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A.2  PROBLEM DESCRIPTION   
 
Lake Macatawa in Southwest Michigan is a 1780-acre drowned river mouth which 
empties into Lake Michigan (Figure 1).  The Macatawa watershed, in southern Ottawa 
and northern Allegan counties, covers 114,560 acres (179 mi²) and includes Lake 
Macatawa, the Macatawa River and numerous small tributaries.  Lake Macatawa and 
nearly all its waterways are included on the state’s 303(d) list for not attaining water 
quality standards. In every instance, the cause of the impairment is listed as 
sedimentation/siltation and total phosphorus. Turbidity, color, settable solids, suspended 
solids, and deposits were identified by the MDEQ as properties that contributed to non-
attainment of designated uses in Lake Macatawa.  In 1998, the MDEQ completed the 
Total Maximum Daily Load (TMDL) for phosphorus for Lake Macatawa, which was 
approved by EPA in 2000. The MDEQ reported that the total amount of phosphorus 
contributed to the Macatawa Watershed by nonpoint sources, primarily during storm 
events, was ninety one percent of the total phosphorus load.  The phosphorus 
concentration in Lake Macatawa has ranged from 127 micrograms/Liter (µg/L) in 1997 
to 470 µg/L in 2000 and is strongly dependent on spring precipitation totals. The most 
recent water quality monitoring data available from the MDEQ (Walterhouse 2011) 
showed the average spring phosphorus concentration was 227 µg/l. The goal set by the 
TMDL is 50 µg/l.  
 
A watershed management plan, entitled Nonpoint Source Phosphorus Reduction Plan for 
the Macatawa Watershed 1999-2009, was developed, approved as meeting Clean 
Michigan Initiative (CMI) requirements and began implementation in 2000. A new 
watershed plan has been updated to meet these new U.S. EPA Nine Key Elements 
(Macatawa Watershed Management Plan, 2012). Although watershed-wide phosphorus 
sampling was completed in 1996 and 1997, sediment load sampling has never been 
conducted until now. Sediment load sampling is important for the watershed because the 
majority of phosphorus does not occur in the dissolved state. Instead, it commonly sorbs 
to fine soil particles and is transported to waterways via soil erosion and sediment inputs. 
As part of the watershed management plan update, the MDEQ recently completed a 
hydrological study of the watershed. The hydrology model developed includes an 
estimate of annual sediment loading for each of the 55 subwatersheds that have been 
designated from topographic analysis. Since suspended sediment load sampling had 
never been conducted in this watershed, it is important that we develop a way to verify 
the results of the hydrology model. In addition, the development of a reproducible 
sediment load sampling method allows the MACC to have the capacity to periodically 
measure sediment loads in the future. 
 
This new data is crucial for development of a watershed management plan that better 
identifies priority subwatersheds that are contributing a large percentage of sediment 
load, and therefore phosphorus load. This new method of sediment load sampling allows 
us to more easily generate before and after sediment loads to assess the impact of future 
implementation projects within our watershed. 
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Figure 1.  Macatawa Watershed located in Southwest Michigan.   
 
The previously approved QAPP #481141/09 (Final Report, Appendix A) details the 
collection and analysis of suspended sediment as an important way to verify the results of 
the Fonger’s (2009) hydrology and pollutant loading studies. Under this current grant, 
additional analyses on the suspended sediment collected were conducted to better identify 
critical source areas of sediment input throughout the watershed. 
 
The Suspended Sampling grant (#481141/09) started out with just 14 sampling sites and 
with additional funding of this grant, another 12 sites were added. With external funding, 
the project was able to install an additional 17 sites, providing a more complete 
assessment of the watershed.  Results provided in this report will involve all 43 sites, 
unless otherwise noted.  This analysis of sediment includes a forensic study of each 
sediment sample to determine its relative point of origin.  
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A.3  SCHEDULE OF INDIVIDUAL TASKS  
 
Task 1:  Construction and Expansion of Sediment Sampling Network--COMPLETE 
Construction of the additional samplers was completed by Dave Daugherty from the 
Hope College Engineering Department.  The assembly followed the guidelines outlined 
in QAPP #481141/09.  Site selection occurred during the 2010 winter months and final 
approval of locations occurred in the spring of 2011 for sites 15-26, and spring 2011 for 
sites 27-43.  Sites 44-46 were added in spring 2012.   

 
Task 2:  Sample Collection—COMPLETE  
 
Sediment collection, in accordance with procedures outlined in the Suspended Sediment 
Final Report: Tracking Code #481141/09 (Appendix A), was conducted using all 43 
sediment sampler stations throughout the Macatawa Watershed (Figure 2). 
 

Spring 2011- Fall 2012—Sediment collection from all 46 stations outlined in 
Figure 2.  Removal of the stations was subject to winter weather and upon 
improvement of field conditions, the reinstallation occurred during the spring 
months. 

 
Task 3:  Analysis of Sediment Samples—COMPLETE 
 
Laboratory analyses of the collected samples were all performed at Hope College by Ms. 
Brokus, Mr. Callam, and appropriately trained students. Specifically, these laboratory 
analyses are included in the following seven techniques outlined below.   
 

1. Reflected light color analysis 
 

2. Particle-size and shape distribution analysis 
 

3. Microscopic biological identification and total organic content (including total 
organic content of each sediment sample, plus any attributable biological 
identifiers such as diatoms or pollen) 
 

4. Major and trace element analysis (weight abundance of Na, Mg, Al, Si, P, S, K, 
Ca, and Fe with trace abundances of Ti, Cr, Mn, Ni, Cu, Zn, Rb, Sr, and Zr in 
each sediment sample)  
 

5. Mineralogical analysis (percent quartz, feldspar, carbonate, and accessory 
minerals) by cathodoluminescence 

 
6. Inorganic Phosphorus (IP) analysis (inorganic phosphate concentrations contained 

in the soluble reactive phosphate fraction, calcium-bound phosphate fraction, and 
the aluminum- and iron-bound phosphate fractions) 
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7. Radioisotopic measurement of 7Be, 137Cs and 210Pb levels (7Be/210

 

Pb ratio for 
select sediment samples) 

Statistical principle component and discriminant analysis techniques were applied to the 
data to find the most sensitive parameters with respect to spatial location within the 
watershed. The homogenized dried samples were kept stored in plastic sample bags until 
further analysis was needed.  Detailed methods and some results can be found in 
Appendix C, while a summary of results are presented in Section C. 

 

 
 
Figure 2.  Complete sediment sampler network for sites in Allegan and Ottawa Counties. 

 
A.4  TRAINING REQUIREMENTS  
 
All Hope College students and Jennifer Soukhome performed annual chemical hygiene 
and safety training before being allowed to perform field or lab work. All fieldwork was 
conducted with a minimum of two individuals. Dr. Peaslee, Ms. Brokus, Mr. Callam, and 
Mrs. Soukhome worked with students to train them in sediment sample collection and 
analytical instrumentation outlined in this project.  
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B.  MEASUREMENT/DATA ACQUISITION 
 
B.1  STUDY OBJECTIVES 
 
In summary, the overall project objectives were to: 
 

1. Develop seven different analytical methods for suspended sediment 
characterization with sediment collected from different locations within the 
Macatawa Watershed. 
 

2. Use the data collected from a subset of these techniques to develop a principal 
component analysis that will allow sediment in each location to be distinguished 
from other sediment within the watershed. 

 
3. Relate the sediment source identification to actual sediment and nutrient load 

monitoring results to predict priority areas within the watershed. 
 
The central objective was to develop and implement analytical methods for sediment 
characterization which would provide reliable data for subsequent principal component 
analysis for provenance (i.e., origin, source) identification of the sediment within the 
Macatawa Watershed.   
 
B.2  STUDY DESIGN DESCRIPTION 
 
B.2.1  SITE SELECTION CRITERIA 
 
Exploration during the testing phase of the related sediment collection project (QAPP 
#481141/09) resulted in the 29 additional sites for placement of sediment samplers 15-43 
(Figure 2).  Additional images and facts for each site can be located in Appendix B and 
E.  The sites were selected based on the following criteria: 
 

1. We focused on expanding the study throughout the watershed for 
completeness.  However, there was a focus on the Noordeloos Creek and its 
many tributaries. 
 

2. The focus on Noordeloos Creek and its many tributaries was completed 
because these areas have traditionally been priority areas within the watershed 
(Fongers, 2009) and could be compared to other high priority areas in the 
southern part of watershed. 

 
3. We chose specific locations by finding readily accessible stream crossings 

over county roadways, where there is abundant room for parking and safe 
access nearby. In each of these locations there is easy bank access from the 
culvert to the stream bed. 
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4. The sites were located away from the culvert or bridge by at least 50 feet to 
reduce visibility from the road and to reduce any possible influence of the 
stream flow constriction at the road crossings. 

 
5. All sites needed safe and wadeable sections during low-flow periods, where 

the USGS gauge station registers less than 50 cfs on the Macatawa River. 
 
B.2.2  SAMPLE COLLECTION AND ANALYSIS METHODS 
 
The sample collection method followed in this study is outlined with thorough detail in 
the Suspended Sampling Final Report: Tracking Code #481141/09 (Appendix A).  
 
After a significant wet event (as determined by the USGS gauging station located at the 
Macatawa River near State Street in Zeeland, MI, station number 04108800) exceeding 
300 cfs), collection of sediment waited until the water levels regressed to a level below 
100 cfs before collection began.  The sediment samplers (as shown in Figure 3; 
constructed based on the published work of Phillips et al. 2000), were cleared of any 
debris, dismantled, and emptied.  This process is repeated for each of the three sample 
tubes per site, where the contents are emptied into a separate labeled bucket.  The plastic 
buckets are then covered with lids and returned to the laboratory for analysis.  Sediment 
weight results for each of the 11 events collected during the study can be found in 
Appendix D.  For further details and adjustments made to the procedure, reference 
Section B.2.2.1. of Appendix A. 
 

 
 
Figure 3. A sediment sampler site during a low-flow period. 
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For sediment fingerprinting analysis, sample collection consisted of retrieving portions of 
the pre-weighed, dried, processed sediment samples that were obtained during the 
sediment collection part of the project. Radiometric measurements were not performed 
for every sample collected, but for selected subsets of collected samples that have 
sufficient sample mass to fill a sample cup, as well as for locations where the surface run-
off versus bank erosion component is an active question (for details on sediment 
fingerprinting analysis methods, see Appendix C). 
 
The number of samples collected per event typically provided 138 discrete data points 
(46 sites x 3 replicate samples, unless a site or replicate sample was considered unusable).  
Events with dates are provided in Table 1. Samples were collected after every 
distinguishable “wet event’ from the time the QAPP was approved (March 30, 2011) 
through November of 2012.  A wet event cannot always be defined by a measurable 
amount of precipitation (e.g., > ¼ inch). Previous weather conditions play a major role in 
how the watershed will respond to precipitation being considered for an event.  For 
example, if the ground has already been saturated, it will require less precipitation for an 
event that is measured at the gauging station. It should be noted, an extension was 
awarded due to drought conditions held most of the 2012 sampling season, and while it 
was hopeful that there would be more than 8 wet events in this watershed during the 
sampling season, only one additional event was obtained throughout the extension.  
During winter months when the streams were frozen, the sediment samplers were 
removed and housed indoors until the first snow-melt event of the spring was anticipated. 
 
Table 1. Corresponding Sampling Events and Dates.  
 

Sediment Sampling Grant  Event and Dates 
1 March 7-14, 2010 
2 April 6-8, 2010 
3 May 13-14, 2010 
4 May 31-June 1, 2010 
5 June 2-9, 2010 
6 June 16-24, 2010 
7 July 22-24, 2010 
Sediment Fingerprinting Grant Event and Dates 
1 March 5-13, 2011 
2 March 21-23, 2011 
3 April 19-29, 2011 
4 May 13-16, 2011 
5 May 23-29, 2011 
6 July 27-29, 2011 
7 November 8-11, 2011 
8 November 27-28, 2011 
11 May 4-9, 2012 
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B.3  DATA QUALITY OBJECTIVES 
 
B.3.1  ACCURACY  
 
Accuracy, defined as the degree of agreement between an observed value and an accepted 
reference value, was considered for each of the seven analytical techniques. In each of the 
seven techniques, there was at least one standard that was used to ensure accuracy of the 
method. Accuracy for each technique is outlined in Appendix C. 
 
