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Dear Mr. Speen: 

Applied Geotechnical Services, Inc. (AGS) has completed a Preliminary Lake Level Augmentation 
Evaluation for the referenced project. This report documents the procedures for this study and 
presents our evaluation and recommendations for improving the lake water levels. Our study 
indicates that under the present conditions the lake is recharging at a slower rate than it 
discharges into the groundwater and surface water sources on its down stream side. Also, our 
study indicates that augmentation of the water levels by instal/ation of pumping wells will not be 
feasible. It may be possible to raise the water level by implementing a properly designed dredging 
program. Additional studies, as outlined in this report, will be required to confirm the effectiveness 
of dredging operations. 

We appreciate the opportunity to be of service to the Lake Arrowhead Property Owners 
Association on this project. If you have any questions regarding this report, please feel free to 
contact us. We shall be happy to assist you for further studies as outlined in this report. 

Respectfully, 

APPLIED GEOTECHNICAL SERVICES, INC. 

~7~L 
?-1..e_~€!e"T. Anagn6stou, P.E., C.P.G. 
. Geotechnical Engineer/President 
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Applied Geotechnical Services, Inc.  15798 Riverside, Livonia, MI 48154 

Tel/Fax: (734) 293-5077 
 

EXECUTIVE SUMMARY 
 
Applied Geotechnical Services, Inc. (AGS) has completed a Preliminary Lake Level 
Augmentation Evaluation for Lake Arrowhead located in Section 32 of Hayes Township, 
Otsego County, Michigan.  The lake is a seepage type lake with no surface water 
tributaries or outlets.  Accordingly, the lake level is prone to fluctuations resulting from 
varying precipitation.  It appears the decline lake levels are chiefly the result of lower than 
normal precipitation within the lake's drainage basin during the last several years.   
 
The lake appears to be underlain, and recharged by a single, unconfined aquifer that 
extends to the bedrock surface.  Thus, it does not appear feasible to raise the water level 
of the lake by pumping from a well or wells extending into the aquifer as mixing from the 
same aquifer will occur.  Our study indicates the direction of groundwater flow within the 
site area is towards the southwest direction.  It appears that under the present conditions, 
the lake is recharging at a slower rate than it discharges into the groundwater and surface 
water sources on its down stream side.   
 
Based on the available data, it appears a properly designed dredging program may be 
effective in increasing the depth of the lake, removing excess sedimentation on the lake 
bottom and encouraging more rapid groundwater recharge to the lake.  Evaluation of the 
dredging program will require additional studies.  A permit must be obtained from the 
MDNRE prior to the start of a dredging program.  Additional field and laboratory testing 
will be required to obtain the necessary information for the permit.  AGS will be happy to 
prepare a detailed work plan for this purpose upon your request.  
 
Do not consider this summary separate from the entire text of this report, with all the 
conclusions and qualifications mentioned herein.  Details of our analysis and 
recommendations are discussed in the following sections and in the Appendix of this 
report. 
 
RORT PREPARED BY:      REPORT REVIEWED BY: 
 
Jefferey T. Anagnostou, P.E., C.P.G.    Anthony S. Nestor, P.E. 
Geotechnical Engineer/Principal     Senior Project Consultant 
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1.  INTRODUCTION 

1.1 
Lake Arrowhead (also known as Buhl Lake) is a natural, approximately 95 acre lake 

situated in Section 32 of Township 30 North, Range 4 West, Hayes Township, Otsego 

County, Michigan.  Lake Arrowhead is classified as a seepage lake (also known as closed 

basin lake or kettle hole lake) with no surface tributaries or outlets.  There are currently six 

(6) separate private residential subdivisions surrounding Lake Arrowhead.  The 

subdivisions are collectively known as the Lake Arrowhead Property Owners Association 

(LAPOA).  Lake Arrowhead is currently used for boating, fishing, swimming, and other 

recreational purposes. 

General 

 

Development of vacation and year-round homes along the lake reportedly began in the 

early 1960s.  In order to assess the history of the site, historic aerial photographs were 

obtained from the TRS Environmental and Historical Research Corporation for the 

years 1955, 1975, 1983, 1994, 2005, and 2010.  Our review of the 1955 historical aerial 

photograph for the subject site indicates the area surrounding Lake Arrowhead was 

generally heavily wooded prior to development of the LAPOA residential subdivisions.  

