pH group, and core 12 in the anaerobic, neutral pH group still had detectible 

concentrations of 6.7 µg/L, 3.1 µg/L, and 8.3 µg/L, respectively. Table 2 and Table 3 list TP and 

orthophosphate concentrations of the overlying core water, respectively, over time.  
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Figure 2. Concentration of Orthophosphate and Total Phosphorus Over Time. 
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Table 2. Total Phosphorus Concentration and Mass of Overlying Core Water. 

Core  Batch Date/Time 

Volume 

Pulled 

(mL) 

Volume 

Added 

from 

Carboy 

(mL) 

Total Phosphorus 

Concentration a 

(µg/L) Flag 

Mass 

(µg) 

Mass 

Removed 

Before 

Sample 

(µg) 

Mass 

Added 

Before 

Sample 

(µg) 

Net   

Mass 

Added/ 

Removed 

(µg) 

Cumulative 

Mass   

Added/ 

Removed 

(µg) 

Corrected 

Mass  

(µg) 

Change 

in Mass 

(µg) 

1 HR0 
8/21/2024 

10:06 
45 40 54.1  49.1 0.0 0.0 0.0 0.0 49.1 NA 

1 HR12-18 
8/22/2024 

9:15 
75 75 54.1  49.1 2.4 1.3 -1.2 -1.2 50.3 1.1 

1 HR46 
8/23/2024 

14:50 
75 75 41.5  37.7 4.1 2.4 -1.7 -2.8 40.5 -9.8 

1 HR70 
8/26/2024 

14:28 
75 75 37.0  33.6 3.1 2.4 -0.7 -3.6 37.1 -3.4 

1 HR185 
8/29/2024 

9:26 
75 0 22.1  20.1 2.8 2.4 -0.4 -4.0 24.0 -13.1 

2 HR0 
8/21/2024 

10:11 
45 40 67.5  61.3 0.0 0.0 0.0 0.0 61.3 NA 

2 HR12-18 
8/22/2024 

9:22 
75 75 48.6  44.1 3.0 1.3 -1.8 -1.8 45.9 -15.4 

2 HR46 
8/23/2024 

15:18 
75 75 45.0  40.9 3.6 2.4 -1.3 -3.0 43.9 -2.0 

2 HR70 
8/26/2024 

14:59 
75 75 51.9  47.1 3.4 2.4 -1.0 -4.0 51.1 7.2 

2 HR185 
8/29/2024 

9:34 
75 0 46.7  42.4 3.9 2.4 -1.5 -5.5 48.0 -3.2 
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Table 2 (continued). Total Phosphorus Concentration and Mass of Overlying Core Water. 

Core  Batch Date/Time 

Volume 

Pulled 

(mL) 

Volume 

Added 

from 

Carboy 

(mL) 

Total Phosphorus 

Concentration a 

(µg/L) Flag 

Mass 

(µg) 

Mass 

Removed 

Before 

Sample 

(µg) 

Mass 

Added 

Before 

Sample 

(µg) 

Net   

Mass 

Added/ 

Removed 

(µg) 

Cumulative 

Mass   

Added/ 

Removed 

(µg) 

Corrected 

Mass  

(µg) 

Change 

in Mass 

(µg) 

3 HR0 
8/21/2024 

10:16 
45 40 79.5  72.2 0.0 0.0 0.0 0.0 72.2 NA 

3 HR12-18 
8/22/2024 

9:28 
70 70 83.0  75.4 3.6 1.3 -2.3 -2.3 77.7 5.5 

3 HR46 
8/23/2024 

15:33 
75 75 93.8  85.2 5.8 2.2 -3.6 -5.9 91.1 13.4 

3 HR70 
8/26/2024 

15:15 
150 150 87.1  79.0 7.0 2.4 -4.7 -10.5 89.6 -1.5 

3 HR185 
8/29/2024 

9:42 
75 0 55.0 R 49.9 13.1 4.8 -8.3 -18.8 68.7 -20.9 

4 HR0 
8/21/2024 

10:21 
45 40 54.6  49.6 0.0 0.0 0.0 0.0 49.6 NA 

4 HR12-18 
8/22/2024 

9:33 
75 75 69.2  62.8 2.5 1.3 -1.2 -1.2 64.0 14.4 

4 HR46 
8/23/2024 

15:44 
85 85 96.2  87.4 5.2 2.4 -2.8 -4.0 91.4 27.4 

4 HR70 
8/26/2024 

15:41 
75 75 101.8  92.5 8.2 2.7 -5.5 -9.5 101.9 10.5 

4 HR185 
8/29/2024 

9:52 
75 0 96.0  87.2 7.6 2.4 -5.3 -14.7 101.9 0.0 
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Table 2 (continued). Total Phosphorus Concentration and Mass of Overlying Core Water. 

Core  Batch Date/Time 

Volume 

Pulled 

(mL) 

Volume 

Added 

from 

Carboy 

(mL) 

Total Phosphorus 

Concentration a 

(µg/L) Flag 

Mass 

(µg) 

Mass 

Removed 

Before 

Sample 

(µg) 

Mass 

Added 

Before 

Sample 

(µg) 

Net   

Mass 

Added/ 

Removed 

(µg) 

Cumulative 

Mass   

Added/ 

Removed 

(µg) 

Corrected 

Mass  

(µg) 

Change 

in Mass 

(µg) 

5 HR0 
8/21/2024 

10:26 
75 70 51.8  47.1 0.0 0.0 0.0 0.0 47.1 NA 

5 HR12-18 
8/22/2024 

9:36 
75 75 46.5  42.2 3.9 2.2 -1.7 -1.7 43.9 -3.2 

5 HR46 
8/23/2024 

16:16 
75 75 35.0  31.8 3.5 2.4 -1.1 -2.8 34.6 -9.3 

5 HR70 
8/26/2024 

15:53 
75 75 27.7  25.1 2.6 2.4 -0.2 -3.0 28.1 -6.5 

5 HR185 
8/29/2024 

9:58 
75 0 31.8  28.8 2.1 2.4 0.3 -2.7 31.5 3.4 

6 HR0 
8/21/2024 

10:31 
45 40 75.8  68.8 0.0 0.0 0.0 0.0 68.8 NA 

6 HR12-18 
8/22/2024 

9:51 
75 75 103.4  93.9 3.4 1.3 -2.1 -2.1 96.0 27.2 

6 HR46 
8/23/2024 

16:30 
75 75 217.2  197.2 7.8 2.4 -5.4 -7.5 204.7 108.7 

6 HR70 
8/26/2024 

16:11 
75 75 250.3  227.2 16.3 2.4 -13.9 -21.4 248.6 43.9 

6 HR185 
8/29/2024 

10:00 
75 0 474.0  430.4 18.8 2.4 -16.4 -37.8 468.2 219.6 
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Table 2 (continued). Total Phosphorus Concentration and Mass of Overlying Core Water. 