B.3.2  PRECISION 
 
Precision refers to how closely two or more measurements of the same parameters or 
property agree with each other.  Previously approved QAPP #481141/09 describes the 
precision of field measurements.  For each of the analytical measurements to be 
performed, the goal was to have all analytical measurements reproduce within 10% for 
replicate samples with high statistics.  This means that the standard deviation of any set 
of replicate measurements of the samples lies within 10% of the mean value, or the 
measurement was considered imprecise and excluded. No individual measurement was 
excluded by this definition unless there was an observed systematic measurement error. 
Precision for each technique is outlined in Appendix C. 
 
B.3.3  COMPARABILITY 
 
Comparability expresses the confidence with which the data obtained in this project will 
be able to be compared with previously published data and models. This study 
periodically measured NIST Standard Reference Materials for sediment samples. We 
were able to reproduce those techniques utilizing these standards. 
 
B.3.4  REPRESENTATIVENESS 
 
Representativeness expresses the degree to which data accurately and precisely reflect a 
characteristic of a population, parameter variations at a sampling point, a process 
condition, or an environmental condition.  Representativeness is a qualitative parameter 
that is dependent upon the proper design of the sampling program and proper laboratory 
protocol.  The sampling network was designed to provide data representative of 
environmental conditions in the study area of the South Branch Macatawa, North Branch 
Macatawa and Noordeloos Creek.  The Macatawa Watershed is a small watershed, as 
there are only 55 total sub-watersheds identified in the MDEQ hydrological model 
(Fongers 2009), and at least 36 sub-watersheds were sampled during this study. The 
sampling sites were chosen to represent typical rural and suburban subwatershed 
locations within the Macatawa Watershed. There are no anthropogenic nor natural 
features near any of the proposed sampling sites that would make them unique. They all 
look alike in many ways. 
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B.3.5  COMPLETENESS 
 
Completeness is a measurement of the amount of valid data obtained in this study 
compared to the amount that was expected to be obtained under normal conditions. One 
of the biggest issues we faced in this regard was the variability of meteorological 
conditions during the course of this project. For example, drought was prevalent during 
much of the 2012 sampling season. However, during the 2011 sampling season, there 
were seven events that gave us a complete picture of how much sediment is coming from 
various locations within the study area based on meteorological fluctuations.  Another 
possible problem that affected the completeness of the data was sediment sampler 
performance during wet events. Samplers were occasionally dislodged, misaligned, or 
blocked during a wet event. In addition, human error at the time of collection or analysis 
was inevitable and at some point during the course of study caused partial sample loss. 
While a typical event would have approximately 90% sample completeness, there were a 
few larger rain events that damaged, blocked or knocked out samplers, reducing the 
completeness to around 70%.  Overall, nearly 84% (340/405) of possible samples were 
successfully collected and used for analysis (spreadsheet Collection Summary). 
 
B.4  SAMPLE/DATA COLLECTION AND ANALYSIS PROCEDURES 
 
Suspended sediment was collected in the field, at 43 locations, in accordance with 
procedures approved under the QAPP #481141/09 (Final Report, Appendix A). This 
sediment was then used in analytical techniques previously described.  
 
B.4.1  SEDIMENT SAMPLE PREPARATION 
 
Most of the sediment used for analysis was <40 µm due to the increased surface area of 
the sediment and thus the increase in trace element contamination for analysis.  However, 
in some cases, a full representation of each sample was used (including grains less than or 
equal to 420 microns). The sample preparation for each technique is outlined in Appendix 
C. 
 
B.5  QUALITY CONTROL MEASUREMENTS 
 
Each of the seven analytical methods had a separate quality assurance/quality control 
protocol to insure that sample processing is consistent with time.  QA/QC for each 
technique is outlined in Appendix C. 
 
 
B.6  EQUIPMENT CALIBRATION, TESTING OR MAINTENANCE 
 
Analytical balances used in this study were calibrated bi-annually and checked on a 
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weekly basis with a standard of a known mass. Sampler stations were maintained 
between wet events by regular inspections and replacements of worn or damaged parts.  
The samplers were removed from their respective water bodies during the winter months 
when water became frozen, to prevent ice damage.  Standard maintenance was followed 
for common laboratory equipment, such as muffle ovens, desiccators, and 
stereomicroscopes. 
 
B.7  DATA ACQUISITION ACTIVITIES 
 
A copy of a master log book for each instrument was kept beside each instrument and 
individual activities recorded by students or staff daily.  Electronic spreadsheets of any 
collected data or results were saved in a central file server that was backed up daily.   
 
C DATA VALIDATION AND REPORTING 
 
C.1  DATA ANALYSIS AND INTERPRETATION 
 
As each of the analytical measurements were performed on a series of replicate sediment 
samples, data was stored in a master electronic spreadsheet. They were verified with 
respect to accuracy and precision using well known NIST standards (where applicable), 
and these data were analyzed by the Principal Component Analysis feature of SYSTAT. 
A final subset of the most sensitive variables was used to generate two parameters that 
can be used to distinguish sources of sediment within the watershed (at least those sites 
studied).  (See Appendix C for more details on results of the analyses of this study.) 
 
C.1.1  PCA ANALYSIS 
 
Principle Component Analysis (PCA) was used for combining multiple datasets to 
increase the level of discrepancy between sites (Figure 4).  Using an individual 
fingerprinting technique by itself may provide some small level of discrimination among 
sites, but is more efficient when combined with multiple attributes.  Parameters that are 
currently being used for PCA include Red, Green, Blue (RGB) color values, levels of 
three inorganic phosphorus (IP) soil bindings, and seven elemental concentrations from 
particle-induced X-ray emission (PIXE) spectrometry analysis (K, Ca, Ti, Fe, Zn, Sr, Zr).  
Among each dataset, values were normalized against the highest value in the set, from 
which eigenvalues were derived.   
 
Initial analysis with limited data did not provide a great deal of distinction between sites.  
There were no notable patterns between sites, such as clusters of sites from one branch 
separating themselves from others on the same branch.  A relatively-complete set of data, 
comprised heavily with color, phosphorous and elemental data, has shown more 
distinction between select sites (Figure 5).  This showed that a few sites began to become 
distinct from sediment from other areas, which remaining similar to other nearby 
locations.  Several sites near the middle of the South Branch, for example, mirrored each 
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other, while distinctly differing from sites on the Noordeloos and Pine Creeks (sites 2, 11, 
43 on Figure 6).  However, many sites do not have unique datasets following the current 
results of PCA (Figure 6).  Reducing outlier data may help somewhat, but this may also 
suggest that there may be significant variation in suspended sediment over time.  Larger 
amounts of data gathered over the span of several sampling seasons, in addition to a more 
complete dataset, would likely increase the variability between sites.  Radiometric and 
biological data could potentially be added, however there is not sufficient data to do so at 
this time and further work will better refine these results.  These future results will be 
presented in future journal articles.   
 

 
 
Figure 4.  An initial plot of PCA values for a select number of sites and limited data. The 
data plotted are two sets of eigenvalues, which are a statistic derived in order to compare 
datasets with multiple attributes of differing units of measurement.    
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Figure 5.  PCA analysis completed with elemental, phosphate, and color data from 45 of 
46 sites.  The ellipses represent 70% confidence intervals (drawing error for circles over 
labels).   
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Figure 6.  The same eigenvalues plotted  in Figure 5, but separated to provide a better 
visual display (sites left to right, top to bottom 1-46).  While some sites have tight sets of 
values (narrow ellipses) that match with others nearby, the majority do not distinguish 
themselves (overlapping broad circles).  Sites 2, 11, and 43 are circled for reference to 
text. 
 
C.1.2  SITE CHARACTERISTICS BASED ON SOIL TYPE AND 

ELEMENTAL RESULTS 
 
Elemental analysis using PIXE proved to be a reproducible and effective technique at 
differentiating sediment samples collected at various locations throughout the watershed.  
Elemental data was analyzed for several key elements, which remained consistent over 
time.  Some of these elements, Ca, K, and Fe for example, produced ratios that resulted in 
geographically distinct signatures (Supplementary Figures and Tables, Figure 7).  These 
trends showed a reasonable correlation with major soil formations of the watershed; the 
majority of the watershed contained higher K:Ca ratios, while considerable portions of 
the North and South Branches had approximately equivalent K and Ca abundances. Other 
areas had particularly high levels of Ca or Fe, which were also noted.  It can also be noted 
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that the soil collected at the locations farthest downstream had elemental ratios that most 
closely resembled the upstream areas that contributed the largest loads of sediment.   
 
C.1.3  PHOSPHORUS AND PIXE COMPARISON 
 
A significant amount of work has focused on the iron-calcium (Fe:Ca) ratio result from 
both phosphorus and heavy element analysis. Fe:Ca ratios are determined from the ratio 
of the phosphate levels in the NaOH wash (removes iron-bound phosphates) to the 
phosphate levels in the HCl wash (removes Ca-bound phosphates). Comparison of Fe:Ca 
ratios from the phosphate analysis to the Fe:Ca ratios from the elemental analysis (PIXE)  
have indicated a strong trend between the two methods (correlation discussed in 
Appendix C, Section Inorganic Phosphate Analysis). In addition, comparison of 
phosphate Fe:Ca ratios between rain events has shown significant correlation. This 
indicates that the phosphate analysis method is a practical tool for determining iron to 
calcium ratios in sediment as well as further utilizing these Fe:Ca ratios to help 
characterize the sediment when combined with PIXE. (Supplementary Figures and 
Tables, Figure 8) 
 
Results from phosphorus analysis indicate that the areas in the watershed with the highest 
concentration of phosphates are the Peter’s Creek subwatershed and the North and South 
branches of the Macatawa River (Supplementary Figures and Tables, Figure 9). These 
areas in the watershed typically produce sediment during rain events with phosphate 
levels of 80-150 ppm.  It has been found that the largest amount of sediment runoff 
during rain events is found in the Upper Macatawa, Peter’s Creek, and North and South 
Branch  subwatersheds during these same rain events—the same as the high areas for 
phosphorus.   
 
A small amount of work was done to analyze potential source samples (e.g., streambank, 
streambed, surface soil) and compare them to 2011 rain events. In September 2011, 
source samples were collected from eight sample sites. The sites were chosen to give a 
range of typical phosphate Fe:Ca ratios, although, the data did not show a strong 
correlation between source samples and rain event data.  Error analysis has also shown 
that in the analysis of 20 replicate samples from Event 4 (Site 37B) the uncertainty in 
phosphate concentration for each wash is ± 1.5 ppm and the uncertainty in the Fe:Ca ratio 
is ± 0.064. This indicates that experimental error cannot account for the differences 
between source samples and rain event samples.  
 
C.2  OVERALL EFFECTIVENESS OF TECHNIQUES 
 
While some of the techniques proved more robust than others, all the techniques provided 
data that contributed greatly to a better understanding of the Macatawa Watershed.  
Through this study, it was determined that elemental analysis (PIXE), color, radiometric 
dating, and phosphorus analysis were the more robust techniques for the watershed.  
Biological techniques proved to be helpful but turned out to be extremely labor intensive 
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and time consuming.  However, this technique has the potential for providing substantial 
amounts of beneficial data.  Mineralogical along with size and shape analysis was least 
helpful for the watershed. 
 
C.3  DATA REVIEW, VALIDATION, AND VERIFICATION 
 
All of the field data sheets as well as the preliminary and final spreadsheets of data were 
reviewed by Ms. Brokus and Mr. Callam, with Dr. Peaslee reserving the final review. 
Data entry errors and incomplete records were reconciled or excluded from the final data 
set and all of the data was examined for anomalously high or low results with 100% of 
the outlying events audited for data entry errors.  