Apparent private roadways belonging to the LAPOA are visible in the 1975 aerial 

photograph.  Apparent single family residential development appears in the 1983 through 

2005 aerial photographs.  In the 2010 aerial photograph, the site appears essentially as 

observed during out site visit.  The area surrounding the LAPOA subdivisions appears to 

generally be heavily wooded.  

 

1.2 
It has been reported that the water levels of Lake Arrowhead have dropped approximately 

4 to 7 feet during the last decade.  The declining lake levels have restricted the use of 

Lake Arrowhead for recreational purposes.  The declining lake levels appear to coincide 

Statement of Problem & Purpose of Study 
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with lower than normal precipitation levels within the Manistee River watershed recorded 

at the National Oceanic and Atmospheric Administration (NOAA) Gaylord, Michigan 

weather station.   

 

The purpose of the Preliminary Lake Level Augmentation Evaluation is to review the 

geologic and hydrogeologic characteristics of the site, assess current groundwater use in 

the area, evaluate the feasibility of raising the lake level by pumping from a groundwater 

well(s) and to develop preliminary recommendations for other alternatives for improving 

the lake water levels.  

 

1.3 
 

Scope of Services 

The Preliminary Lake Level Augmentation Evaluation was performed in accordance with 

AGS Proposal No. p12-1003 dated January 15, 2012.  The scope of services for this 

project is as follows: 

 
1. Perform a site visit by a licensed professional engineer to perform a visual 

reconnaissance of the site are and collect data for the evaluation. 
 

2. Contact the Michigan Department of Natural Resources and Environmental 
(MDNRE) to inquire about existing hydrogeologic reports within the site area, 
current groundwater use, and previous investigations of declining lake levels in 
the northern portion of Michigan's lower peninsula;  

 
3. Review the results of the deep test boring performed at the site at the request of 

LAPOA by Hart Well Drilling & Excavation, LLC of Gaylord, Michigan in 
September 2011; 

 
4. Review and evaluate drinking water well logs for the Lake Arrowhead area 

available on the MDEQ Well Record Retrieval System website; 
 

5. Perform a literature search and review readily available published geologic and 
hydrogeologic information for the site area;  

 
6. Review USGS topographic maps for the site area and estimate groundwater flow 

patterns and relative flow rates within the Lake Arrowhead area; 
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7. Investigate the historic development of the site area; 
 
 
This study was conducted only on the basis of available geologic information, site visit, 

and interviews with certain people familiar with the lake.  No field or laboratory testing was 

performed for this study.  

 



 

 
 4 

2.  SITE CONDITIONS 
 
2.1 
 

Lake Arrowhead Characteristics 

Lake Arrowhead (also known as Buhl Lake) covers an area of approximately 95 acres.  

The lake is a seepage-type lake (also known as closed basin lake or kettle hole lake).  A 

contour map of the lake depth was not available during our evaluation.  However, we 

understand the lake depth is generally less than 15 feet.  Seepage lakes are 

characterized by having no inlet or outlet streams.  Groundwater and net precipitation are 

the main sources of recharge for this lake.  The water level in seepage lakes can change 

significantly from season to season and from year to year because the lake's water level 

is a reflection of the elevation of the groundwater levels which are influenced by 

precipitation.  

 

Recently, declining water levels for inland lakes has been widely reported in northern 

Michigan and Wisconsin.  Four main factors have been found to influence the water 

levels of inland lakes: 

 

a) Lake Type:  A study of several central Wisconsin lakes indicated a strong 

relationship between lake level fluctuations and lake types (Wisconsin Lake 

Levels: Their Ups and Downs, Novitizki and Devaul, US Department of Interior 

Geological Survey, February, 1978).  Water levels in seepage lakes in the study 

fluctuated between 2½ and 11 feet, while water levels in lakes fed by streams or 

rivers in addition to groundwater fluctuated by only between 1½ to 4 feet.  Again, 

the larger water level declines in seepage lakes is the result of their main water 

supply coming from groundwater and surface water from precipitation;.   

 

b) Site Topography:  Similar to surface water, groundwater in near surface, 

unconfined aquifers flows from high areas to low areas.  The highest point of the 

groundwater surface is known as a groundwater divide.  It is important to note that 

groundwater divides are not the same as ground surface divides.  Surface water 
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from precipitation flows from high ground to low ground.  Part of the precipitation 

seeps into the upper most groundwater.  Precipitation entering the groundwater 

flows outward from the groundwater divide.  Lakes close to the groundwater divide 

have less area to draw water from than lakes farther "downhill". These lakes are 

more susceptible to fluctuations when lower than norm amounts of precipitation 

lowers the groundwater level.   