Core  Batch Date/Time 

Volume 

Pulled 

(mL) 

Volume 

Added 

from 

Carboy 

(mL) 

Total Phosphorus 

Concentration a 

(µg/L) Flag 

Mass 

(µg) 

Mass 

Removed 

Before 

Sample 

(µg) 

Mass 

Added 

Before 

Sample 

(µg) 

Net   

Mass 

Added/ 

Removed 

(µg) 

Cumulative 

Mass   

Added/ 

Removed 

(µg) 

Corrected 

Mass  

(µg) 

Change 

in Mass 

(µg) 

7 HR0 
8/21/2024 

10:36 
44 39 459.1 R 416.8 0.0 0.0 0.0 0.0 416.8 NA 

7 HR12-18 
8/22/2024 

9:59 
75 75 87.6  79.6 20.2 1.2 -19.0 -19.0 98.5 -318.3 

7 HR46 
8/23/2024 

16:45 
75 75 113.9  103.4 6.6 2.4 -4.2 -23.1 126.5 28.0 

7 HR70 
8/26/2024 

16:24 
75 75 149.4  135.6 8.5 2.4 -6.2 -29.3 164.9 38.4 

7 HR185 
8/29/2024 

10:15 
75 0 203.7  184.9 11.2 2.4 -8.8 -38.1 223.0 58.1 

8 HR0 
8/21/2024 

10:46 
45 40 48.7 J 44.2 0.0 0.0 0.0 0.0 44.2 NA 

8 HR12-18 
8/22/2024 

10:11 
75 75 51.7  46.9 2.2 1.3 -0.9 -0.9 47.9 3.7 

8 HR46 
8/23/2024 

17:00 
75 75 55.1  50.0 3.9 2.4 -1.5 -2.4 52.4 4.6 

8 HR70 
8/26/2024 

16:40 
75 75 59.9  54.4 4.1 2.4 -1.7 -4.2 58.5 6.1 

8 HR185 
8/29/2024 

10:20 
75 0 95.0  86.3 4.5 2.4 -2.1 -6.3 92.5 34.0 
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Table 2 (continued). Total Phosphorus Concentration and Mass of Overlying Core Water. 

Core  Batch Date/Time 

Volume 

Pulled 

(mL) 

Volume 

Added 

from 

Carboy 

(mL) 

Total Phosphorus 

Concentration a 

(µg/L) Flag 

Mass 

(µg) 

Mass 

Removed 

Before 

Sample 

(µg) 

Mass 

Added 

Before 

Sample 

(µg) 

Net   

Mass 

Added/ 

Removed 

(µg) 

Cumulative 

Mass   

Added/ 

Removed 

(µg) 

Corrected 

Mass  

(µg) 

Change 

in Mass 

(µg) 

9 HR0 
8/21/2024 

10:51 
43 38 48.6  44.1 0.0 0.0 0.0 0.0 44.1 NA 

9 HR12-18 
8/22/2024 

10:29 
79 79 5.0 U  4.5 2.1 1.2 -0.9 -0.9 5.4 -38.7 

9 HR46 
8/23/2024 

17:20 
75 75 5.0 U  4.5 0.4 2.5 2.1 1.2 3.3 -2.1 

9 HR70 
8/26/2024 

16:51 
85 85 6.0  5.4 0.4 2.4 2.0 3.2 2.2 -1.1 

9 HR185 
8/29/2024 

10:25 
75 0 5.9  5.4 0.5 2.7 2.2 5.4 -0.1 -2.3 

10 HR0 
8/21/2024 

10:56 
45 40 39.4  35.8 0.0 0.0 0.0 0.0 35.8 NA 

10 HR12-18 
8/22/2024 

10:45 
75 75 5.0 U  4.5 1.8 1.3 -0.5 -0.5 5.0 -30.7 

10 HR46 
8/23/2024 

17:30 
150 150 11.1  10.1 0.4 2.4 2.0 1.5 8.6 3.5 

10 HR70 
8/26/2024 

17:16 
75 75 9.1  8.3 1.7 4.8 3.1 4.6 3.7 -4.9 

10 HR185 
8/29/2024 

10:31 
75 0 7.8  7.1 0.7 2.4 1.7 6.3 0.8 -2.9 
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Table 2 (continued). Total Phosphorus Concentration and Mass of Overlying Core Water. 

Core  Batch Date/Time 

Volume 

Pulled 

(mL) 

Volume 

Added 

from 

Carboy 

(mL) 

Total Phosphorus 

Concentration a 

(µg/L) Flag 

Mass 

(µg) 

Mass 

Removed 

Before 

Sample 

(µg) 

Mass 

Added 

Before 

Sample 

(µg) 

Net   

Mass 

Added/ 

Removed 

(µg) 

Cumulative 

Mass   

Added/ 

Removed 

(µg) 

Corrected 

Mass  

(µg) 

Change 

in Mass 

(µg) 

11 HR0 
8/21/2024 

11:01 
45 40 63.7  57.8 0.0 0.0 0.0 0.0 57.8 NA 

11 HR12-18 
8/22/2024 

10:58 
75 75 5.0 U  4.5 2.9 1.3 -1.6 -1.6 6.1 -51.7 

11 HR46 
8/23/2024 

17:43 
75 75 5.9  5.4 0.4 2.4 2.0 0.4 4.9 -1.2 

11 HR70 
8/26/2024 

17:26 
75 75 6.9  6.2 0.4 2.4 1.9 2.4 3.9 -1.1 

11 HR185 
8/29/2024 

10:40 
75 0 6.5  5.9 0.5 2.4 1.9 4.2 1.7 -2.2 

12 HR0 
8/21/2024 

11:06 
45 40 188.8  171.4 0.0 0.0 0.0 0.0 171.4 NA 

12 HR12-18 
8/22/2024 

11:05 
75 75 8.1  7.3 8.5 1.3 -7.2 -7.2 14.6 -156.8 

12 HR46 
8/23/2024 

17:55 
75 75 14.5 J 13.2 0.6 2.4 1.8 -5.4 18.6 4.1 

12 HR70 
8/26/2024 

18:03 
75 75 19.2  17.4 1.1 2.4 1.3 -4.1 21.5 2.9 

12 HR185 
8/29/2024 

10:55 
150 0 20.5  18.7 1.4 2.4 0.9 -3.2 21.9 0.3 
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Table 2 (continued). Total Phosphorus Concentration and Mass of Overlying Core Water. 

Core  Batch Date/Time 

Volume 

Pulled 

(mL) 

Volume 

Added 

from 

Carboy 

(mL) 

Total Phosphorus 

Concentration a 

(µg/L) Flag 

Mass 

(µg) 

Mass 

Removed 

Before 

Sample 

(µg) 

Mass 

Added 

Before 

Sample 

(µg) 

Net   

Mass 

Added/ 

Removed 

(µg) 

Cumulative 

Mass   

Added/ 

Removed 

(µg) 

Corrected 

Mass  

(µg) 

Change 

in Mass 

(µg) 

13 HR0 
8/21/2024 

11:11 
45 40 20.8  18.9 0.0 0.0 0.0 0.0 18.9 NA 

13 HR12-18 
8/22/2024 

11:15 
75 75 5.0 U  4.5 0.9 1.3 0.3 0.3 4.2 -14.7 

13 HR46 
8/23/2024 

18:09 
75 75 6.6  6.0 0.4 2.4 2.0 2.3 3.6 -0.6 

13 HR70 
8/26/2024 

18:14 
75 75 8.9  8.1 0.5 2.4 1.9 4.2 3.9 0.3 

13 HR185 
8/29/2024 

11:02 
75 0 8.9  8.0 0.7 2.4 1.7 5.9 2.1 -1.8 

14 HR0 
8/21/2024 

11:16 
45 40 84.2  76.4 0.0 0.0 0.0 0.0 76.4 NA 

14 HR12-18 
8/22/2024 

11:33 
75 75 9.5  8.6 3.8 1.3 -2.5 -2.5 11.2 -65.2 

14 HR46 
8/23/2024 

18:24 
75 75 11.7  10.6 0.7 2.4 1.7 -0.8 11.5 0.3 

14 HR70 
8/26/2024 

18:22 
75 75 11.3 J 10.3 0.9 2.4 1.5 0.7 9.6 -1.9 

14 HR185 
8/29/2024 

11:10 
75 0 17.5  15.9 0.8 2.4 1.5 2.2 13.7 4.1 
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Table 2 (continued). Total Phosphorus Concentration and Mass of Overlying Core Water. 