C.4  RECONCILIATION OF DATA WITH DQOS 
 
Weekly to bimonthly meetings were held to review data and spreadsheets.  Comparisons 
among sampling sites, across techniques, between events, and between operators were 
made as needed or during the schedule meetings.  Data that did not meet DQOs were 
excluded from further analysis (PCA analysis, spreadsheet PCA Summary), but are 
included in this report for completeness (master spreadsheet). 
 
C.5  DATA REPORTING  
 
This summary of all collected data includes reports on each of the 7 analytical 
measurements of the sediment samples (Appendix C), plus a summary of all Principal 
Component Analyses (PCA) performed on the data located in Section C.1.1. 
 
Kelly Goward, Macatawa Watershed Coordinator, has prepared an executive summary 
for the project as well as an amendment to include this study in the updated Watershed 
Management Plan (2012).  This summary is provided in Appendix F.   
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Figure 7.  Average elemental (PIXE) results compiled for every event at each site in 
comparison to soil type. 
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Figure 8a continued.



   25 
 

 
Figure 8a.  PIXE and AA results showing trends and correlation coefficients among 
elemental data and phosphorus bound to sediment. 
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Figure 8b.  Correlation of AA and PIXE (both in ppm, see attached discussion). 
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Figure 9.  Phosphorus results from a typical rain event. 
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APPENDIX A 

SUSPENDED SEDIMENT FINAL REPORT 

 

  

 



 

SEE SEDIMENT SAMPLING FINAL REPORT 
AVAILABLE UPON REQUEST OR ONLINE AT 

www.the-macc.org (SEE “RESEARCH” UNDER 
“WATERSHED”) 

 

http://www.the-macc.org/�
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APPENDIX B 

SITE FACT SHEETS 
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Site 15 
GPS Coordinates:  42o 48' 16.160" N, W 86o 2' 37.550" 
County Ottawa 
Subwatershed Noordeloos Creek 

Location 
Stream just S of BR I-196; site about 50 yards east of Paw Paw 
Dr. 

Major Land Uses Residential, agriculture 
Major Soil Types Loam 42%, Loamy Sand 30%, Sandy Loam 24% 
Downstream from  16,17 
Upstream from 14 
Subbasin Area (km2)  
Total Upstream Area (km2)  
Number of Events Collected 7 
  
(2011) Event 1 -- 
Event 2 29.24 
Event 3 89.54 
Event 4 37.14 
Event 5 47.32 
Event 6 26.55 
Event 7 13.97 
Event 8 9.46 
 
(2012) Event 11 26.71 
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Site 16 
GPS Coordinates:  42o 48' 31.160" N, W 86o 1' 53.35” 
County Ottawa 
Subwatershed Noordeloos Creek 

Location 
Site 10 yards below fork in stream at driveway to 111 
Riverbend Ct. (at culvert) 

Major Land Uses  
Major Soil Types Muck 64%, Sandy Loam 23%, Loamy Sand 11% 
Downstream from  (none) 
Upstream from 15 
Subbasin Area (km2)  
Total Upstream Area (km2)  
Number of Events Collected 6 
  
(2011) Event 1 -- 
Event 2 -- 
Event 3 3.22 
Event 4 5.34 
Event 5 3.74 
Event 6 4.3 
Event 7 3.4 
Event 8 2.59 
 
(2012) Event 11 .9 
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Site 17 
GPS Coordinates:  42o 48' 52.06" N, W 86o 2' 23.14"  
County Ottawa 
Subwatershed Noordeloos Creek 

Location 
104th Ave Bridge – north of RR tracks and Chicago Dr.  Site 
south of bridge 30 yards 

Major Land Uses Residential, agriculture 
Major Soil Types Loam 44%, Loamy Sand 30%, Sandy Loam 23% 
Downstream from  18 
Upstream from 16,15,14,13,12 
Subbasin Area (km2)  
Total Upstream Area (km2)  
Number of Events Collected 5 
  
(2011) Event 1 -- 
Event 2 -- 
Event 3 -- 
Event 4 34.34 
Event 5 62.24 
Event 6 22.36 
Event 7 9.31 
Event 8 10.55 
 
(2012) Event 11 -- 
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Site 18 
GPS Coordinates:  42o 49' 37.46" N, W 86o 2' 55.58"  
County Ottawa 
Subwatershed Noordeloos Creek 
Location ~50 yds upstream of Riley bridge 
Major Land Uses  
Major Soil Types Loam 46%, Loamy Sand, 27%, Sandy Loam 23% 
Downstream from  19,20,23 
Upstream from 16,17 
Subbasin Area (km2)  
Total Upstream Area (km2)  
Number of Events Collected 6 
  
(2011) Event 1 -- 
Event 2 21.15 
Event 3 60.13 
Event 4 12.07 
Event 5 11.21 
Event 6 8.78 
Event 7 13.87 
Event 8 -- 
 
(2012) Event 11 50.67 
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Site 19 
GPS Coordinates:  42o 49' 40.68" N, W 86o 2' 21.98"  
County Ottawa 
Subwatershed Noordeloos Creek 
Location ~50 yds North on 104th, enter stream to the east ~25 yds 
Major Land Uses Agriculture, residential 
Major Soil Types Loam 46%, Loamy Sand 25%, Sandy Loam 28% 
Downstream from  (none) 
Upstream from 18 
Subbasin Area (km2) 9.997 
Total Upstream Area (km2) 9.997 
Number of Events Collected 7 
  
(2011) Event 1 -- 
Event 2 6.76 
Event 3 59.14 
Event 4 42.04 
Event 5 10.07 
Event 6 25.5 
Event 7 3.73 
Event 8 -- 
 
(2012) Event 11 31.23 
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Site 20 
GPS Coordinates:  42o 49' 46.44" N, W 86o 2' 22.56"  
County Ottawa 
Subwatershed Noordeloos Creek 

Location 
South stream branch approximately 100 yds east of 104th Ave 
north of Riley St 

Major Land Uses Residential, industrial 
Major Soil Types Loam 51%, Loamy Sand 27%, Sandy Loam 19% 
Downstream from  22, 21 
Upstream from 18 
Subbasin Area (km2) 2.764 
Total Upstream Area (km2) 10.100 
Number of Events Collected 5 
  
(2011) Event 1 -- 
Event 2 36.98 
Event 3 -- 
Event 4 2.37 
Event 5 18.39 
Event 6 23.03 
Event 7 -- 
Event 8 -- 
 
(2012) Event 11 85.42 
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Site 21 
GPS Coordinates:  42o 49' 10.04" N,W 86o 1' 6.30"  
County Ottawa 
Subwatershed Noordeloos Creek 
Location ~75 yds east of State St south of Roosevelt Ave 
Major Land Uses Industrial, agriculture 
Major Soil Types Loam 39%, Sandy Loam 31%, Loamy Sand 30% 
Downstream from  (none) 
Upstream from 20,18 
Subbasin Area (km2) 3.823 
Total Upstream Area (km2) 3.823 
Number of Events Collected 6 
  
(2011) Event 1 -- 
Event 2 6.85 
Event 3 133.45 
Event 4 16.74 
Event 5 23.9 
Event 6 16.86 
Event 7 1.37 
Event 8 -- 
 
(2012) Event 11 -- 
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Site 22 
GPS Coordinates:  42o 49' 22.20" N, W 86o 1' 6.51"  
County Ottawa 
Subwatershed Noordeloos Creek 
Location ~80 yds east (upstream) of 96th 
Major Land Uses Agriculture, residential 
Major Soil Types Loam 53%, Loamy Sand 31%, Sandy Loam 11% 
Downstream from   
Upstream from 20,18 
Subbasin Area (km2)  
Total Upstream Area (km2)  
Number of Events Collected 6 
  
(2011) Event 1 -- 
Event 2 7.84 
Event 3 22.68 
Event 4 4.99 
Event 5 18.25 
Event 6 7.83 
Event 7 5.83 
Event 8 -- 
 
(2012) Event 11 16.48 
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Site 23 
GPS Coordinates:  42o 50' 28.71" N, W 86o 2' 50.81" 
County Ottawa 
Subwatershed Noordeloos Creek 
Location ~25 yds downstream, south of Quincy 
Major Land Uses  
Major Soil Types Loamy Sand 44%, Loam 33%, Sandy Loam 18% 
Downstream from  24,25,26 
Upstream from 18,17,16 
Subbasin Area (km2)  
Total Upstream Area (km2)  
Number of Events Collected 6 
  
(2011) Event 1 -- 
Event 2 22.75 
Event 3 80.03 
Event 4 53.47 
Event 5 82.03 
Event 6 26.1 
Event 7 9.73 
Event 8 -- 
 
(2012) Event 11 43.35 
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Site 24 
GPS Coordinates:  42o 51' 21.73" N, W 86o 3' 30.07" 
County Ottawa 
Subwatershed Noordeloos Creek 
Location Downstream (south) New Holland ~25 yds 
Major Land Uses  
Major Soil Types Loamy Sand 48%, Loam 28%, Sandy Loam 18% 
Downstream from  26 
Upstream from 23,18,17 
Subbasin Area (km2)  
Total Upstream Area (km2)  
Number of Events Collected 6 
  
(2011) Event 1 -- 
Event 2 32.21 
Event 3 63.65 
Event 4 51.04 
Event 5 15.88 
Event 6 20.43 
Event 7 18.89 
Event 8 -- 
 
(2012) Event 11 60.48 

 
 

 



173 
 

 
Site 25 
GPS Coordinates:  42o 51' 34.46" N, W 86o 2' 24.42" 
County Ottawa 
Subwatershed Noordeloos Creek 

Location 
Location is North of New Holland ~450 yds on 104th Ave., 
West—Downstream ~25 yds 

Major Land Uses  
Major Soil Types Loamy Sand 41%, Sandy Loam 29%, Loam 27% 
Downstream from   
Upstream from 23,18,17 
Subbasin Area (km2)  
Total Upstream Area (km2)  
Number of Events Collected 6 
  
(2011) Event 1 -- 
Event 2 9.68 
Event 3 -- 
Event 4 10.34 
Event 5 6.91 
Event 6 6.2 
Event 7 4.44 
Event 8 -- 
 
(2012) Event 11 -- 
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Site 26 
GPS Coordinates:  N 42o 52' 32.85", W 86o 2' 26.220" 
County Ottawa 
Subwatershed Noordeloos Creek 
Location ~100 yards upstream 
Major Land Uses  
Major Soil Types Loamy Sand 88%, Sandy Loam 8%, Loam 2% 
Downstream from   
Upstream from 24,23 
Subbasin Area (km2)  
Total Upstream Area (km2)  
Number of Events Collected 6 
  
(2011) Event 1 -- 
Event 2 4.83 
Event 3 9.55 
Event 4 0.3 
Event 5 .95 
Event 6 1.61 
Event 7 5.87 
Event 8 -- 
 
(2012) Event 11 18.92 
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Site 27 
GPS Coordinates:  N 42o 49' 36.160" , W 85o 57' 45.2000" 
County Ottawa 
Subwatershed Upper Macatawa River 

Location 
10 yards upstream (north) of Riley St. between Chicago Dr and 
72nd Ave 

Major Land Uses Agriculture 
Major Soil Types Loam 60%, Muck 13%, Loamy Sand 10% 
Downstream from   
Upstream from 35,34,28 
Subbasin Area (km2) 27.50 
Total Upstream Area (km2) 27.50 
Number of Events Collected 5 
  
(2011) Event 1 -- 
Event 2 41.58 
Event 3 -- 
Event 4 85.32 
Event 5 48.43 
Event 6 47.68 
Event 7 -- 
Event 8 
 