 

As discussed in Section 3.0 of this report, the Lake Arrowhead area is situated 

near the surface water-groundwater divide separating the Manistee River drainage 

basin (to the west and southwest) from the Au Sable River drainage basin (to the 

east and southeast).  Thus, Lake Arrowhead is anticipated to be susceptible to 

water level fluctuations due to varying precipitation rates.   

 

c) Precipitation Levels:  Within the site area, groundwater levels, and therefore the 

water level of Lake Arrowhead, rise and fall based on the amount of precipitation in 

the lake's watershed.  As shown in the Gaylord, Michigan Precipitation Records 

included in Appendix A, precipitation levels recorded at the Gaylord NOAA weather 

station indicates the mean annual precipitation for the years 1981 through 2010 

was 35.4 inches.  We note that for the years 2000 through 2010, precipitation for 

nine (9) of the eleven (11) years were below the mean value.  However, the 2011 

precipitation level was reported to be 41.3 inches.  Thus, the precipitation values 

since 2000 are consistent with declining lake levels.  However, if the higher than 

normal precipitation experienced in 2011 persists, lake levels are anticipated to 

rise unless greater than normal human-caused groundwater withdrawal occurs 

within the site area.   

 

d) Human Water Use:  As discussed in Section 2.3 of this report, the available 

drinking water well logs for the site area indicate the near surface aquifer 

recharging Lake Arrowhead has a relatively high transmissivity (i.e., ability to store 

and yield large supplies of water).  However, large groundwater withdrawals from 
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multiple closely spaced residential drinking water wells, irrigation wells, oil and gas 

well hydraulic fracturing operations, and other groundwater withdrawals may lower 

the groundwater level and therefore the water level of Lake Arrowhead.  On March 

28, 2012 AGS conducted a telephone interview with Mr. Dave Walters of the 

Michigan Department of Natural Resources and Environment (MDNRE) Water 

Management Division (WMD) and Ms. Roxanne Merrick of the MDNRE Land and 

Water Management Division (LWMD).  Both of these individuals work in the 

MDNRE Gaylord Field office.  Mr. Walters is reportedly responsible for issuing 

groundwater discharge permits and monitoring large groundwater withdrawals.  Mr. 

Walters indicated he was not aware of any large scale groundwater withdrawals 

within the site area.  He did indicate that Merritt Energy is currently operating a 

groundwater remediation system within the area.  The groundwater remediation 

operations include pumping impacted groundwater, treating the water for removal 

of contaminants, and re-injecting the treated water to the near surface aquifer.  

Therefore, this operation is not anticipated to noticeably impact groundwater levels 

in the site area.  Ms. Merrick also was not aware of any large groundwater 

withdrawals within the site area.  She indicated several kettle hole lakes in the 

northern portion of the Lower Peninsula are experiencing declining lake levels 

probably due to the recent lower than normal precipitation levels.  However, it is 

also likely that the total groundwater withdrawal from private water wells within the 

LAPOA has increased since 2000.   

 

On March 29, 2012, AGS conducted a telephone interview with Ms. Janet 

Smigielski, Senior Geologist the the MDRNR Gaylord Field Office, Office of Oil, 

Gas & Minerals.  Ms. Smigielski forwarded a map of natural gas wells within the 

Lake Arrowhead area.  The map shows approximately 35 gas wells near Lake 

Arrowhead.  Ms. Smigielski indicated the wells extend into the Devonian Age 

Antrim Shale bedrock formation and extract oil and natural gas using hydraulic 

fracturing techniques.  According to the MDNRE website, a hydraulic fracture 

treatment of a typical Antrim gas well requires about 50,000 gallons of water.  
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Thus, it appears groundwater use within the site area has increased and is likely 

contributing to lower groundwater/lake levels.  However, the influence of 

groundwater withdrawal on the water level of Lake Arrowhead is likely of lesser 

importance than the lower than normal precipitation values.  