Core  Batch Date/Time 

Volume 

Pulled 

(mL) 

Volume 

Added 

from 

Carboy 

(mL) 

Total Phosphorus 

Concentration a 

(µg/L) Flag 

Mass 

(µg) 

Mass 

Removed 

Before 

Sample 

(µg) 

Mass 

Added 

Before 

Sample 

(µg) 

Net   

Mass 

Added/ 

Removed 

(µg) 

Cumulative 

Mass   

Added/ 

Removed 

(µg) 

Corrected 

Mass  

(µg) 

Change 

in Mass 

(µg) 

15 HR0 
8/21/2024 

11:21 
45 40 76.8  69.7 0.0 0.0 0.0 0.0 69.7 NA 

15 HR12-18 
8/22/2024 

12:01 
85 85 10.2  9.3 3.5 1.3 -2.2 -2.2 11.5 -58.3 

15 HR46 
8/23/2024 

18:38 
75 75 9.4  8.6 0.9 2.7 1.8 -0.4 8.9 -2.6 

15 HR70 
8/26/2024 

18:46 
75 75 16.3  14.8 0.7 2.4 1.7 1.3 13.5 4.6 

15 HR185 
8/29/2024 

11:11 
75 0 24.6  22.4 1.2 2.4 1.2 2.5 19.9 6.4 

16 HR0 
8/21/2024 

11:26 
55 50 64.9  59.0 0.0 0.0 0.0 0.0 59.0 NA 

16 HR12-18 
8/22/2024 

12:15 
144 144 5.0 U  4.5 3.6 1.6 -2.0 -2.0 6.5 -52.4 

16 HR46 
8/23/2024 

18:46 
75 75 6.9  6.3 0.7 4.6 3.9 1.9 4.4 -2.1 

16 HR70 
8/26/2024 

18:57 
75 75 7.9  7.2 0.5 2.4 1.9 3.7 3.4 -1.0 

16 HR185 
8/29/2024 

11:20 
75 0 8.9  8.0 0.6 2.4 1.8 5.5 2.5 -0.9 

a Values immediately followed by “U” signify the measurement was under the TP detection limit of 5.0 µg/L. 

J – estimated       R – rejected  

mL – milliliters       µg –micrograms       µg/L –micrograms per liter 
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Table 3. Orthophosphate Concentration and Mass of Overlying Core Water. 

Core  Batch Date/Time 

Volume 

Pulled 

(mL) 

Volume 

Added 

from 

Carboy 

(mL) 

Orthophosphate 

Concentration a 

(µg/L) Flag 

Mass 

(µg) 

Mass 

Removed 

Before 

Sample 

(µg) 

Mass 

Added 

Before 

Sample 

(µg) 

Net   

Mass 

Added/ 

Removed 

(µg) 

Cumulative 

Mass   

Added/ 

Removed 

(µg) 

Corrected 

Mass  

(µg) 

Change 

in Mass 

(µg) 

1 HR0 

8/21/2024 

10:06 45 40 3.0 U  2.7 0.0 0.0 0.0 0.0 2.7 NA 

1 HR12-18 

8/22/2024 

9:15 75 75 3.0 U  2.7 0.1 0.6 0.4 0.4 2.3 -0.4 

1 HR46 

8/23/2024 

14:50 75 75 3.0 U  2.7 0.2 1.1 0.8 1.3 1.5 -0.8 

1 HR70 

8/26/2024 

14:28 75 75 3.0 U  2.7 0.2 1.1 0.8 2.1 0.6 -0.8 

1 HR185 

8/29/2024 

9:26 75 0 3.5  3.2 0.2 1.1 0.8 2.9 0.2 -0.4 

2 HR0 

8/21/2024 

10:11 45 40 3.0 U  2.7 0.0 0.0 0.0 0.0 2.7 NA 

2 HR12-18 

8/22/2024 

9:22 75 75 3.0 U  2.7 0.1 0.6 0.4 0.4 2.3 -0.4 

2 HR46 

8/23/2024 

15:18 75 75 10.4  9.4 0.2 1.1 0.8 1.3 8.2 5.9 

2 HR70 

8/26/2024 

14:59 75 75 21.8  19.8 0.8 1.1 0.3 1.5 18.3 10.1 

2 HR185 

8/29/2024 

9:34 75 0 33.0  29.9 1.6 1.1 -0.6 1.0 29.0 10.7 
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Table 3 (continued). Orthophosphate Concentration and Mass of Overlying Core Water. 

Core  Batch Date/Time 

Volume 

Pulled 

(mL) 

Volume 

Added 

from 

Carboy 

(mL) 

Orthophosphate 

Concentration a 

(µg/L) Flag 

Mass 

(µg) 

Mass 

Removed 

Before 

Sample 

(µg) 

Mass 

Added 

Before 

Sample 

(µg) 

Net   

Mass 

Added/ 

Removed 

(µg) 

Cumulative 

Mass   

Added/ 

Removed 

(µg) 

Corrected 

Mass  

(µg) 

Change 

in Mass 

(µg) 

3 HR0 

8/21/2024 

10:16 45 40 3.6  3.3 0.0 0.0 0.0 0.0 3.3 NA 

3 HR12-18 

8/22/2024 

9:28 70 70 5.7  5.2 0.2 0.6 0.4 0.4 4.8 1.5 

3 HR46 

8/23/2024 

15:33 75 75 10.8  9.8 0.4 1.0 0.6 1.0 8.8 4.0 

3 HR70 

8/26/2024 

15:15 150 150 13.2  11.9 0.8 1.1 0.2 1.2 10.7 1.9 

3 HR185 

8/29/2024 

9:42 75 0 23.7 R 21.5 2.0 2.1 0.1 1.4 20.1 9.4 

4 HR0 

8/21/2024 

10:21 45 40 3.2  2.9 0.0 0.0 0.0 0.0 2.9 NA 

4 HR12-18 

8/22/2024 

9:33 75 75 12.3  11.1 0.1 0.6 0.4 0.4 10.7 7.8 

4 HR46 

8/23/2024 

15:44 85 85 27.0  24.5 0.9 1.1 0.1 0.6 24.0 13.2 

4 HR70 

8/26/2024 

15:41 75 75 32.0  29.0 2.3 1.2 -1.1 -0.5 29.6 5.6 

4 HR185 

8/29/2024 

9:52 75 0 52.1  47.3 2.4 1.1 -1.3 -1.9 49.2 19.6 
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Table 3 (continued). Orthophosphate Concentration and Mass of Overlying Core Water. 