(2012) Event 11 58.12 
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Site 28 
GPS Coordinates:  N 42o 48' 18.290" , W 85o 58' 25.320" 
County Ottawa 
Subwatershed Upper Macatawa River 
Location 10 yards southeast of parking lot for UMNA off 76th Ave 
Major Land Uses Agriculture, Industrial 
Major Soil Types Loam 89%, Sandy Loam 7%, Clay Loam 4% 
Downstream from  27 
Upstream from 35,34 
Subbasin Area (km2) 3.501 
Total Upstream Area (km2) 3.501 
Number of Events Collected 8 
  
(2011) Event 1 -- 
Event 2 86.76 
Event 3 235.99 
Event 4 73.95 
Event 5 101.81 
Event 6 152.42 
Event 7 2.49 
Event 8 11.45 
 
(2012) Event 11 62.61 
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Site 29 
GPS Coordinates:  N 42o 46' 46.990",  W 85o 58' 13.770" 
County Ottawa 
Subwatershed Upper Macatawa River 

Location 
1st stream south of Adams on 76th; 30 yards upstream (east) 
from street 

Major Land Uses Agriculture 
Major Soil Types Loam 91%, Loamy Sand 7%, Sandy Loam 2% 
Downstream from  (none) 
Upstream from 35 
Subbasin Area (km2) 9.413 
Total Upstream Area (km2) 9.413 
Number of Events Collected 8 
  
(2011) Event 1 -- 
Event 2 37.61 
Event 3 182.29 
Event 4 163.87 
Event 5 146.07 
Event 6 120.1 
Event 7 12.35 
Event 8 9.87 
 
(2012) Event 11 38.15 
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Site 30 
GPS Coordinates:  N 42o 46' 38.440",  W 85o 58' 13.470" 
County Ottawa 
Subwatershed Upper Macatawa River 

Location 
2nd stream south of Adams on 76th; 10 yards downstream 
(west) from street 

Major Land Uses Agriculture, Industrial 
Major Soil Types Loam 78%, Loamy Sand 9%, Sanitary Landfills 6% 
Downstream from  (none) 
Upstream from 35 
Subbasin Area (km2) 8.673 
Total Upstream Area (km2) 8.673 
Number of Events Collected 5 
  
(2011) Event 1 -- 
Event 2 25.98 
Event 3 -- 
Event 4 83.98 
Event 5 71.56 
Event 6 -- 
Event 7 2.88 
Event 8 3.12 
  
(2012) Event 11 -- 
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Site 31 
GPS Coordinates:  N 42o 46' 6.29",  W 85o 58' 14.82" 
County Allegan 
Subwatershed Peters Creek 
Location South of Ottagan 20 yards west of 76th Ave 
Major Land Uses Agriculture 
Major Soil Types Silt Loam 52%, Loamy Sand 23%, Sand 7% 
Downstream from  (none) 
Upstream from 34 
Subbasin Area (km2) 9.995 
Total Upstream Area (km2) 9.995 
Number of Events Collected 8 
  
(2011) Event 1 -- 
Event 2 29.77 
Event 3 179.16 
Event 4 104.86 
Event 5 60.96 
Event 6 19.6 
Event 7 2.69 
Event 8 2.83 
 
(2012) Event 11 12.96 
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Site 32 
GPS Coordinates:  N 42o 45' 40.08",  W 85o 58' 27.41" 
County Allegan 
Subwatershed Peters Creek 

Location 
1st stream west of 43th St. (76th Ave. in Ottawa County) along 
147th Ave, 20 yards upstream (south) 

Major Land Uses Agriculture 
Major Soil Types Silt Loam 38%, Loamy Sand 19%, Sandy Loam 18% 
Downstream from  (none) 
Upstream from 34 
Subbasin Area (km2) 8.510 
Total Upstream Area (km2) 8.510 
Number of Events Collected 6 
  
(2011) Event 1 -- 
Event 2 12.54 
Event 3 -- 
Event 4 125.01 
Event 5 174.29 
Event 6 115.42 
Event 7 6.46 
Event 8 8.33 
  
(2012) Event 11 -- 
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Site 33 
GPS Coordinates:  N 42o 45' 40.47",  W 85o 58' 39.11" 
County Allegan 
Subwatershed Peters Creek 

Location 
1st stream east of 44th St. along 147th Ave, 20 yards upstream 
(south) 

Major Land Uses Agriculture 
Major Soil Types Loam 40%, Silt Loam 24%, Sand 19% 
Downstream from  (none) 
Upstream from 34 
Subbasin Area (km2) 13.876 
Total Upstream Area (km2) 13.876 
Number of Events Collected 4 
  
(2011) Event 1 -- 
Event 2 58.45 
Event 3 -- 
Event 4 141.87 
Event 5 -- 
Event 6 -- 
Event 7 14.76 
Event 8 4.83 
  
(2012) Event 11 -- 
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Site 34 
GPS Coordinates:  N 42o 46' 55.88",  W 86o 0' 8.47" 
County Ottawa 
Subwatershed Peters Creek 
Location ~50 yards Upstream Adams, ODC site 
Major Land Uses Agriculture, Forested 
Major Soil Types Silt Loam 34%, Loamy Sand 20%, Loam 18% 
Downstream from  32,33,31 
Upstream from 13 
Subbasin Area (km2) 4.509 
Total Upstream Area (km2) 36.835 
Number of Events Collected 6 
  
(2011) Event 1 -- 
Event 2 42.32 
Event 3 179.39 
Event 4 99.15 
Event 5 -- 
Event 6 61.99 
Event 7 8.07 
Event 8 9.17 
 
(2012) Event 11 57.66 
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Site 35 
GPS Coordinates:  N 42o 47' 26.94,  W 85o 59' 22.77" 
County Ottawa 
Subwatershed Upper Macatawa River 

Location 
Upper Macatawa Natural Area – southwest entrance – 50 yards 
east (upstream) of 84th Ave 

Major Land Uses Agriculture, wetlands 
Major Soil Types Loam 66%, Muck 11%, Loamy Sand 8% 
Downstream from  27 – 30 
Upstream from 13 
Subbasin Area (km2) 18.94 
Total Upstream Area (km2) 68.028 
Number of Events Collected 6 
  
(2011) Event 1 -- 
Event 2 36.58 
Event 3 -- 
Event 4 128.2 
Event 5 11.84 
Event 6 38.56 
Event 7 -- 
Event 8 2.44 
 
(2012) Event 11 27.99 

 
 

 



184 
 

 
Site 36 
GPS Coordinates:  N 42o 46' 11.72",  W 85o 59' 59.77" 
County Ottawa 
Subwatershed South Branch 
Location 40 yards east (upstream) of Lizbeth Dr 
Major Land Uses Agriculture 
Major Soil Types Loam 49%, Loamy Sand 21%, Silt Loam 13% 
Downstream from  10 
Upstream from 13 
Subbasin Area (km2) 8.489 
Total Upstream Area (km2) 55.952 
Number of Events Collected 7 
  
(2011) Event 1 -- 
Event 2 -- 
Event 3 90.26 
Event 4 35.85 
Event 5 57.9 
Event 6 37.72 
Event 7 2.2 
Event 8 1.51 
 
(2012) Event 11 35.66 
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Site 37 
GPS Coordinates:  N 42o 47' 2.35" , W 86o 2' 17.52" 
County Ottawa 
Subwatershed North Branch 

Location 
Adams St landing – west branch of stream (not main) 20 yards 
north of Adams St. 

Major Land Uses Agriculture, residential 
Major Soil Types Loam 48%, Loamy Sand 20%, Sandy Loam 13% 
Downstream from  1 
Upstream from 13 
Subbasin Area (km2) 12.336 
Total Upstream Area (km2) 48.517 
Number of Events Collected 5 
  
(2011) Event 1 -- 
Event 2 28.09 
Event 3 56.42 
Event 4 -- 
Event 5 86.66 
Event 6 47.56 
Event 7 -- 
Event 8 2.13 
  
(2012) Event 11 -- 
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Site 38 
GPS Coordinates:  N 42o 46' 25.98",  W 86o 8' 21.03" 
County Ottawa 
Subwatershed Lake Macatawa Drainage 
Location DeGraaf Nature Center--Downstream of 26th Street 
Major Land Uses Residential 
Major Soil Types Sand 37%, Loam 34%, Loamy Sand 29% 
Downstream from  (none) 
Upstream from (none) 
Subbasin Area (km2) 1.506 
Total Upstream Area (km2) 1.506 
Number of Events Collected 5 
  
(2011) Event 1 -- 
Event 2 -- 
Event 3 -- 
Event 4 3.37 
Event 5 12.31 
Event 6 22.45 
Event 7 1.42 
Event 8 1.71 
  

Site discontinued following 2011 season 
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Site 39 
GPS Coordinates:   
County Ottawa 
Subwatershed Lower Macatawa River (Maplewood Drain) 

Location 
East of Hope College soccer stadium, 150 yards east of 
Hastings Ave 

Major Land Uses Residential, Industrial 
Major Soil Types Loamy Sand 29%, Loam 28%, Sand 17% 
Downstream from  (none) 
Upstream from (none) 
Subbasin Area (km2) 1.506 
Total Upstream Area (km2) 1.506 
Number of Events Collected 2 
  
(2011) Event 1 -- 
Event 2 -- 
Event 3 -- 
Event 4 21.82 
Event 5 -- 
Event 6 -- 
Event 7 -- 
Event 8 3.79 
  
(2012) Event 11 -- 
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Site 40 
GPS Coordinates:  N 42o 48' 23.72",  W 86o 4' 52.06" 
County Ottawa 
Subwatershed Lower Macatawa River (Drain No. 40) 
Location 150 yards north (upstream) of E. Lakewood Blvd 
Major Land Uses Commercial, industrial 
Major Soil Types Sandy Loam 42%, Loamy Sand 20%, Loam 13% 
Downstream from  (none) 
Upstream from (none) 
Subbasin Area (km2) 2.976 
Total Upstream Area (km2) 2.976 
Number of Events Collected 8 
  
(2011) Event 1 -- 
Event 2 6.58 
Event 3 36.52 
Event 4 14.74 
Event 5 12.78 
Event 6 8.77 
Event 7 5.65 
Event 8 7.26 
 
(2012) Event 11 16.58 
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Site 41 
GPS Coordinates:  N 42o 48' 10.94",  W 86o 5' 13.46 
County Ottawa 
Subwatershed Lower Macatawa River (Drain No. 40) 
Location ~285 yards upstream from US 31 
Major Land Uses Residential, commercial 
Major Soil Types Loamy Sand 43%, Loam 23%, Sandy Loam 22% 
Downstream from  (none) 
Upstream from (none) 
Subbasin Area (km2) 20.271 
Total Upstream Area (km2) 20.271 
Number of Events Collected 7 
  
(2011) Event 1 -- 
Event 2 16.88 
Event 3 76.73 
Event 4 40.46 
Event 5 12.4 
Event 6 12.28 
Event 7 -- 
Event 8 1.52 
 
(2012) Event 11 29.58 
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Site 42 
GPS Coordinates:  N 42o 47' 56.67",  W 86o 8' 28.05" 
County Ottawa 
Subwatershed Pine Creek 

Location 
Stu Visser Trails – southernmost bridge on main N/S trail near 
fork, 10 yards downstream 

Major Land Uses  
Major Soil Types Sand 37%, Loamy Sand 34%, Sandy Loam 13% 
Downstream from  43 
Upstream from (none) 
Subbasin Area (km2) 24.289 
Total Upstream Area (km2) 45.067 
Number of Events Collected 8 
  
(2011) Event 1 -- 
Event 2 3.69 
Event 3 28.54 
Event 4 9.41 
Event 5 4.07 
Event 6 35.66 
Event 7 1.75 
Event 8 1.29 
 
(2012) Event 11 .87 
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Site 43 
GPS Coordinates:   
County Ottawa 
Subwatershed Pine Creek 
Location 150 yards upstream of Riley St 
Major Land Uses Residential, agriculture 
Major Soil Types Loamy Sand 44%, Sandy Loam 29%, Sand 16% 
Downstream from  (none) 
Upstream from 42 
Subbasin Area (km2) 20.778 
Total Upstream Area (km2) 20.778 
Number of Events Collected 5 
  