 
2.2 
 

Regional Glacial & Bedrock Geology 

The surficial geology of the site area is associated with deglaciation and deposition by the 

Huron and Michigan lobes of the Wisconsin Glacier during the Wisconsinan Stage of the 

Pleistocene Series glacial episode.  The glacier retreated from the area approximately 

11,800 years ago.  Within the site area, the thickness of the ice sheet is believed to have 

been in excess of one mile.  The Quaternary Geology of Southern Michigan Map, 1984 

compiled by Farrand and Bell indicates the site area is situated within a pitted glacial 

outwash valley immediately northwest of the northwestern flank of the Port Bruce 

Recessional Moraine.  The site is surrounded by an extensive glacial outwash plain and 

is situated approximately 4 miles south-southeast of the northwest-southeast trending 

Johannesburg End Moraine.   

 

Within the site area, the Port Bruce Moraine consists of a kame moraine ice contact 

deposit consisting predominantly of unsorted sand and gravel glacial till and outwash 

sand and gravel.  After constructing the Port Bruce Moraine, the glacier ice margin 

retreated northward then stagnated approximately four miles north of the site where the 

Johannesburg Moraine was deposited.  As the stagnated glacial ice sheet constructed 

the Johannesburg Moraine torrential volumes of meltwater flowed southward eroding 

deep north-south trending valleys into the Port Bruce Moraine and depositing outwash 

sand and gravels within the valleys channels.  Adjacent to the outwash-filled valleys, 

extensive outwash plains were constructed.  The numerous seepage-type  lakes within 

the site area (including Lake Arrowhead, Lake Little Bear, Pencil Lake, Lake Harold, 

and Lake Manuka) appear to have formed as a result of huge ice blocks rafting off the 

glacier or carried away from the margin of the glacier by meltwaters.  Outwash sand 
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and gravel was deposited over and around the ice blocks.  Upon melting away of the 

blocks, large depressions were formed.  Where the bottom of the depressions intersect 

the groundwater level, the seepage lakes (also known as closed basin or kettle hole 

lakes) formed. 

 

Locally, the remnant of the Port Bruce Moraine can be identified as the topographic 

high area south of the old railroad grade approximately 2,000 feet south of the south 

end of Lake Arrowhead.  The sand and gravel of the Port Bruce Moraine appear to 

represent a recharge area for the aquifer feeding Lake Arrowhead.  A schematic 

diagram of the glacial geology of the site area is presented in Figure 1 included in 

Appendix A. 

 

2.3 Existing Drinking Water Well Summary 

 

At the request of the LAPOA, a test boring was drilled on the east side of Lake Arrowhead 

by Hart Well Drilling & Excavating, LLC of Gaylord, Michigan in September 2011.  It was 

reported that a six-inch diameter uncased borehole was advanced to a total depth of 465 

feet below the existing ground surface.  The driller reported encountering "washed sands" 

with minor gravel to a depth of 415 feet.  Below this depth clay and shale (possible 

Devonian Age Antrim Shale Formation) was encountered to the maximum explored depth 

of 465 feet.  Below this depth, methane gas is reportedly encountered.  The groundwater 

level was reported to be at a depth of 12 feet below the ground surface.  It appears the 

reported groundwater level roughly corresponds to the water level of Lake Arrowhead.  A 

copy of the Hart Well Drilling & Excavating, LLC test boring log and cover letter is 

included in Appendix A. 

  

Twenty (20) existing drinking water well logs for Section 32 of Hayes Township, Otsego 

County, Michigan (Township 30 North, Range 4 West) were obtained from the MDEQ 

Well Record Retrieval System website.  The majority of the wells appear to be from the 

LAPOA.  The wells extend to depths ranging from 45 to 92 feet below the existing ground 
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surface.  The reported static groundwater levels within the wells ranged from 5½ to 55 

feet below the ground surface.  The groundwater levels appear to roughly correspond to 

the Lake Arrowhead water level.  The specified yield values (i.e. gallons per minute 

pumping rate per one foot drawdown in the well) appears to be relatively high indicating 

the aquifer has a high capacity to store and transmit groundwater.  We note that none of 

the logs indicate the presence of a silt or clay layers in the subsurface.  Thus, it does not 

appear a deeper, confined aquifer is available for augmentation of the Lake Arrowhead 

water levels by pumping well(s) based on the reviewed water well logs.  

 

Copies of the Water Well logs obtained from the MDEQ website are included in Appendix 

B.  