Core  Batch Date/Time 

Volume 

Pulled 

(mL) 

Volume 

Added 

from 

Carboy 

(mL) 

Orthophosphate 

Concentration a 

(µg/L) Flag 

Mass 

(µg) 

Mass 

Removed 

Before 

Sample 

(µg) 

Mass 

Added 

Before 

Sample 

(µg) 

Net   

Mass 

Added/ 

Removed 

(µg) 

Cumulative 

Mass   

Added/ 

Removed 

(µg) 

Corrected 

Mass  

(µg) 

Change 

in Mass 

(µg) 

5 HR0 

8/21/2024 

10:26 75 70 3.0 U  2.7 0.0 0.0 0.0 0.0 2.7 NA 

5 HR12-18 

8/22/2024 

9:36 75 75 3.0 U  2.7 0.2 1.0 0.8 0.8 2.0 -0.8 

5 HR46 

8/23/2024 

16:16 75 75 3.0 U  2.7 0.2 1.1 0.8 1.6 1.1 -0.8 

5 HR70 

8/26/2024 

15:53 75 75 3.0 U  2.7 0.2 1.1 0.8 2.4 0.3 -0.8 

5 HR185 

8/29/2024 

9:58 75 0 7.4  6.8 0.2 1.1 0.8 3.3 3.5 3.2 

6 HR0 

8/21/2024 

10:31 45 40 10.5  9.5 0.0 0.0 0.0 0.0 9.5 NA 

6 HR12-18 

8/22/2024 

9:51 75 75 51.5  46.8 0.5 0.6 0.1 0.1 46.7 37.2 

6 HR46 

8/23/2024 

16:30 75 75 185.2  168.1 3.9 1.1 -2.8 -2.7 170.9 124.2 

6 HR70 

8/26/2024 

16:11 75 75 215.9  196.0 13.9 1.1 -12.8 -15.5 211.6 40.7 

6 HR185 

8/29/2024 

10:00 75 0 491.4  446.2 16.2 1.1 -15.1 -30.7 476.9 265.3 
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Table 3 (continued). Orthophosphate Concentration and Mass of Overlying Core Water. 

Core  Batch Date/Time 

Volume 

Pulled 

(mL) 

Volume 

Added 

from 

Carboy 

(mL) 

Orthophosphate 

Concentration a 

(µg/L) Flag 

Mass 

(µg) 

Mass 

Removed 

Before 

Sample 

(µg) 

Mass 

Added 

Before 

Sample 

(µg) 

Net   

Mass 

Added/ 

Removed 

(µg) 

Cumulative 

Mass   

Added/ 

Removed 

(µg) 

Corrected 

Mass  

(µg) 

Change 

in Mass 

(µg) 

7 HR0 

8/21/2024 

10:36 44 39 6.8  6.2 0.0 0.0 0.0 0.0 6.2 NA 

7 HR12-18 

8/22/2024 

9:59 75 75 10.1  9.1 0.3 0.5 0.2 0.2 8.9 2.7 

7 HR46 

8/23/2024 

16:45 75 75 41.1  37.3 0.8 1.1 0.3 0.6 36.8 27.9 

7 HR70 

8/26/2024 

16:24 75 75 81.6  74.0 3.1 1.1 -2.0 -1.5 75.5 38.7 

7 HR185 

8/29/2024 

10:15 75 0 180.4  163.8 6.1 1.1 -5.1 -6.5 170.3 94.8 

8 HR0 

8/21/2024 

10:46 45 40 3.0 U  2.7 0.0 0.0 0.0 0.0 2.7 NA 

8 HR12-18 

8/22/2024 

10:11 75 75 3.0 U  2.7 0.1 0.6 0.4 0.4 2.3 -0.4 

8 HR46 

8/23/2024 

17:00 75 75 3.1  2.8 0.2 1.1 0.8 1.3 1.5 -0.8 

8 HR70 

8/26/2024 

16:40 75 75 8.7  7.9 0.2 1.1 0.8 2.1 5.8 4.3 

8 HR185 

8/29/2024 

10:20 75 0 67.8  61.6 0.6 1.1 0.4 2.5 59.1 53.3 
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Table 3 (continued). Orthophosphate Concentration and Mass of Overlying Core Water. 

Core  Batch Date/Time 

Volume 

Pulled 

(mL) 

Volume 

Added 

from 

Carboy 

(mL) 

Orthophosphate 

Concentration a 

(µg/L) Flag 

Mass 

(µg) 

Mass 

Removed 

Before 

Sample 

(µg) 

Mass 

Added 

Before 

Sample 

(µg) 

Net   

Mass 

Added/ 

Removed 

(µg) 

Cumulative 

Mass   

Added/ 

Removed 

(µg) 

Corrected 

Mass  

(µg) 

Change 

in Mass 

(µg) 

9 HR0 

8/21/2024 

10:51 43 38 3.0 U  2.7 0.0 0.0 0.0 0.0 2.7 NA 

9 HR12-18 

8/22/2024 

10:29 79 79 3.0 U  2.7 0.1 0.5 0.4 0.4 2.3 -0.4 

9 HR46 

8/23/2024 

17:20 75 75 3.0 U  2.7 0.2 1.1 0.9 1.3 1.4 -0.9 

9 HR70 

8/26/2024 

16:51 85 85 3.0 U  2.7 0.2 1.1 0.8 2.1 0.6 -0.8 

9 HR185 

8/29/2024 

10:25 75 0 3.0 U  2.7 0.3 1.2 0.9 3.1 -0.3 -0.9 

10 HR0 

8/21/2024 

10:56 45 40 3.0 U  2.7 0.0 0.0 0.0 0.0 2.7 NA 

10 HR12-18 

8/22/2024 

10:45 75 75 3.0 U  2.7 0.1 0.6 0.4 0.4 2.3 -0.4 

10 HR46 

8/23/2024 

17:30 150 150 3.0 U  2.7 0.2 1.1 0.8 1.3 1.5 -0.8 

10 HR70 

8/26/2024 

17:16 75 75 3.0 U  2.7 0.5 2.1 1.7 2.9 -0.2 -1.7 

10 HR185 

8/29/2024 

10:31 75 0 3.0 U  2.7 0.2 1.1 0.8 3.8 -1.0 -0.8 
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Table 3 (continued). Orthophosphate Concentration and Mass of Overlying Core Water. 

Core  Batch Date/Time 

Volume 

Pulled 

(mL) 

Volume 

Added 

from 

Carboy 

(mL) 

Orthophosphate 

Concentration a 

(µg/L) Flag 

Mass 

(µg) 

Mass 

Removed 

Before 

Sample 

(µg) 

Mass 

Added 

Before 

Sample 

(µg) 

Net   

Mass 

Added/ 

Removed 

(µg) 

Cumulative 

Mass   

Added/ 

Removed 

(µg) 

Corrected 

Mass  

(µg) 

Change 

in Mass 

(µg) 

11 HR0 

8/21/2024 

11:01 45 40 3.0 U  2.7 0.0 0.0 0.0 0.0 2.7 NA 

11 HR12-18 

8/22/2024 

10:58 75 75 3.0 U  2.7 0.1 0.6 0.4 0.4 2.3 -0.4 

11 HR46 

8/23/2024 

17:43 75 75 3.0 U  2.7 0.2 1.1 0.8 1.3 1.5 -0.8 

11 HR70 

8/26/2024 

17:26 75 75 3.0 U  2.7 0.2 1.1 0.8 2.1 0.6 -0.8 

11 HR185 

8/29/2024 

10:40 75 0 3.0 U  2.7 0.2 1.1 0.8 2.9 -0.2 -0.8 

12 HR0 

8/21/2024 

11:06 45 40 133.8  121.5 0.0 0.0 0.0 0.0 121.5 NA 

12 HR12-18 

8/22/2024 

11:05 75 75 3.0 U  2.7 6.0 0.6 -5.5 -5.5 8.2 -113.3 

12 HR46 

8/23/2024 

17:55 75 75 3.0 U  2.7 0.2 1.1 0.8 -4.6 7.3 -0.8 

12 HR70 

8/26/2024 

18:03 75 75 22.9  20.8 0.2 1.1 0.8 -3.8 24.6 17.2 

12 HR185 

8/29/2024 

10:55 150 0 8.3  7.5 1.7 1.1 -0.7 -4.5 12.0 -12.6 

 

 



 

December 2024  25  

Lake Campbell Sediment Incubation Study Report 

Table 3 (continued). Orthophosphate Concentration and Mass of Overlying Core Water. 