(2011) Event 1 -- 
Event 2 12.3 
Event 3 -- 
Event 4 -- 
Event 5 6.96 
Event 6 6.13 
Event 7+8 (combined samples) 2.94 
  
(2012) Event 11 4.58 
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Site 44 
GPS Coordinates:   
County Ottawa 
Subwatershed Upper Macatawa River 
Location 30 yards downstream of Quincy St. 
Major Land Uses Agriculture 
Major Soil Types Loam 56%, Loamy Sand 15%, Muck 12% 
Downstream from  (none) 
Upstream from 27 
Subbasin Area (km2) 23.023 
Total Upstream Area (km2) 23.023 
Number of Events Collected 1 
  
(2012) Event 11 115.57 
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Site 45 
GPS Coordinates:   
County Allegan 
Subwatershed Lake Macatawa Drainage (Kelly Lake Drain) 
Location 40 yards west of 66th St in the Sanctuary Woods park 
Major Land Uses Residential, forested 
Major Soil Types Sand 67%, Loamy Sand 15%, Mucky Sand 8% 
Downstream from  (none) 
Upstream from (none) 
Subbasin Area (km2) 14.244 
Total Upstream Area (km2) 14.244 
Number of Events Collected 1 
  
(2011) Event 1 24.59 
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Site 46 
GPS Coordinates:   
County Allegan 
Subwatershed South Branch 
Location 10 yards west of 52nd St, north of 138th Ave 
Major Land Uses Agriculture 
Major Soil Types Loam 93%, Silt Loam 7% 
Downstream from  (none) 
Upstream from 4 
Subbasin Area (km2) 1.272 
Total Upstream Area (km2) 1.272 
Number of Events Collected 0 
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APPENDIX C 

ANALYTICAL TECHNIQUE SUMMARIES 
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REFLECTED COLOR ANALYSIS 
 

Procedure: 
 
At the beginning of the study, the procedure used approximately 100 milligrams of 
homogenized sediment that was pressed into a pellet at 10,000 psi by a standard 
hydraulic pellet press.  Pellets 2.5 cm in diameter were placed on a glass microscopy 
slide to be viewed by stereomicroscope with adjustable light attachments.  The slide was 
supported by a black stage for light intensity and color control.  Pellets were viewed at a 
magnification of ~10X and digital images were taken of each sample.  Prior to image 
collection, light normalization occurred, ensuring all images were of accurate 
representative color.  The images collected were used to compare with Munsell color 
standards. 
 
Final procedure for this technique was changed during early 2012.  Samples were no 
longer pressed into a pellet since the pressure the sample underwent caused a false 
darkening of the sample.  Instead, samples were filtered through a vinyl/acrylic 
copolymer white membrane filter (where a white balance was done for light 
normalization on this filter).  Images of the Munsell standards were still acquired after 
each completed sample. 
 
Initially, the results of samples from the first few events in 2011 were thrown out due to 
the inconsistent color values, which were attributed to the bleach added to samples upon 
collection to reduce biological growth.  With the new technique, however, we have found 
that the bleach can be removed from the samples during the process of filtering due to its 
solubility.  To date, samples have been run using the new filtration technique on the non-
bleached events (6, 7, 8, and 11; see Section B.2.2), and a single event with bleached 
samples (Event 2) has been run with the new techniques.  It was discovered during the 
analysis of bleached samples that there was some variation in the color values.  This was 
believed to be dependent upon the amount of sediment that is run through the filter.  
Samples run multiple times from the same tube or from different tubes on the same event 
showed some expected variation based on the amount of sediment that was filtered.  
Further work will include running the rest of the samples that contain bleach, and 
ensuring that the changes in mass are accounted for in all data. 
 
Once images were collected, they were imported into the commercial software Scandium 
and a pixel map is utilized to obtain red, green and blue (RGB) values. Five coordinates 
were chosen: (0,0), (1100,900), (1700,900), (1700,1400) and (1100,1400) to pull RGB 
values from each image.  These were chosen to incorporate slight changes in lighting on 
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the sample, and to ensure that these differences would be recorded at consistent locations 
across all samples.  It was then determined that since filtering and improved lighting 
provided more consistent values, each pixel value was taken and a composite value for 
each image was calculated through scandium.   
 
Accuracy: 
 
Munsell color chart soil standards were photographed under the same stereomicroscope 
conditions that the pressed pellets and membrane filters of dried sediment were 
photographed. The RGB histogram of each digital image of the Munsell color chart soil 
standards was normalized at least once a day during analysis to a consistent value, and 
any drift in the digital image processing from analysis was noted. 
 
Precision: 
 
The new procedure provided for thousands of individual points of data, resulting in much 
more accurate composite value.   No precision measurements have been run at this time. 
 
QA/QC: 
 
At least once per day of analysis, the RGB histogram of each digital image of the 
Munsell color chart soil standards was normalized to a consistent value, and any drift in 
the digital image processing from day to day was noted. Any change in the digital image 
acquisition parameters required a replicate Munsell color chart normalization. 
 
Calibration, equipment maintenance: 

Stereomicroscopes with digital cameras were maintained with yearly inspections by 
laboratory staff. 

 
Advantages, limitations, challenges, considerations: 
 
The differences in color are easy to identify visually (Figure 10), however, filtering the 
samples can be time consuming.  It may have the ability to distinguish samples on a 
broader basis, such as one major branch of a watershed to another.  When used alone, the 
differences in color are not a very discriminating tool. However, if paired with other 
techniques, this technique can have the potential to increase discrimination among sites.   
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Figure 10.  Various filtered samples providing distinct visual differences between sites.  
Darker samples are likely due to increased organic material within the sample, and ochre 
due to increased iron.   
 
Key results and discussion: 
 
While results are visually promising (Figure 10), the current Scandium results from the 
color analysis are inconclusive. There are subtle variations between sediment collected at 
various events, and while color is a helpful indication at some locations, the variations are 
often minimal, therefore, it has been determined that the differences between sites are too 
subtle to be used as a fingerprinting characteristic on their own (Figure 11).   It will 
continue to be a key component to future PCA analysis.   
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Figure 11.  Average color results for each sediment site (no data available for site 46).  
This is an average based on all values that were collected over the course of the study.  
Some variation was found between events. 
 

PARTICLE SIZE AND SHAPE DISTRIBUTION ANALYSIS 
 
Procedure: 
 
SEM 
 
All glassware and scanning electron microscope (SEM) stubs were cleaned only with 
isopropyl alcohol, to avoid aqueous contamination.  Complete drying of all glassware and 
stubs prior to use allowed for a decrease in clumping of fine grained sediment.  Initially, 
homogenized sediment was used for analysis.  However, this was found to break 
naturally occurring grain sizes all into much finer particles.  Unhomeogenized samples 
were then used to obtain a better representation of the sample’s actual content for grain 
size distribution.  Approximately 0.01 g of sediment was weighed to 0.1 mg on an 



200 
 

analytical scale.  The sediment was treated with  approximately 100 mL toluene in glass 
containers and was sonicated until all major aggregates were disaggregated.  Use of a 
micropore vacuum filtration device, equipped with a toluene moistened polypropelene 
filter, was required for sediment extraction.  10 mL aliquot sediment-toluene solution was 
filtered completely and the filter paper was transferred to a desiccator until used.  When 
ready for analysis, the sample was transferred from the filter paper to a double-sided 
carbon adhesive supported by an aluminum stub, and transported in a protective case to 
avoid contamination.   
 
All images collected of the SEM stubs were captured and processed through commercial 
imaging software Scandium®.  Each stub was mapped on a grid system for grain 
magnifications of 100-200 grains per grid area, for quick reference and recalling abilities 
within the software.  Images were processed for a) number of grains examined, b) 
average size of each grain, and c) average fractal dimension by analyzing the following 
parameters: diameter, feret (statistical diameter as a measure of particle size), area, 
convexity (curving/bulging outward), hole area/hole count, elongation, shape factor 
(affected by the shape, but independent of its dimensions) (Figure 12).  A numerical 
value for each grain was determined for each of the parameters through computational 
configuration and was later processed through principal component analysis (PCA). 
 
Accuracy: 
 
The Hitachi TM-3000 scanning electron microscope comes with factory calibration of the 
image magnification size and linearity, which was checked on a weekly basis against a 
transmission electron microscope (TEM) copper-grid of 200 micron-mesh to insure that 
dimensions were correct. 
 
Precision: 
 
At least 1000 individual sediment grains were imaged and analyzed for size and shape for 
each sediment sample available. The standard deviation of each of the measured size and 
shape parameter values were less than 10% of the mean values. 
 
QA/QC: 
 
At least once per week the TEM copper-grid was run through the SEM and the mesh 
spacing was measured to insure that dimensions were correct.  
 
Calibration, equipment maintenance: 
 
Calibration was conducted using the copper-grid TEM stub on a weekly basis.  Filament 
hours were tracked by every user in an entry log and filaments were replaced as required.  
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Advantages, limitations, challenges, considerations: 
 
This technique allowed for a number of different possible parameters to be investigated, 
beyond grain size.  It was hoped that grains’ shape would assist in providing significant 
difference between sites.  Sample preparation proved not only to be difficult and time 
consuming, but also rarely produced any sand grains among the sample for analysis.  This 
could be due to the filtering mechanism, and while care was taken with each filter, the 
larger grains do not display the same physical properties of the finer particles and thus, 
could not have adhered to the filter as strongly.  This may be due to the relative similarity 
in soil types across the watershed, or to the clay-sized particles that seem to be favored in 
the collection and filtering process.   
 
Key results and discussion: 
 
The technique did not provide any distinguishing characteristics between sites.  It did 
show reproducible grain size data that was confirmed both by sieve stack and SEM work, 
concluding that the majority of the sediment that was collected was finer than 40 microns 
(Figure 13), although the larger grain sizes could have been slightly misrepresented.  The 
relative similarity between soil types across the watershed and the high amount of clay-
sized particles provided data that was too similar to assist with fingerprinting at this time.     
 

 
 

Figure 12. An image of sediment grains captured under the SEM viewed in the 
Scandium software, with each grain (only those entirely in the image) labeled and sorted 
by size for analysis.   
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Figure 13. Grain size distribution chart of top five data sets by site compared to Kaolinite 
and Sand standards.   

 
BIOLOGICAL IDENTIFICATION AND TOTAL ORGANIC CONTENT 

 
Procedure: 
 
LOSS ON IGNITION 
 
Previously burned crucibles were pre-weighed and recorded prior to and after sediment 
was loaded, on a 0.1 mg analytical scale. Nitrile gloves were worn while handling 
crucibles to ensure contact oil was omitted from sediment weight. Crucibles were placed 
into 400° F muffle ovens, driving off the organic matter, in a several hour period.  After 
remaining organic material was burned, the muffle ovens were shut off and vented to 
approximately 200 degrees F.  Once vented, crucibles were transferred from the oven to 
desiccators for cooling.  After temperature equilibration, samples were reweighed with 
nitrile gloves and replaced into storage desiccators.  All measurements were recorded and 
used in calculations for data analysis. 
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BIOLOGICAL COMPONENTS 
 
Biological fragments were processed prior to homogenization and loss on ignition with a 
representative portion of each sample spread onto a clean microscope slide.  Matter was 
identified and grouped into major taxa and processed using a grid system in Scandium®. 
 
Pollen grains and diatoms were separated from a sample of collected sediment.  Pollen 
was examined under the SEM and was identified as being either from grass, conifer, 
deciduous, degraded, or unidentified, with further specificity if known.  Totals for each 
sample were tallied and compared with samples from prior events, along with plants that 
were identified in the area surrounding the stream in which the sampler was located.   
 
Accuracy: 
 
Gravimetic balances were calibrated every six months to be within 0.1% true mass. The 
McCrone Particle Atlas was used to compare SEM images of known biota for absolute 
identification. 
 