2.4 USDA Soil Survey Information 

 

To evaluate the properties of the near surface soils surrounding Lake Arrowhead with 

respect to their drainage properties and ability to allow seepage from the sides of the 

lake, AGS reviewed United States Department of Agriculture (USDA) Soil Survey 

information for the site available on the USDA Web Soil Survey website.  The Soil Survey 

indicates the soils around Lake Arrowhead generally consist of the Rubicon Sand, 0 to 35 

percent slopes, the Kalkaska Sand, 6 to 18 percent slopes, and the Kalkaska Sand, 8 to 

50 percent slopes.  The soil survey describes these soils as being "somewhat excessively 

drained" to "excessively drained".  The use of these soils for pond reservoirs and 

embankments is described as being restricted to severely restricted due to excessively 

high seepage.  Based on our experience with similar soils, we estimate the Lake 

Arrowhead sidewall soils may possess a coefficient of permeability on the order of 3 feet 

per day.  Therefore, the USDA soil survey information indicates attempting to raise the 

Lake Arrowhead water level by pumping water into the lake from a well would require very 

high pumping volumes to overcome the water lost through seepage through the sidewalls. 

It is evident that raising the water level of Lake Arrowhead would require raising the 

groundwater level within the site area.  Pumping would not be likely to accomplish this as 
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water would be recycled from the same aquifer.  The USDA soil survey map for the 

subject site is included as Figure 2 in Appendix A. 
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3.  STUDY REGION 

 

Our review of the readily available geologic and hydrogeologic literature as well as the 

USGS topographic map for the site indicates Lake Arrowhead is a recharged by 

precipitation falling near the lake and draining into it, and by seepage from a shallow, 

unconfined aquifer that is in hydraulic connection to surface water.  Therefore, a 

characterization of the hydrogeology effecting Lake Arrowhead requires defining the 

overall drainage basin containing the lake as well as the subsurface area from which the 

lake is being recharged together with the area that the lake is charging.  As shown in 

Figure 3 included in Appendix A (Manistee River Natural River Systems), Lake Arrowhead 

is situated within the extreme northeast portion of the Manistee River watershed.  The 

generalized direction of groundwater flow within the site area is towards the west-

southwest direction.  A groundwater and surface water divide exists approximately 1½ 

miles east of Lake Arrowhead.  The Au Sable River watershed lies east of this divide with 

the generalized direction of surface water and groundwater flow towards the east and 

southeast directions.  A second groundwater and surface water divide exists 

approximately 3 miles west of the site.  The divide represents the boundary of the Elk 

Lake watershed.  West of this divide, the generalized direction of surface water and 

groundwater flow is towards the west and southwest, away from Lake Arrowhead.   

 

Surface water bodies within the Manistee River watershed and "upstream" of Lake 

Arrowhead are anticipated to seep into the groundwater, flow towards the southwest and 

west and recharge the lake.  The water within Lake Arrowhead is anticipated to discharge 

to the groundwater and recharge surface water bodies within the Manistee River 

watershed "downstream" of the Lake Arrowhead.  The rate of recharge to Lake 

Arrowhead and the seepage out of the lake into the groundwater is anticipated to be 

directly proportional to the hydraulic gradients upstream and downstream from the lake.  

Therefore, a study area was selected of sufficient size to permit the estimation of the 

approximate hydraulic gradients upstream and downstream of Lake Arrowhead.  A rather 
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large study region, covering an area of approximately 64 square miles was selected for 

our Preliminary Lake Level Augmentation Evaluation (we note if further studies are 

performed, the extent of the study area may be revised).  The study area is shown on 

Plate 1, Generalized Groundwater Surface Contour Map included in Appendix A.  Plate 1 

shows the surface water-groundwater contour lines in units of meters superimposed on 

the USGS 7.5 minute quadrangle topographic maps for the site area.  The surface water-

groundwater contour lines were interpreted based on spot surface water elevations 

shown on the topographic maps.   

 

Water bodies upstream of Lake Arrowhead within the study area include Thomas Lake 

and Lake Wequos.  Water bodies within the study area downstream from Lake 

Arrowhead include Pencil Lake, Lake Harold, Washwomen Lake, Deer Lake, the 

Manistee River, and several unnamed surface water bodies.  
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4.  ANALYSES 

4.1 Site Visit 
 

A site visit was performed by Mr. Anthony S. Nestor., P.E., a representative of AGS, in 

October 2011.  During our site visit, several single-family residential dwellings were 

noted to be present surrounding Lake Arrowhead.  Beyond the residential area, wooded 

areas were typically present.  A lack of streams and culverts within the area was noted, 

indicating a relatively high permeability for the near surface soils and rapid infiltration of 

precipitation.  No streams were noted to enter or exit Lake Arrowhead, indicating the 

lake to be a seepage type lake primarily recharged by groundwater and precipitation.   