Core  Batch Date/Time 

Volume 

Pulled 

(mL) 

Volume 

Added 

from 

Carboy 

(mL) 

Orthophosphate 

Concentration a 

(µg/L) Flag 

Mass 

(µg) 

Mass 

Removed 

Before 

Sample 

(µg) 

Mass 

Added 

Before 

Sample 

(µg) 

Net   

Mass 

Added/ 

Removed 

(µg) 

Cumulative 

Mass   

Added/ 

Removed 

(µg) 

Corrected 

Mass  

(µg) 

Change 

in Mass 

(µg) 

13 HR0 

8/21/2024 

11:11 45 40 3.0 U  2.7 0.0 0.0 0.0 0.0 2.7 NA 

13 HR12-18 

8/22/2024 

11:15 75 75 3.0 U  2.7 0.1 0.6 0.4 0.4 2.3 -0.4 

13 HR46 

8/23/2024 

18:09 75 75 3.0 U  2.7 0.2 1.1 0.8 1.3 1.5 -0.8 

13 HR70 

8/26/2024 

18:14 75 75 3.0 U  2.7 0.2 1.1 0.8 2.1 0.6 -0.8 

13 HR185 

8/29/2024 

11:02 75 0 3.0 U  2.7 0.2 1.1 0.8 2.9 -0.2 -0.8 

14 HR0 

8/21/2024 

11:16 45 40 11.5  10.4 0.0 0.0 0.0 0.0 10.4 NA 

14 HR12-18 

8/22/2024 

11:33 75 75 3.0 U  2.7 0.5 0.6 0.0 0.0 2.7 -7.7 

14 HR46 

8/23/2024 

18:24 75 75 3.0 U  2.7 0.2 1.1 0.8 0.9 1.8 -0.8 

14 HR70 

8/26/2024 

18:22 75 75 3.0 U  2.7 0.2 1.1 0.8 1.7 1.0 -0.8 

14 HR185 

8/29/2024 

11:10 75 0 3.1  2.9 0.2 1.1 0.8 2.5 0.3 -0.7 
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Table 3 (continued). Orthophosphate Concentration and Mass of Overlying Core Water. 

Core  Batch Date/Time 

Volume 

Pulled 

(mL) 

Volume 

Added 

from 

Carboy 

(mL) 

Orthophosphate 

Concentration a 

(µg/L) Flag 

Mass 

(µg) 

Mass 

Removed 

Before 

Sample 

(µg) 

Mass 

Added 

Before 

Sample 

(µg) 

Net   

Mass 

Added/ 

Removed 

(µg) 

Cumulative 

Mass   

Added/ 

Removed 

(µg) 

Corrected 

Mass  

(µg) 

Change 

in Mass 

(µg) 

15 HR0 

8/21/2024 

11:21 45 40 11.7  10.7 0.0 0.0 0.0 0.0 10.7 NA 

15 HR12-18 

8/22/2024 

12:01 85 85 3.0 U  2.7 0.5 0.6 0.0 0.0 2.7 -8.0 

15 HR46 

8/23/2024 

18:38 75 75 3.0 U  2.7 0.3 1.2 0.9 1.0 1.7 -0.9 

15 HR70 

8/26/2024 

18:46 75 75 3.0 U  2.7 0.2 1.1 0.8 1.8 0.9 -0.8 

15 HR185 

8/29/2024 

11:11 75 0 6.7  6.1 0.2 1.1 0.8 2.6 3.4 2.5 

16 HR0 

8/21/2024 

11:26 55 50 3.0 U  2.7 0.0 0.0 0.0 0.0 2.7 NA 

16 HR12-18 

8/22/2024 

12:15 144 144 3.0 U  2.7 0.2 0.7 0.5 0.5 2.2 -0.5 

16 HR46 

8/23/2024 

18:46 75 75 3.0 U  2.7 0.4 2.0 1.6 2.1 0.6 -1.6 

16 HR70 

8/26/2024 

18:57 75 75 3.0 U  2.7 0.2 1.1 0.8 3.0 -0.2 -0.8 

16 HR185 

8/29/2024 

11:20 75 0 3.0 U  2.7 0.2 1.1 0.8 3.8 -1.1 -0.8 

a Values immediately followed by “U” signify the measurement was under the orthophosphate detection limit of 3.0 µg/L. 

J – estimated       R – rejected  

mL – milliliters       µg –micrograms       µg/L –micrograms per liter 
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4.4. Phosphorus Flux Rate 
Phosphorus flux rate refers to the rate at which phosphorus (the mass of phosphorus) is released from 

the sediments into the overlying water, per a specific unit of time. Phosphorus flux rates can give us an 

indication of the lake’s internal loading.   

The mass of TP and orthophosphate in the overlying core water was calculated by taking the phosphorus 

concentration in the core water (𝐶𝑖,𝑗 ∗ 𝑉𝑖,𝑗) at a specific sampling event, adding the concentration of 

phosphorus in the water removed at the previous sampling event (𝑉𝑜𝑙𝑢𝑚𝑒𝑅𝑒𝑚𝑜𝑣𝑒𝑑𝑖−1,𝑗 ∗ 𝐶𝑖−1,𝑗), and 

subtracting the concentration of phosphorus in the water replaced at the same previous sampling event 

(𝑉𝑜𝑙𝑢𝑚𝑒𝑅𝑒𝑝𝑙𝑎𝑐𝑒𝑑𝑖−1,𝑗 ∗ 𝐶𝑐𝑎𝑟𝑏𝑜𝑦). The equation used is listed below: 

𝑀𝑎𝑠𝑠𝑖,𝑗 =  𝐶𝑖,𝑗 ∗ 𝑉𝑖,𝑗 − (𝑉𝑜𝑙𝑢𝑚𝑒𝑅𝑒𝑝𝑙𝑎𝑐𝑒𝑑𝑖−1,𝑗 ∗ 𝐶𝑐𝑎𝑟𝑏𝑜𝑦) + (𝑉𝑜𝑙𝑢𝑚𝑒𝑅𝑒𝑚𝑜𝑣𝑒𝑑𝑖−1,𝑗 ∗ 𝐶𝑖−1,𝑗) 

Where 

●  i is the time step, and j is the core 

● C is the concentration of phosphorus (TP or orthophosphate) 

● V is the volume of the core’s overlying water 

● VolumeRemoved is the volume of overlying water removed from the core 

● VolumeReplaced is the volume of water used to replace the overlying core water removed 

● carboy is filtered lake water used to replace the overlying core water 

  

A comparison of the mass of TP and orthophosphate concentrations between the study groups is shown 

in Figure 3. Duplicate cores within a study group are represented by red and blue lines labeled with core 

numbers. The dashed line represents the time alum was added to the cores receiving alum treatment. 

Conditions prior to treatment are to the left of the dashed line and conditions post-treatment are to the 

right of the dashed line.  
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Figure 3. Mass of Orthophosphate and Total Phosphorus Over Time. 
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The flux rate of the alum dosed cores was calculated using a linear regression slope, beginning at the HR 

12-18 sampling event and ending at the HR 185 sampling event (the last sampling event). The flux rate of 

the cores that did not receive alum was calculated using a linear regression slope, beginning at the HR 0 

sampling event and ending at the HR 185 sampling event.  