Precision: 
 
No precision measurements were made.  This is due to the overwhelmingly small to 
absent amount of organic material within most of the samples. 
 
QA/QC: 
 
The gravimetic balances were calibrated every six months to be within 0.1% true mass. A 
known mass standard was weighed once per week during analysis to insure accuracy and 
precision of the measurement. 
 
Calibration, equipment maintenance: 
 
Muffle ovens and gravimetric balances were maintained with yearly inspections by 
laboratory staff.  Calibration was conducted using the copper-grid TEM stub on a weekly 
basis.  Filament hours were tracked by every user in an entry log and filaments were 
replaced as required. 
 
Advantages, limitations, challenges, considerations: 
 
LOI was not particularly useful as measurable organic content was usually low.  
Biological components had the capability to be a powerful tool, however, the process is 
very time consuming and knowledge of the subject takes many years to master.  Use of 
the SEM in identifying pollen often provides clear images of samples, but the preparation 
method, with several rinsing and drying cycles likely contributed to the often degraded 
and unidentifiable state of the pollen.  The expense of the equipment and the lengthy 
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process of analyzing pictures and data do not make this an ideal analytical technique.   
 
Key results and discussion: 
 
While biological analysis shows a great deal of potential, the amount of time processing 
and imaging alone is of great length.  Knowledge of the biological components comes 
with great challenge.  Many of the samples collected – occasionally up to a third – are 
degraded to the point where they are unidentifiable (Figure 1, Right).  However, the 
biological components found in a sample can be rewarding, providing a wealth of 
information about the sample (Figure 14, Left).  Further work will be needed to evaluate 
the true potential of pollen as a fingerprinting parameter.   
 

 
 

Figure 14.  Left: An example of maple pollen.  Right: Two degraded pollen grains 
covered in clay particles.   
 

MAJOR AND TRACE ELEMENTAL ANALYSIS 
 

Procedure: 
 
SEM 
 
Acquisition of data from samples followed the general procedure supported in the Simple 
Manual TM 3000 operating manual (Hitachi High Technologies Corporation, 2010).  All 
samples were processed using a 15kV accelerating voltage to collect energy dispersive 
spectroscopy (EDS) measurements.  Samples were processed in vacuum and irradiated by 
electrons, producing secondary electrons that were detected by a silicon drift detector.  
The signal was acquired and analyzed by EDS software Quantax 70, which detected the 
exact energy of the surface x-rays emitted and identified what elements were present in 
the sample.  Qualitative and semi-quantitative analysis of weight percent and atomic 
weight percent gave light element (e.g., Na, Mg, Al) results for the sample’s chemical 
makeup.  These elements are not able to be detected through PIXE analysis.  
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PIXE 
 
Prepared samples were used from homogenized, pressed pellets. 
 
Spectroscopic measurements of sediment samples were performed using a 2.3 MeV 
proton beam from the Hope College accelerator facility. The experimental technique is 
described in detail by Johansson, Campbell and Malmquist (1995).  Samples were placed 
in plastic XRF cups and sealed with thin Kaptan foil and irradiated ex vacuo in a six-
position target chamber. Resultant x-rays from the surface of the sample were detected at 
backward angles by a lithium-drifted silicon detector, and were analyzed by 
commercially available software (GUPIX).  The precise energy of the x-rays provided 
identification of the elements present in the sample.  The number of x-rays detected 
provided simultaneous quantification of the trace element concentrations reliably at the 1 
mg/kg level for all elements heavier than silicon (Z=14). There are software corrections 
for x-ray ionization potentials as a function of bombarding energy, straggling of protons 
within a thick target, and attenuation of the emitted x-rays by the matrix materials, all of 
which required calibration standards. The analysis of thick-target particle-induced X-ray 
emission (PIXE) spectrometry samples is described in detail by Campbell and Cookson 
(1984).   
 
Accuracy: 
 
The SEM-EDS x-rays were calibrated weekly to a Cu Kα x-ray line (8.05 keV) from the 
TEM copper grid. The PIXE x-ray detector was calibrated weekly to a set of elemental 
standards (TiO2, Au, Sn).  Both x-ray analyses were checked for absolute concentration 
accuracy against a NIST Standard Reference Material (SRM-2586) – a mud with a 
certified elemental composition that has been prepared in the same manner as the dried 
mud samples collected in this project. This concentration calibration was performed at 
least once per day of analysis on each instrument. 
 
Precision: 
 
Elemental analysis was performed on at least three different representative spots for each 
sediment sample. The standard deviation of each of the measured concentrations were 
less than 10% of the mean values within a single event but not often were they within 
10% between events. 
 
QA/QC: 
 
At least once per week the TEM copper-grid (200-mesh) was run through the SEM/EDS 
and the Cu Kα x-ray line (8.05 keV) was measured. The PIXE x-ray detector was 
calibrated at least once per week by running with a set of elemental standards (TiO2, Au, 
Sn).  Both x-ray analyses were checked for absolute concentration accuracy against the 
NIST Standard Reference Material (SRM-2586). This concentration calibration was 
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performed at least once per day of analysis on each instrument. 
 
Calibration, equipment maintenance: 
 
The Hope College Ion Beam Analysis Laboratory performed regularly scheduled 
maintenance and calibration of its accelerator, vacuum and control systems, and x-ray 
detectors. Known standards were incorporated into each run cycle of PIXE.  Continual 
input of liquid nitrogen into the dewar-detector was performed to keep the instrument’s 
temperature within necessary means for operation. The SEM/EDS were calibrated using 
the TEM copper grid on a weekly basis.   
 
Advantages, limitations, challenges, considerations: 
 
Trace element data can be useful when determining differences between sites.  Ratios 
between common elements can be useful in the same way.  SEM analysis proved to be 
ineffective, due to high rates of error, and the contamination of samples with bleach that 
was used to inhibit microbial growth.  After some initial difficulties, elemental analysis 
via PIXE proved to be repeatable and reasonably accurate, with thousands of x-ray counts 
per run.  The small amount of sample that was needed for analysis was also 
advantageous.  It was determined that the entire sample had to be homogenized before 
repeatable and accurate elemental concentrations could be collected, but this proved to be 
straightforward.   
 
Key results and discussion: 
 
Concentrations of major and trace elements by PIXE have generally proved to produce 
reproducible concentrations.  Generally, ratios between a select number of key elements, 
including K, Fe, Ti, and Ca, repeated themselves across several different sampling 
events, suggesting a similar, uniform source material contributing to the suspended 
sediment load during each rain event.  Further confirming these results were the trends 
from elemental Fe and Ca versus Fe and Ca bound P (detected by autoanalyzer (AA) and 
as discussed in Section C.1.3).  Interesting correlations between elemental concentrations 
and major soil formations were also noted (as earlier discussed in Section C.1.2).  
Elemental analysis using PIXE has proved to be one of the most repeatable and 
promising fingerprinting techniques used in this study.   
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MINERALOGICAL ANALYSIS 
 

Procedure: 
 
CATHODOLUMINESCENCE  
 
The experimental technique for cathodoluminescence is described in detail by B. G. 
Yacobi and D. B. Holt (1990).  Sediment used for analysis was taken from 
unhomogenized sediment to ensure an accurate representation of the sediment’s grain 
sizes.  Sediment samples were mounted on aluminum slides with double sided adhesive 
tabs.     
 
Cathodoluminescence (CL) was conducted under general operating conditions listed in 
the CL8200 Mk5-2 Optical Cathodoluminescence System Operating Manual.  A stereo-
microscope equipped with a cold cathode system, processed the mounted samples.  The 
samples were bombarded with electrons at an accelerating voltage of 11.6 kV and 400 
µA density current to excite surface elements from the sediment.  This produced an 
emitted light from the UV-Vis-NIR region to be collected.  
 
Physical observations were utilized to confirm that this technique would not be a strong 
component for this study. 
 
Accuracy: 
 
The Ocean Optics TM2000 spectrometer comes with factory calibration of the 
wavelengths that was checked against a Hg-standard lamp at least once a month.  
 
Precision: 
 
We did not consider precision as it was unnecessary after determining that this was one 
of the less robust techniques in the study.   
 
QA/QC: 
 
The Ocean Optics TM2000 spectrometer was checked against a Hg-standard lamp at least 
once a month when analysis occurred.  
 
Calibration, equipment maintenance: 
 
Discharge tubes were changed as needed with regular maintenance of instrument 
completed after and before each use. 

 



208 
 

Advantages, limitations, challenges, considerations: 
 
The CL system is a tool that has the potential to provide a great deal of information about 
the possible mineralogical makeup of a sample in a short amount of time (relative to 
traditional mineralogical identification techniques).  Sediment size plays a role in the 
analysis of CL since too small of grains are prone to contamination that makes 
identifying the grain difficult.  Small grains are also often completely coated by fine 
grained material that is non-luminescent.  As a result, most of the sediment that was 
analyzed had to be separated from the sample, to select larger grains to try to analyze.  
Coarse grains ideal for this system, however, are far and few between in these samples.  
When identified, the minerals are mostly the same makeup and do not provide a great 
deal of discriminating information. For example, quartz, a ubiquitous low to non-
luminescent mineral, dominates these samples.  The additional minerals that are 
luminescent in the sample, again, are fairly common. This is the result of the small size of 
the watershed and the overall consistent geology of the region.   
 
Key results and discussion: 
 
Due to the small grain size and geological makeup of a small watershed, the 
mineralogical technique proposed did not work as well as hoped. The appearance of the 
sediment selected in the reflected light (RL) images is quite similar, and likewise when 
CL is utilized (Figure 1).  The orange (carbonate grains), blue or white (feldspar grains), 
are surrounded by the non-luminescent to low blue or brown (quartz grains).  While some 
samples do not have as many carbonate or feldspar grains as other samples, and the 
difference is not quantifiable.  As the sample composition changes (as seen in PIXE 
analysis) between events, so does the mineralogical make-up of that sample. 
 

 
 
Figure 15  continued. 
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Figure 15.  Left:  Cathodoluminescent image of sites (top to bottom) 5, 11, 19, 39.  
Right:  Reflected light image of the same sample in larger magnification. 
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INORGANIC PHOSPHATE ANALYSIS  
 

Procedure: 
 
AUTO ANALYZER 
 
A portion of each sample was digested in acid and analyzed for SRP (soluble reactive 
phosphorus) and IP (inorganic phosphorus) via continuous flow analysis.  
 
A method for the extraction of phosphate fractions was considered and adapted through 
previous work from Warren C. Casbeer (2009), and Hieltjes, A.H.M., Lijklema, L. 
(1980). Approximately 0.25 g of homogenized sediment sample was mixed with 10 mL 
of 1.0M KCl, extracting water-soluble phosphates. Centrifuging took place for ~30 
minutes at 2600 RPM, and supernatant from the sample was stored, while the remaining 
sample was placed in an oven at 60̊C until dry. The sediment was then mixed with 10 
mL of 0.1M NaOH and centrifuged, removing Fe-bound phosphates.  The supernatant 
was then removed and the sample was dried again to be mixed with 10 mL of 0.5M HCl 
wash to remove Ca-bound phosphates.  
 
All supernatants were diluted by a factor of 100 in order to attain phosphate levels within 
the dynamic range of the Autoanalyzer III (AA). The standard phosphate extraction 
method, illustrated in Seal Analytical’s Operating Manual MT19 (for seawater and low 
level water) G-297-03, was used for colorimeter detection of the prepared solutions to 
obtain data results. This is a proprietary method comparable to the EPA method 365.3 for 
the colorimetric determination of all forms of phosphorus in water.  The concentrations 
from each wash, for each sample, were added together to determine the concentration of 
total bioavailable phosphate in the sediment.  
 
Phosphates were removed from homogenized sediment samples in the three extractions, 
1.0 M KCl, 0.1 M NaOH, and 0.5 M HCl, illustrated below. 
 