 

4.2 MDNRE Interviews 
 

Our telephone interviews with various MDNRE Gaylord Office staff members indicated 

the subject site is situated within the northern portion of the Manistee River drainage 

basin.  The area reportedly typically contains a shallow, unconfined aquifer that 

hydraulically connected to the numerous lakes within the watershed.  The MDNRE staff 

indicated several lakes within the Lake Arrowhead area have experienced declining 

water levels. As no known large scale groundwater withdrawals are occurring in the 

area, it is believed the lower than normal precipitation levels during the last several 

years are the chief cause of the lower lake levels.   

 

Several oil and gas wells are present within the Lake Arrowhead area.  The wells 

reportedly obtain natural gas from the Antrim Shale Formation using hydraulic fracturing 

methods.  The hydraulic fracturing operations typically use approximately 50,000 

gallons of water per well.  Thus, the oil and gas wells may be contributing to the lower 

groundwater/lake water levels.  However, it does not appear groundwater withdrawal 

associated with the oil and gas well development is the primary cause of the lower 
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water levels.  A map of the oil and gas wells in the site area are shown on Figure 4 

included in Appendix A. 

 

4.3 Water Well Logs In The Site Area 
 

Twenty (20) water well logs for the LAPOA area were obtained from the MDEQ Well 

Record Retrieval System website.  The wells extend to depths ranging from 45 to 92 feet 

below the existing ground surface with static groundwater levels within the wells ranged 

from 5½ to 55 feet.  The wells appear to have relatively high specific yield values.  We 

note that none of the logs indicate the presence of silt or clay layers in the subsurface.  

Thus, it does not appear a deeper, confined aquifer is available for augmentation of the 

Lake Arrowhead water levels by pumping well(s).  

 

At the direction of the LAPOA, a test boring was drilled along the east side of Lake 

Arrowhead in September 2011.  A six-inch diameter uncased borehole was advanced to 

a total depth of 465 feet below the existing ground surface.  The driller reported 

encountering "washed sands" with minor gravel to a depth of 415 feet.  Below this depth 

clay and shale (possible Devonian Age Antrim Shale Formation) was encountered to the 

maximum explored depth of 465 feet.   

 

The water well log and test boring information indicates the glacial drift underlying the 

site area contains a single, unconfined aquifer that is in hydraulic connection with water 

of Lake Arrowhead. 

 

As discussed previously, we have reviewed water well logs from the LAPOA 

surrounding Lake Arrowhead.  The water wells were obtained from the MDEQ Well 

Record Retrieval System website.  The driller's descriptions of the encountered 

subsurface materials indicates the subsoils consisted of sands and sand and gravels.  

The logs do not report encountering any silt or clay layers.  The wells obtain water from 

the near surface, unconfined aquifer with the well screens set at depths ranging from 
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approximately 35 to 95 feet below the existing ground surface.  Water levels within the 

wells reportedly ranged from 5½ to 55 feet below the existing ground surface.  The 

average reported specific yield was 30 gallons per minute per foot drawdown in the well 

(gpm/ft).  However, several wells apparently had no drawdown despite pumping rates of 

up to 55 gallons per minute (gpm) indicating a relatively high transmissivity (i.e., ability 

to transmit and storage large volumes of water).   

 

4.4 Hydrogeologic Information 
 

As discussed previously, Lake Arrowhead is a seepage-type lake lacking surface water 

tributaries or outlets.  The water flow into the lack is primarily by 1) direct precipitation 

on the lake surface and on the surrounding area that drains into the lake; and 2) 

seepage through the sides of the lake from the upstream side groundwater flow; and 3) 

recharge directly from the lake bottom because of hydrostatic head.   

 

The shallow, unconfined aquifer below the site area recharges the lake.  The 

groundwater recharge from the study region will be due to having water surface levels 

higher than the bottom of Lake Arrowhead.  The flow from the other lakes will depend 

upon the elevation of the water surface in the lakes, distance of the recharge source 

and the permeability of soils between the two lakes.  As any water body recharges from 

the other water bodies with water surface at higher elevation, it also discharges to other 

water bodies with water surface at lower elevation.   