Total phosphorus and orthophosphate flux rates are shown in Table 4. Negative flux rates under aerobic 

and neutral pH conditions are likely indicative of the settling rate of phosphorus (-0.18 to -0.87 

mg/m2/day). As mentioned previously, the following samples collected at these specific time steps were 

not used in the flux rate calculations: 

● Core 7 at HR 0 (outlier; total TP concentration differed substantially from the rest of the cores at HR 

0) 

● Core 3 at HR 185 (removed due to oxygenation of sample, according to YSI) 

mg/m2/day –milligrams per square meter per day 

Table 4. Total Phosphorus and Orthophosphate Flux Rates. 

Core 

Oxygen 

Condition 

pH 

Condition 

Alum 

Treated 

TP Flux Rate Orthophosphate Flux Rate 

(mg/m2/day) 

(regression slope) 

Regression 

p-value 

(mg/m2/day) 

(regression 

slope) 

Regression 

p-value 

1 Aerobic 7 
No 

Alum 
-0.87 0.007 -0.09 0.007 

2 Aerobic 7 
No 

Alum 
-0.18 0.603 0.95 0.001 

3 Anaerobic 7 
No 

Alum 
0.90 0.195 0.39 0.057 

4 Anaerobic 7 
No 

Alum 
1.73 0.057 1.46 0.005 

5 Aerobic 8.5 
No 

Alum 
-0.57 0.075 0.02 0.821 

6 Aerobic 8.5 
No 

Alum 
12.93 0.006 14.93 0.008 

7 Anaerobic 8.5 
No 

Alum 
4.70 0.006 6.04 0.023 

8 Anaerobic 8.5 
No 

Alum 
1.52 0.021 1.74 0.084 

9 Aerobic 7 Alum -0.20 0.027 -0.10 0.012 

10 Aerobic 7 Alum -0.23 0.194 -0.13 0.011 

11 Anaerobic 7 Alum -0.16 0.014 -0.09 0.012 

12 Anaerobic 7 Alum 0.27 0.103 0.33 0.534 
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mg/m2/day –milligrams per square meter per day  

  

Table 4 (continued). Total Phosphorus and Orthophosphate Flux Rates. 

Core 

Oxygen 

Condition 

pH 

Condition 

Alum 

Treated 

TP Flux Rate Orthophosphate Flux Rate 

(mg/m2/day) 

(regression slope) 

Regression 

p-value 

(mg/m2/day) 

(regression 

slope) 

Regression 

p-value 

13 Aerobic 8.5 Alum -0.07 0.156 -0.09 0.012 

14 Aerobic 8.5 Alum 0.07 0.531 -0.09 0.016 

15 Anaerobic 8.5 Alum 0.37 0.104 0.02 0.755 

16 Anaerobic 8.5 Alum -0.14 0.069 -0.12 0.054 
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5. Conclusions and Recommendations 
The results agree with the long-standing understanding that oxygen and pH have an impact on total 

phosphorus and orthophosphate release from sediments in lakes. In the Lake Campbell sediment 

incubation study, phosphorus concentrations and flux rates generally increased under anaerobic 

conditions and were further elevated in anaerobic conditions with a higher pH (pH 8.5).  

The alum treatment substantially decreased TP and orthophosphate concentration and flux rate. The TP 

concentration in most cores and the orthophosphate concentration in all cores were below the detection 

limit in the first sample after the addition of alum (HR 12-18) and remained low through the end of the 

study. Sodium aluminate was used in alum dosed cores as a pH buffer; however, the treated groups still 

experienced a decrease in pH, with more impact on the high pH group. If Lake Campbell is treated with 

alum as the prescribed chemical, the use of a buffer is necessary, and pH should be monitored 

continuously to avoid ecologically impactful declines in pH.  

The aluminum dosage was 13 percent lower than initially planned at 15.7 g/m2 rather than 18.0 g/m2 due 

to lower aluminum concentrations in the sodium aluminate than assumed. This slightly lower dose was 

still effective as inactivating phosphorus release from the sediments. However, the variation in aluminum 

concentrations between batches of alum and aluminate stresses the importance of measuring the 

aluminum concentration prior to the alum treatment in order to appropriately adjust the dosage to 

achieve the desired areal application. 

A literature review, below ( Table 5), compares the release rate with similar experiments, including the 

Entranco (1987) study. The 2024 LCMP estimated the internal loading to be at least 208 kg per year on 

average. The LCMP estimate was based on the accumulated mass during the summer (June to 

September) for the years 2017, 2018, 2019, and 2021 from Samish Indian Nation monitoring data. 

Assuming that sediment release is occurring primarily in the summer growing period (May to October, 

184 days), the sediment release rate would be 0.75 mg/m2/day.  

During the summer, we expect the sediment of Lake Campbell to be exposed to elevated pH and low 

oxygen levels. Because the lake is shallow and has a large fetch, it is expected to undergo wind-induced 

mixing such that the oxygen levels at the sediment-water interface may increase during those events. 

This sediment incubation study captured and compared Lake Campbell’s dynamic summer conditions 

(aerobic, anaerobic, and neutral and high pH). In these cores, the phosphorus flux rate ranged from 0.9 

to 12.9 mg/m2/day. These data suggest that the total phosphorus mass released from the sediments in 

Lake Campbell may greatly exceed the minimum estimate of 208 kg per year. In agreement with the 

LCMP, this study confirms that there is substantial release of phosphorus from the sediments during the 

summer and likely throughout the year during low oxygen and/or elevated pH conditions. 

This sediment incubation study confirms that the internal release rate is a major source of phosphorus to 

Lake Campbell and that alum would be an effective strategy to reduce the sediment release rate, the lake 

water phosphorus concentration, and, ultimately, the algae biomass in the lake. 
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°C – degrees Celsius       Al – aluminum       P – phosphorus 

g/m2 – gram per square meter       mg/m2/day –milligrams per square meter per day 

  Table 5. Comparison of Release Rates as Affected by Alum. 

Lake 

(Source) 
Year 

Incubation 

Length 

Incubation Conditions 

TP release rate 

(P mg/m2/day) 

Orthophosphate 

release rate 

(P mg/m2/day) 
Temperature 

(°C) 
pH Oxygen 

Alum areal 

dose 

(Al g/m2) 

Spring Lake, MI  

(Steinman 2004) 
2003 20 days 15.3-23.6 

NA Aerobic 0 
low, but 

detectable 

unreported, 

suspected 

interference 

NA Aerobic 6.6 
virtually 

undetectable 

NA Anaerobic 0 1.6-29.5 

NA Anaerobic 6.6 
virtually 

undetectable 

Lake Erie, WA  

(Entranco 1987) 

1985 Exp I ~1 month 

North Site 

18-22 

6.9-7.5 Aerobic 0 NA 0.67 

9-10 Aerobic 0 NA 3.71 

9-10 Aerobic 0.42 NA 2.90 

Mid Site 

18-22 

6.9-7.5 Aerobic 0 NA 0.31 

9-10 Aerobic 0 NA 2.85 

9-10 Aerobic 0.42 NA 2.35 

South Site 

18-22 

6.9-7.5 Aerobic 0 NA  0.05 

9-10 Aerobic 0 NA 1.35 

9-10 Aerobic 0.42 NA 1.08 

1985 Exp II ~1 month 

North Site 

18-22 

7.3-7.6 Aerobic 0 NA 2.32 

9-10 Aerobic 0 NA 16.26 

9-10 Aerobic 17.7 NA 0.63 
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°C – degrees Celsius       Al – aluminum       P – phosphorus 

g/m2 – gram per square meter       mg/m2/day –milligrams per square meter per day 

 

  Table 5 (continued). Comparison of Release Rates as Affected by Alum. 