1.0 M Potassium Chloride – Water Soluble Phosphates 

Potassium Chloride   74.55 g 
DI H2O     1000 mL 

0.1 M Sodium Hydroxide – Iron-bound Phosphates 
Sodium Hydroxide   4.0 g 
DI H2O     1000 mL 

0.5 M Hydrochloric Acid – Calcium-bound Phosphates 
HCl concentrate    48.73 mL 
DI H2O     951.27 mL 
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 Solutions used in analysis and constituents of each, are listed in the table below.  
 

Table 2.  Solutions for Reagents Used In Inorganic Phosphate Analysis. 
 

Solution Reagent Concentration 

System Wash 
Solution 

 
DI H2O containing 8 g SDS per Liter of DI H2O 
 

  
  

Special Wash 
Solution 

 
DI Water with a 4:1 ratio of H2O to unscented and 
uncolored bleach 
  

 
Stock Antimony 
Potassium Tartrate 
 

 
Antimony potassium tartrate 
DI H2O 
 

2.3 g 
to 100 ml 
 

Ammonium 
Molybdate Reagent 

Ammonium molybdate 
Sulfuric acid, conc. 
Stock antimony potassium tartrate 
DI H2O 
 

1.5 g 
16 ml 
5.5 ml 
478.5 ml 
 

 
Ascorbic Acid 
 

 
Ascorbic acid 
Acetone 
Sodium dodecyl sulphate (SDS) 
DI H2O 
 

1 g 
5 ml 
0.9 g 
495 ml 
 

Notes:  

Ascorbic Acid 
The ascorbic acid should be completely dissolved in approximately half of the DI, 
adding the acetone and SDS, diluting to 500 ml and mixing thoroughly. Can be 
stored in a PE bottle in the refrigerator for a week. 

Phosphate Stock 
Standard, 100 mg/L 

The potassium dihydrogen phosphate should be dissolved in roughly half of the 
water, adding the rest of the DI water, and stored in a PE bottle in the refrigerator 
for up to a week. 

Ammonium 
Molybdate Reagent 

Carefully add the sulfuric acid to most of the DI water, cool and dissolve the 
ammonium molybdate, adding the stock antimony potassium tartrate. Dilute to 500 
ml with DI water, mixing thoroughly and storing in a PE bottle for up to a month.  
The solution must be colorless, the ammonium molybdate used must be perfectly 
white (no green tint). 

Stock Antimony 
Potassium Tartrate 

2.3 g of antimony potassium tartrate should be dissolved in most of the water, 
diluted to 100 ml, mixed thoroughly, and stored in the refrigerator for up to a week. 
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Accuracy: 
 
At the beginning of the study, a spiked sample of phosphate was added to the IP 
measurements at least once every 50 samples. This spiked sample recovery was 
extremely consistent over time and was later deemed unnecessary.  
 
Precision: 
 
At least 3 replicate IP measurements were made from each sediment sample extracted 
with KCL, HCl or NaOH for the 2010 samples, while the 2011-2012 samples resulted in 
only one sample run from each site for each event.  Samples with replicate measurements 
were generally within 10% of each other (excel spreadsheet, 2010 Precision Testing).  
However, several sites were between 10-20%, and very few above 20%.   
 
QA/QC: 
 
A sample blank was recorded between every sample, and sample carryover determined 
by replicate measurements of the most highly concentrated calibration standard.  
 
Calibration, equipment maintenance: 
 
For the wet chemistry analysis via autoanalyzer: 

Calibration Calculations – Phosphate 
 
(C1)(V1) = (C2)(V2) µg/L = ppb mg/L = ppm 1,000 ppb = 1 ppm 
 
Calibrants were created using: 
 
Phosphorus Intermediate Solution – 10,000 ppb (10 ppm)  
De-ionized Water (18 MΩ) 
 
Table 3.  Calibration Standards for Autoanalyzer. 
 
Calibrant ppb PO4 ml PO4 Int. ml DIH20 Total Volume 
A 450 11.25 238.75 250 ml 
B 300 7.5 242.5 250 ml 
C 200 5.0 245.0 250 ml 
D 100 2.5 247.5 250 ml 
E 50 1.25 248.75 250 ml 
F 20 0.5 249.5 250 ml 
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PO4  
C1 = 10,000 ppb C2 = desired calibration concentration in ppb  V2 = 250 ml 
 
[PO4] = 450 (10,000 ppb) (V1) = (450 ppb) (250 ml) V1 = 11.25 ml 
[PO4] = 300 (10,000 ppb) (V1) = (300 ppb) (250 ml) V1 = 7.5 ml 
[PO4] = 200 (10,000 ppb) (V1) = (200 ppb) (250 ml) V1 = 5.0 ml 
[PO4] = 100 (10,000 ppb) (V1) = (100 ppb) (250 ml) V1 = 2.5 ml 
[PO4] = 50 (10,000 ppb) (V1) = (50 ppb) (250 ml) V1 = 1.25 ml 
[PO4] = 25 (10,000 ppb) (V1) = (25 ppb) (250 ml) V1 = 0.5 ml 

 
Standard weekly operating procedure 
 
Weekly flushes to the system occur with the wash solutions for at least 15 minutes.  
Reagents are run through the system for 10 – 20 minutes, allowing calibrants to be 
introduced to the system .  The correction coefficient (r) for the curve should be no less 
than 0.999, if value is much lower, reproduce calibrants and run through the system 
again.  Carry over percent correction should always be under 2.0% (less than 1.0% 
preferable).   Follow standard run or shut down procedures. 
 
Monthly, the whole system is flushed of the reagents through the system for at least 15 
minutes.  The phosphate method is flushed with hypochlorite wash solution for 20 
minutes. The SDS wash solution is flushed through the system for 30 minutes.   
 
Advantages, limitations, challenges, considerations: 
 
This technique had the advantage of providing variations in data on an event by event 
basis.  Being the main nutrient of concern to this watershed, this data is useful in 
monitoring changes using a relatively straightforward technique.   
 
Key results and discussion:  
Levels of phosphate could be calculated and charted for each event.  The testing 
confirmed literature findings that the higher concentrations of phosphate were associated 
with the finer particles of sediment.  Areas that typically had higher levels of sand had 
lower average IP levels than those with finer or loamy soils.   
 
The comparison of phosphate and PIXE data suggests a trend of Fe:Ca ratios, which is a 
comparison of the iron-bound and calcium-bound phosphate washes to the elemental 
detection of iron and calcium in PIXE (Supplemental Tables and Figures, Figure 8).  
However, the correlation values for these plots are very low.  This is because the 
measurement of iron and calcium from AA is merely the phosphate’s bound specifically 
to iron or calcium.  PIXE is a direct measurement of the sediment’s chemical signature of 
iron and calcium. Furthermore, comparison of phosphate Fe:Ca ratios between rain 
events has shown significant trends between events.  
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RADIOISOTOPIC MEASUREMENTS 
 

Procedure: 
 
Radiometric measurements were made using a low-background gamma counting system 
with intrinsic germanium detectors (Schelske et al. 1994).  To prepare samples for 
radiometric analysis, dry sediment from each section was packed to a nominal height of 
20 mm in a tared polypropylene XRF sample container (25 mm high × 35 mm outside 
diameter, 32 mm inside diameter).  Containers were weighed to obtain the sample mass.  
Samples in the containers were sealed with a thin layer of kaptan foil, capped, and stored 
for about two weeks before counting to ensure equilibrium between 226Ra and 214Bi.  
Activities for each radionuclide was calculated using empirically derived factors of 
variation in counting efficiency with sample mass and height (Schelske et al. 1994).  
Total 210Pb activity is obtained from the 46.5 keV photon peak, and 226Ra activity is 
obtained from the average of the 609 keV, 352 keV and 295 keV peaks of 214Bi. 226Ra 
activity is assumed to represent supported 210Pb activity.  Excess 210Pb activity was 
determined from the difference between total and supported 210Pb activity and then 
corrected for decay from the coring date.  The 662 keV photon peak is used to measure 
137Cs activity and the 477 keV photon peak is used to measure the 7Be activity. These 
measurements do not require calculation of the excess radioactivity (like 210Pb) because 
they are not products in a natural decay series but radiological products from atmospheric 
nuclear testing and cosmic ray interactions in the atmosphere respectively.   
 
Samples were initially collected as grab samples.  It was thought that by the time the 
sediment in the tubes settled out and the water receded, processing time would not allow 
the collected in stream samples to be used for radiometric analysis.  In August 2011, an 
attempt was made to collect and process the sediment from several sites in a timely 
manner.  Results below confirmed it was possible with strict collection and processing 
times.  
 
Accuracy: 
 
The high-purity lithium-drifted germanium detectors are calibrated against a suite of 
known gamma-ray sources (60Co, 137Cs, 22Na) at least once every six months. The 
centroid of the 511 keV annihilation peak was monitored in every daily run to insure 
linearity in the energy response of the detectors.  The detector efficiency was measured 
with a calibrated NIST 210Pb source packed in an identical sample cup at least once every 
six months. 
 
Precision: 
 
Ideally, every 10th sample would be re-analyzed for radiometric measurements to insure 
reproducibility for a precision check.  However, this goal was not met largely in part to 
the quick 7Be decay rate;  no precision measurements have been made at this time. 
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QA/QC: 
 
The high-purity lithium-drifted germanium detectors are calibrated against a suite of 
known gamma-ray sources (60Co, 137Cs, 22Na) at least once every six months. The 
centroid of the 511 keV annihilation peak was monitored in every daily run to insure 
linearity in the energy response of the detectors.  The detector efficiency was measured 
with a calibrated NIST 210Pb source packed in an identical sample cup at least once every 
six months.  A blank cup was run weekly to ensure a consistent background.   
 
Calibration, equipment maintenance: 
 
Sealed gamma sources are used for biannual detector calibrations and a blank sample cup 
was measured weekly to insure no cross-contamination of the system.  
 
Advantages, limitations, challenges, considerations: 
 
The advantages of this technique generally outweigh the others:  it provides a clear 
understanding of what sediment originates from the land surface.  However, sample 
processing can be expensive and result in a slow processing time of 1 sample per day.  To 
accurately measure the 7Be of a sample, the sample must be processed in a timely 
manner.  Processing times depend on a certain number of variables, including the 
recession of water for collecting samples and the amount of time the suspended sediment 
settles out in the lab.  Samples must then be dried and disaggregated, which is also time 
consuming.  This entire process can take up to two weeks from the moment the 
suspended sediment enters the sampling tube until it is put in the queue for analysis.  
Depending on the amount of samples, it may take up to another two weeks until a sample 
is analyzed.  The amount of detectors available to analyze samples is also a limiting 
factor in this process.  Since the half-life of 7Be is approximately 52 days, the ideal and 
realistic time-frame for processing would be approximately a week. 
 
Key results and discussion: 
 
Based on the narrow range of sites and events analyzed by this technique, the following 
generalizations are made in consideration of this.  The site comparison shows 
reproducibility for sites 5 and 32, with replicate values existing within error bars for the 
two samples.  Site 24 is close to having both sites’ data within the error bars for each 
other.  Event 11 did not have enough sediment to analyze for the comparison with Event 
6.  
 
Numerical sediment ages were not calculated but rather the ratio of 7Be to 210Pbxs is 
determined for each sample. This ratio is close to zero for samples that originate from 
bank erosion and similarly, these ratios are much larger for samples that originate from 
the surface recently – such as overland transport from an agricultural field (Figure 16, 
17).  The sites with high 7Be/210Pbxs ratios suggest that there is a greater influence of 
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surface runoff upstream of the site than bank erosion. Site 14 represents a low ratio, 
however, this is likely due to the location of the site in the watershed—it collects an 
amalgamation of upstream suspended material.  This site is also located in a wide 
waterway which may not be accurately represented by one station. Site 7 also has a low 
ratio of 7Be/210Pbxs, however, it is located on the outer edges of the watershed.  Its 
upstream area is smaller and the waterway in which it is stationed is more narrow.  It is 
likely that this station has a true representation of low surface runoff.  The other sites are 
essentially found in the middle of both low and high 7Be/210Pbxs values (including 
associated errors), making it more difficult to identify and interpret their true 
classification based on site location in the watershed.  There is a comparison between 
three sites to show reproducibility for two separate events (Figure 18).  Additional events 
would need to be monitored to begin understanding how precipitation and climatic 
patterns influence surface runoff at each of the sample sites. 

 
 

 
 

Figure 16.  Validity test for samples from in stream sites:  5, 24, 32 all historically sites 
with surface runoff problems and 42 as a historically streambank-only erosional site.   
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Figure 17.  First full event for approved in stream site samples. 
 
 

 
 

Figure 18.  Event 11 and Event 6 comparison. 
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APPENDIX D 

MAPS BY EVENT 
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APPENDIX E 

SITE PHOTOS 

 



236 
 

   
 
Photos of Site 15: (left) the site location during a period of high flow, with downed trees near 
site; (right) the sampler during baseflow, viewing north toward the BR-196 bridge. 
 

  
 
Photos of Site 16: (left) the sampler station during a collection in early May; (right) the station, 
located in suburban Zeeland, in early November following a rain event. 
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Photos of Site 17 (clockwise, from top left): the sediment collector and level logger casing after 
installation in early March; the station in early June at baseflow; view of the station during an 
event in early May (logger obscured by trees); the site following the event, which knocked over 
the sediment sampler; the station, with debris knocking over the logger casing, as flow receeds 
during a rain event in early November; the ISCO sampler collecting suspended water samples in 
early March.   
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Photos of Site 18 (clockwise from top left): the sampler site in early May at baseflow; the 
adjacent floodplain; the site during a May rain event; the bridge at Riley St immediately 
downstream from site (sediment fencing installed for bridge reconstruction work). 
 

   
 
Photos of Site 19: (left) the sampler during an early May event; the sampler at baseflow, 
showing the thick vegetation and debris.   
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Photos of Site 20: (left) view of the sampler station from the road following an event in May; the 
sampler after being knocked over by debris during an event in June. 
 
 

   
 
Photos of Site 21: (left) the station, looking west, at its roadside location in downtown Zeeland; 
the station as water levels receed following a rain event in early June. 
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Photos of Site 22: (left) the sampler site, located along a pedestrian trail in Zeeland, following an 
event in May; a partly-innundated sampler during an event in early May. 
 
 

   
 
Photos of Site 23: (left) the sampler site in early May at baseflow; the sampler site, innundated, 
during an event in June. 
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Photos of Site 24: (left) the sampler station with some minor debris collected at the front (note 
the farm equipment on the adjacent field); the same site during an event in May. 
 

   
 

   
 
Photos of Site 25 (clockwise from top left): view of the sampler site at baseflow in late March; 
the sampler after having a post washed out during an event in May; the drain near peak flow 
during an event in May; the tops of the sampler posts with collected debris poking out of the 
water during an event in May. 
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Photos of Site 26 (clockwise from top left):  the view of the sampler site, looking north along 
104th Ave; the sampler site, with standing water on the adjacent field, during a rain event in May; 
the view of the box culvert and drain upstream of the sampler site in late March; baseflow 
conditions with small amount of debris caught at the site front. 
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Photos of Site 27 (clockwise from top left): the sampler site at baseflow in late March; the 
sampler site after having been scoured out during an event in early May; the sampler with light 
debris caught at the front of the traps following April; the adjacent field and vegetation along the 
bank in late June; water overflowing the road adjacent to the station during a May event; a great 
blue heron flying down the stream in early August.   
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Photos of Site 28 (clockwise from top left): the sampler site at baseflow; collecting the samples 
following a late April event; the drain near peak flow in late February; the sampler site at the end 
of an event in May; stream conditions following an event in August; view south of the sampler 
station of the surrounding Upper Macatawa Natural Area, to which the drain contributes. 
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Photos of Site 29 (clockwise from top left): the sediment sampler near baseflow in August; the 
sampler being reset following damage during an event; the drain in mid-June, with a large sand 
bar and debris; debris covering the culvert on the road 50yds downstream of the station; the drain 
during a period of high flow in May; the drain in a period of high flow in late February.   
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Photos of Site 30 (clockwise from top left): the sampler with a few moderately sized branches 
caught at the front; the stream at baseflow in early May; students prepare to reset the station 
following it washing out during an August event; the sampler site near peak flow in late 
February. 
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Photos of Site 31 (clockwise from top left): a view of the sampler facing downstream in early 
June; the sampler following an event in May, where the sand bar has moved significantly, 
burying the rear vent tube, while a large branch had caught near the front, requiring the sampler 
to be moved; resetting the station in August; view of the stream in late February, facing 
downstream; the same view in late May; the sampler site with moderate debris caught at the trap 
front in May.   
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Photos of Site 32 (clockwise from top left): the sampler site at baseflow; the sampler site nearly 
completely cover during an event in May; the sediment sampler having been disturbed during an 
early-season event; the sampler location, viewing upstream, in late February. 
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Photos of Site 33 (clockwise from top left): The sampler with minor debris caught at the front; 
the site during a rain event in May; sampler location, facing upstream (south) during February; 
sampler tubes that are underwater, with debris partly covering it; the sampler upon being pulled 
out of the stream; the sampler following an event in May, knocked out of alignment. 
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Photos of Site 34 (clockwise from top left): the view of the site during baseflow in early May, 
facing upstreatm; the sediment sampler and level logger casing in late March; the sediment 
sampler during the rising limb of an event; the bridge and channel immediately downstream of 
the sampler. 
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Photos of Site 35 (clockwise from top left): the sampler area, facing upstream, during a period of 
high flow; the view from the sampler area, facing downstream; the sampler area at baseflow in 
early May. 
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Photos of Site 36 (clockwise from top left): the sediment sampler near baseflow, with a large 
branch resting on top; the sediment sampler and level logging station; the station at baseflow, 
facing upstream (east) following the felling of a large tree upstream; the stream during the 
summer of 2012, with a noticeable algae-bloom. 
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Photos of Site 37 (clockwise from top left): a volunteer clearing the station in March; the station 
during the summer drought of 2012, with vegetation growing in the middle of the channel; the 
area immediately upstream of the sampler; the area on the opposite side of Adams St during peak 
flow of an event, with the level logger casing visible behind the tree at left. 
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Photos of Site 38 (clockwise from top left): a student preparing to harvest samples in early June; 
the station being washed out in May; view of the sampler, facing downstream. 
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Photos of Site 39 (clockwise from top): view of the drain where the sampler is located, facing 
downstream (northeast); the station collecting a large amount of debris following an event in 
June; the debris collected on the sampler, showing significant scouring underneath the debris. 
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Photos of Site 40 (clockwise from top left): the sediment sampler at baseflow; the sampler with 
a minor amount of debris caught at the front in early May; the sampler site, facing upstream. 
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Photos of Site 41: (top) the floodplain and stream located near the sampler; the sampler at 
baseflow in August.  
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Photos of Site 42: the sampler site at baseflow with young volunteers helping collect samples; 
the sampler with minor debris caught at the front; view of the sampler facing upstream. 
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Photos of Site 43: (left) sediment sampler at baseflow, looking upstream; the sediment sampler 
being installed by two volunteers. 
 

   
 
Photos of Site 44: (left) the sampler, facing downstream, at baseflow; (right) view from the 
sampler facing upstream to the bridge at Quincy St. 
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Photos of Site 45: (left) the sampler being installed by a student; (right) view of the sampler 
facing upstream from the nearby pedestrian bridge. 
 

   
 
Photos of Site 46: (left) a student installing the sampler near baseflow; (right) view of the 
sampler, facing upstream with the culvert under 52nd St several yards away. 
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EXECUTIVE SUMMARY STATEMENT 
 

SEDIMENT FINGERPRINTING GRANT (#481141/10) 
 

MANAGEMENT PLAN IMPLICATIONS 
 

 
The results of the recently completed sediment sampling (#481141/09) and sediment 
fingerprinting (#481141/10) projects completed by Hope College in partnership with 
Zeeland Public Schools and the Macatawa Area Coordinating Council (MACC) have a 
tremendous impact on the Macatawa Watershed Management Plan, updated in July 
2012. The watershed management plan does reference these research projects (pg 71), 
but at the time the management plan was completed, the sediment research efforts 
were still on-going. Now that the research is coming to an end, it is clear how valuable 
this information will be to the Macatawa Watershed and moving forward with 
implementing recommendations in the management plan to reduce the inputs of 
sediment and associated pollutants into Lake Macatawa and her tributaries. There are 
two key implications of the research that impacts the current management plan and its 
implementation. 
 
The management plan estimates pollutant loads based on models, including a Hydrology 
Study (MDEQ 2009) and Pollutant Loading Report (MDEQ 2009). Models are an 
approximate representation of the actual conditions that are heavily dependent on the 
timeliness, completeness, accuracy, and integrity of the data, which in some cases does 
not represent the most current conditions on the landscape. Research and monitoring 
data, however, represent the actual conditions on the landscape with fewer 
assumptions than models. Of course, monitoring and research data is also subject to 
limitations of completeness, accuracy, precision, etc., but these issues are addressed in 
quality assurance plans, increasing the confidence in the data when compared to model 
outputs. A scientific picture of actual conditions helps to refine recommendations in the 
management plan by quantifying pollutant loads and geographically determining where 
the pollutants are really coming from. This allows watershed managers to focus best 
management practices in these areas in order to utilize funds efficiently while making 
the biggest difference in pollutant load reductions to ultimately meet the goal set in the 
phosphorus TMDL. It also gives the general public and land users a better picture of the 
reality of the problem of sediment in the Macatawa Watershed. They can be more 
confident in reviewing scientific data as opposed to model outputs and better realize 
their potential contributions to the problem. 
 
The quantification of sediment along with several methods of analysis to further narrow 
possible sources can be used to develop a new critical areas map to better prioritize 
best management practice implementation. Critical areas maps found in the watershed 

Policy Board 
*William Vanderbilt, Chair 
*Blaine Koops 
*Hannes Meyers, Jr. 
*Pankaj Rajadhyaksha 
 

Howard Baumann, Jr. 
Joseph Baumann 
Thomas Bird 
Ken DeWeerdt 
Kurt Dykstra 
Terry Hofmeyer 
Gerald Hunsburger 
John Kleinheksel 
Kevin Klynstra 
Dal McBurrows 
Al Myaard 
Terry Nienhuis 
Jim Storey 
Russ Te Slaa 
Todd Wolters 
 
*Executive Committee 



263 
 

management plan were created using a GIS model (p100-103), which is only as good as 
the datasets that were available and fed into the model. In some instances, the research 
data validates the model results, but also identifies other subwatersheds that did not 
rank high in the GIS model. A map that shows priority areas for remediation developed 
based on scientific data is attached. These maps were created based on the sediment 
loads that were measures as part of the sediment sampling and sediment fingerprinting 
grants. Again, this ranking is extremely valuable as we seek funding to implement best 
management practices that will make the biggest difference in reducing sediment and 
phosphorus delivery to Lake Macatawa. 
 
Based on the current models and recommendations found in the Macatawa Watershed 
Management Plan, the MACC intends to seek approval from the Michigan Department 
of Environmental Quality (MDEQ) to append the management plan with the final 
reports from both the sediment sampling and sediment fingerprinting grants as well as 
the “Lake Macatawa Water Quality Research Project: Phase One Report” compiled in 
2012 by the Outdoor Discovery Center Macatawa Greenway and Hope College. Having 
these reports as part of the management plan establishes a better framework by which 
the MACC and its partners can seek MDEQ or other funding to implement best 
management practices in the watershed where they will have the greatest impact on 
reducing sediment and phosphorus loads into Lake Macatawa. 
 
Prepared by: 
 
Kelly Goward 
Macatawa Watershed Coordinator 
Macatawa Area Coordinating Council 
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