Lake 

(Source) 
Year 

Incubation 

Length 

Incubation Conditions 

TP release rate 

(P mg/m2/day) 

Orthophosphate 

release rate 

(P mg/m2/day) 
Temperature 

(°C) 
pH Oxygen 

Alum 

areal dose 

(Al g/m2) 

Lake Campbell, WA 

(Entranco 1987) 

1985 Exp I ~1 month 

East Site 

18-22 

6.9-7.8 Aerobic 0 NA 0.01 

9-10 Aerobic 0 NA 1.28 

9-10 Aerobic 0.42 NA 1.31 

Mid Site 

18-22 

6.9-7.8 Aerobic 0 NA 0.19 

9-10 Aerobic 0 NA 2.89 

9-10 Aerobic 0.42 NA 3.41 

West Site 

18-22 

6.9-7.8 Aerobic 0 NA 0.04 

9-10 Aerobic 0 NA 1.15 

9-10 Aerobic 0.42 NA 1.31 

1985 Exp II ~1 month 

Mid Site 

18-22 

7.4-7.9 Aerobic 0 NA 1.73 

9-10 Aerobic 0 NA 4.70 

9-10 Aerobic 17.7 NA -0.01 
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°C – degrees Celsius       Al – aluminum       P – phosphorus 

g/m2 – gram per square meter       mg/m2/day –milligrams per square meter per day 

  Table 5 (continued). Comparison of Release Rates as Affected by Alum. 

Lake 

(Source) 
Year 

Incubation 

Length 

Incubation Conditions 

TP release rate 

(P mg/m2/day) 

Orthophosphate 

release rate 

(P mg/m2/day) 
Temperature 

(°C) 
pH Oxygen 

Alum 

areal dose 

(Al g/m2) 

Lake Campbell, WA 

(this study) 
2024 185 hours 19-21 

7.0 Aerobic 0 -0.87 to -0.18 -0.09 to 0.95 

8.5 Aerobic 0 -0.57 to 12.93 0.02 to 14.93 

7.0 Anaerobic 0 0.90 to 1.73 0.39 to 1.46 

8.5 Anaerobic 0 1.52 to 4.70  1.74 to 6.04  

7.0 Aerobic 15.7 -0.23 to -0.20 - 0.13 to -0.10  

8.5 Aerobic 15.7 -0.07 to 0.07 -0.09 

7.0 Anaerobic 15.7 -0.16 to 0.27 -0.09 to 0.33 

8.5 Anaerobic 15.7 -0.14 to 0.37  -0.12 to 0.02  
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Appendix A 

   Field and Incubation Forms 
  



 

 

 



Date Time Site Temp (°C) DO % DO mg/L SPC-µS/cm pH DEP m
8/19/2024 10:02:01 AM lake campbell 22.168 168.5 14.68 259.3 9.41 0.046
8/19/2024 10:07:44 AM lake campbell 21.909 166.9 14.61 258.8 9.41 0.498
8/19/2024 10:09:17 AM lake campbell 21.557 150.4 13.25 259.1 9.33 0.999
8/19/2024 10:12:43 AM lake campbell 21.441 140.5 12.41 259.4 9.23 1.499
8/19/2024 10:14:30 AM lake campbell 21.286 131.8 11.68 259.8 9.15 1.999
8/19/2024 10:17:01 AM lake campbell 21.229 127.8 11.33 259.9 9.15 2.502
8/19/2024 10:18:40 AM lake campbell 21.19 123.2 10.94 260.2 9.14 2.999
8/19/2024 10:20:30 AM lake campbell 21.18 122.4 10.87 260.2 9.14 3.504
8/19/2024 10:25:49 AM lake campbell 21.111 112.7 10.02 261 9.17 3.997
8/19/2024 10:28:58 AM lake campbell 20.575 64.4 5.78 266.3 8.64 4.508
8/19/2024 10:30:32 AM lake campbell 20.484 56.4 5.08 267.2 8.51 5
8/19/2024 10:32:24 AM lake campbell 21.988 161.7 14.13 259.2 9.47 0.048
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Lab Reports 
  



 

 

 



1750468-161194 ALUM 9/10/2024 60100
1750468-161195 LAS 9/10/2024 108000

Test Method: Aluminum = Aluminum EPA 200.8

Contact:Rob Zisette
200 6th Ave

Seattle, WA 98121
Phone:206 441 9080 Fax:206 441 9108

Herrera IEH Analytical Laboratories
3927 Aurora Avenue North

Seattle, WA 98103
Phone:(206) 632-2715 Fax:(206) 632-2417

www.iehinc.com

IEH Laboratories & Consulting Group

TRADE SECRET / CONFIDENTIAL COMMERCIAL INFORMATION

CERTIFICATE OF ANALYSIS  

Aluminum (mg/L)Analysis DateClient Sample IDLab Sample ID

WO: 1750468 Rec. Date: 9/3/2024 6:51 Report Date: 12/31/2024 Report No: IAL-67241

Tuesday, Dec 31 2024 09:36:45 1 1Page Of
Laboratory Director: Damien Gadomski

UNLESS OTHERWISE NOTED, ALL SAMPLES WERE RECEIVED IN ACCEPTABLE CONDITION. THE RESULT(S) IN THIS REPORT RELATE
ONLY TO THE PORTION OF THE SAMPLE(S) TESTED. THIS REPORT DOES NOT CONSTITUTE A RELEASE OF PRODUCT FOR
CONSUMPTION. THIS REPORT SHALL NOT BE REPRODUCED EXCEPT IN FULL, WITHOUT WRITTEN APPROVAL OF THE LABORATORY.
THIS DOCUMENT CONTAINS CONFIDENTIAL COMMERCIAL INFORMATION PURSUANT TO 5 U.S.C. SEC. 552(b)(4).

























Project: S16-06417

Analysis Date Method MDL

T Phosphorus 9/5/2024 SM 4500-P J 5 ug/L

Ortho Phosphorus 9/4/2024 SM 4500-P G 3 ug/L

Core Batch Date Time TP(ug P/L) OrthoP(ug P/L) notes

LC-CAM DEEP-081924 Lake 8/19/2024 10:53 AM 31.8 14.1

1 HR0 8/21/2024 10:06 AM 54.1 <det

1 HR12-18 8/22/2024 9:15 AM 54.1 <det

1 HR46 8/23/2024 2:50 PM 41.5 <det

1 HR70 8/26/2024 2:28 PM 37.0 <det

1 HR185 8/29/2024 9:26 AM 22.1 3.5

2 HR0 8/21/2024 10:11 AM 67.5 <det

2 HR12-18 8/22/2024 9:22 AM 48.6 <det

2 HR46 8/23/2024 3:18 PM 45.0 10.4

2 HR70 8/26/2024 2:59 PM 51.9 21.8

2 HR185 8/29/2024 9:34 AM 46.7 33.0

3 HR0 8/21/2024 10:16 AM 79.5 3.6

3 HR12-18 8/22/2024 9:28 AM 83.0 5.7

3 HR46 8/23/2024 3:33 PM 93.8 10.8

3 HR70 8/26/2024 3:15 PM 87.1 13.2

3 HR185 8/29/2024 9:42 AM 55.0 23.7

4 HR0 8/21/2024 10:21 AM 54.6 3.2

4 HR12-18 8/22/2024 9:33 AM 69.2 12.3

4 HR46 8/23/2024 3:44 PM 96.2 27.0

4 HR70 8/26/2024 3:41 PM 101.8 32.0

4 HR185 8/29/2024 9:52 AM 96.0 52.1

5 HR0 8/21/2024 10:26 AM 51.8 <det

5 HR12-18 8/22/2024 9:36 AM 46.5 <det

5 HR46 8/23/2024 4:16 PM 35.0 <det

5 HR70 8/26/2024 3:53 PM 27.7 <det



5 HR185 8/29/2024 9:58 AM 31.8 7.4

6 HR0 8/21/2024 10:31 AM 75.8 10.5

6 HR12-18 8/22/2024 9:51AM 103.4 51.5

6 HR46 8/23/2024 4:30 PM 217.2 185.2

6 HR70 8/26/2024 4:11 PM 250.3 215.9

6 HR185 8/29/2024 10:00 AM 474.0 491.4

7 HR0 8/21/2024 10:36 AM 459.1 6.8 double-checked both values

7 HR12-18 8/22/2024 9:59 AM 87.6 10.1

7 HR46 8/23/2024 4:45 PM 113.9 41.1

7 HR70 8/26/2024 4:24 PM 149.4 81.6

7 HR185 8/29/2024 10:15 AM 203.7 180.4

8 HR0 8/21/2024 10:46 AM 48.7 <det

8 HR12-18 8/22/2024 10:11 AM 51.7 <det

8 HR46 8/23/2024 5:00 PM 55.1 3.1

8 HR70 8/26/2024 4:40 PM 59.9 8.7

8 HR185 8/29/2024 10:20 AM 95.0 67.8

9 HR0 8/21/2024 10:51 AM 48.6 <det

9 HR12-18 8/22/2024 10:29 AM <det <det

9 HR46 8/23/2024 5:20 PM <det <det

9 HR70 8/26/2024 4:51 PM 6.0 <det

9 HR185 8/29/2024 10:25 AM 5.9 <det

10 HR0 8/21/2024 10:56 AM 39.4 <det

10 HR12-18 8/22/2024 10:45 AM <det <det

10 HR46 8/23/2024 5:30 PM 11.1 <det

10 HR70 8/26/2024 5:16 PM 9.1 <det

10 HR185 8/29/2024 10:31 AM 7.8 <det

11 HR0 8/21/2024 11:01 AM 63.7 <det

11 HR12-18 8/22/2024 10:58 AM <det <det

11 HR46 8/23/2024 5:43 PM 5.9 <det

11 HR70 8/26/2024 5:26 PM 6.9 <det

11 HR185 8/29/2024 10:40 AM 6.5 <det

12 HR0 8/21/2024 11:06 AM 188.8 133.8



12 HR12-18 8/22/2024 11:05 AM 8.1 <det

12 HR46 8/23/2024 5:55 PM 14.5 <det

12 HR70 8/26/2024 6:03 PM 19.2 22.9

12 HR185 8/29/2024 10:55 AM 20.5 8.3

13 HR0 8/21/2024 11:11 AM 20.8 <det

13 HR12-18 8/22/2024 11:15 AM <det <det

13 HR46 8/23/2024 6:09 PM 6.6 <det

13 HR70 8/26/2024 6:14 PM 8.9 <det

13 HR185 8/29/2024 11:02 AM 8.9 <det

14 HR0 8/21/2024 11:16 AM 84.2 11.5

14 HR12-18 8/22/2024 11:33 AM 9.5 <det

14 HR46 8/23/2024 6:24 PM 11.7 <det

14 HR70 8/26/2024 6:22 PM 11.3 <det

14 HR185 8/29/2024 11:10 AM 17.5 3.1

15 HR0 8/21/2024 11:21 AM 76.8 11.7

15 HR12-18 8/22/2024 12:01 PM 10.2 <det

15 HR46 8/23/2024 6:38 PM 9.4 <det

15 HR70 8/26/2024 6:46 PM 16.3 <det

15 HR185 8/29/2024 11:11 AM 24.6 6.7

16 HR0 8/21/2024 11:26 AM 64.9 <det

16 HR12-18 8/22/2024 12:15 PM <det <det

16 HR46 8/23/2024 6:46 PM 6.9 <det

16 HR70 8/26/2024 6:57 PM 7.9 <det

16 HR185 8/29/2024 11:20 AM 8.9 <det

5-DUP HR0 8/19/2024 1:57 PM 58.1 <det

16-DUP HR12-18 8/22/2024 12:15 PM <det <det

10-DUP HR46 8/23/2024 5:30 PM <det <det

3-DUP HR70 8/24/2024 2:48PM 92.3 13.8

12-DUP HR185 8/29/2024 10:55 AM 20.7 8.2



Orthophosphate Lab Rep Orthophosphate Spike Recovery

Coll. Date Run Date Sample ID Result Lab Rep Coll. Date Run Date Sample ID pre-spike post-spike spike (ug) % Recovery

8/23/2024 9/4/2024 C4 HR46 27.0 26.6 8/23/2024 9/4/2024 C4 HR46 27.0 57.7 25 123%

8/21/2024 9/4/2024 C8 HR0 <det <det 8/26/2024 9/4/2024 C9 HR70 0.7 24.7 25 96%

8/26/2024 9/4/2024 C9 HR70 <det <det 8/22/2024 9/4/2024 C15 HR12-18 0.8 24.8 25 96%

8/21/2024 9/4/2024 C12 HR0 133.8 130.1 8/21/2024 9/4/2024 C16 HR0 0.6 24.2 25 94%

8/21/2024 9/4/2024 C14 HR0 11.5 12.0 8/29/2024 9/4/2024 C16 HR185 0.2 21.6 25 86%

8/22/2024 9/4/2024 C15 HR12-18 <det <det

8/21/2024 9/4/2024 C16 HR0 <det <det

8/29/2024 9/4/2024 C16 HR185 <det <det

TP Lab Rep TP Spike Recovery

Coll. Date Run Date Sample ID Result Lab Rep Coll. Date Run Date Sample ID pre-spike post-spike spike (ug) % Recovery

8/23/2024 9/4/2024 C4 HR46 96.7 96.2 8/21/2024 9/4/2024 C4 HR0 96.7 119.4 25 91%

8/21/2024 9/4/2024 C8 HR0 48.7 48.0 8/21/2024 9/4/2024 C8 HR0 48.0 92.1 25 176%

8/26/2024 9/4/2024 C9 HR70 5.9 6.0 8/26/2024 9/4/2024 C9 HR70 5.9 29.2 25 93%

8/23/2024 9/4/2024 C12 HR46 14.1 14.5 8/23/2024 9/4/2024 C12 HR46 14.1 33.2 25 76%

8/26/2024 9/4/2024 C14 HR70 13.1 11.3 8/26/2024 9/4/2024 C14 HR70 13.1 31.1 25 72%

8/22/2024 9/4/2024 C15 HR12-18 10.0 10.2 8/22/2024 9/4/2024 C15 HR12-18 10.0 34.1 25 96%

8/23/2024 9/4/2024 C15 HR46 8.9 9.4 8/23/2024 9/4/2024 C15 HR46 8.9 31.7 25 91%

8/21/2024 9/4/2024 C16 HR0 63.7 64.9 8/21/2024 9/4/2024 C16 HR0 63.7 88.7 25 100%

8/29/2024 9/4/2024 C16 HR185 8.7 8.9 8/29/2024 9/4/2024 C16 HR185 8.7 32.9 25 97%

Method Blank

Run Date Analyte Blank 1 Blank 2 Blank3 Blank4 Blank5

9/4/2024 OP <det <det <det <det <det

9/5/2025 TP <det <det <det <det <det
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