 

Based on the available topographic maps of the study region we have prepared a 

Generalized Groundwater Surface Contour Map of the upper, unconfined aquifer.  It 

should be noted that this map has been prepared on the basis of the USGS & 7.5 

Minute Lake Arrowhead and Alba, Michigan Quadrangles topographic maps, which 

have a ground surface elevation contour interval of three (3) meters (approximately 9.8 

feet).  Furthermore, water levels may fluctuate with time, and the fluctuations may not 

be uniform at all locations within the study area.  However, we believe the map provides 
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an indication of the groundwater conditions of the shallow, unconfined aquifer that is in 

hydraulic connection with the surface water of the region (i.e., lakes, streams and 

wetlands).  The groundwater surface contours are shown on Plate 1 in Appendix A. 

 

The recharge due to precipitation on the lake surface and surrounding area will depend 

upon the amount of precipitation in the region over which we do not have any control.  

The land area surrounding the lake through surface as well as subsurface water flow 

that drains to the lake is called its drainage basin, the extent of which depends upon the 

surface topography of the area and the presence of other water bodies (lakes, ponds, 

wetlands, and streams).   

 

As shown in Figure 3 included in Appendix A (Manistee River Natural River Systems), 

Lake Arrowhead is situated within the extreme northeast portion of the Manistee River 

watershed.  The generalized direction of groundwater flow within the site area is towards 

the west-southwest direction.  A groundwater and surface water divide exists 

approximately 1½ miles east of Lake Arrowhead.  The Au Sable River watershed lies east 

of this divide with the generalized direction of surface water and groundwater flow towards 

the east and southeast directions.  A second groundwater and surface water divide exists 

approximately 3 miles west of the site.  The divide represents the boundary of the Elk 

Lake watershed.  West of this divide, the generalized direction of surface water and 

groundwater flow is towards the west and southwest, away from Lake Arrowhead.   

 

 

Recharge of the lake depends on the presence of one or more aquifers of the region 

and the permeability of the subsurface materials below the lake.  If there are more than 

one aquifer under the lake, it will be important to determine the hydrostatic head for 

each aquifer.  Our review of available data, as well as our telephone conversations with 

the MDNRE data indicates a single shallow, unconfined aquifer exists within the site 

area.  However, this should be confirmed prior to implementing remedial measures to 

improve the lake level.  If there are variations in the permeability of the aquifer soils, 
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there may also be vertical (upward and/or downward) hydraulic gradient within the 

aquifer. 

 

4.5 Lake Arrowhead Vicinity 
 

Lake Arrowhead is currently surrounded by single-family year round and vacation 

homes with associated roadways and landscaped lawn areas. Park and campground 

areas are situated along the east side of the lake.  Heavily wooded areas are present 

further away from the lake. Our review of historical aerial photographs dating back to 

1955 indicates the Lake Arrowhead area was a vacant, generally wooded area prior to 

development of the LAPOA in the 1960s.  

 

4.6 Regional Groundwater Recharge And Discharge 
 

The current recharge and discharge characteristics of Lake Arrowhead can be 

interpreted from the Groundwater Surface Contour Map presented on Plate 1 in 

Appendix A.  The map indicates that the generalized direction of groundwater flow 

within the site area is from the northeast to southwest.  The map indicates that 

upstream of the lake, a 3 meter (9.84 feet) drop in the groundwater level is occurring in 

approximately 3,240 meters distance giving a hydraulic gradient of 0.0009 meters per 

meter.  Conversely, on the downstream side of Lake Arrowhead, 6 meters (19.68 feet) 

drop in groundwater level is occurring in about 1200 meters horizontal distance giving a 

hydraulic gradient of 0.005 meters per meter.  Between Lake Arrowhead and Pencil 

Lake a 2.1 meter (6.9 feet) drop in the groundwater level is occurring in approximately 

380 meters (1,246 feet) giving a hydraulic gradient of 0.0055 meters per meter (feet per 

foot).  This indicates the hydraulic gradient on the downstream side of the lake is about 

5 to 6 times that of the upstream side.  Although no data is available for the coefficient 

of permeability (k) value of the sandy subsoils within the site area, based on the USDA 

Soil Survey for Otsego County soil descriptions, the geologic maps for the area, and our 

experience with similar soils, we have assigned an average k value of 3 feet per day to 
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the subsoils.  On this basis, a recharge groundwater velocity of approximately 0.003 

feet per day and a discharge velocity of 0.015 feet per day were obtained.  From our 

analysis, it appears water is discharging from Lake Arrowhead at about 5 times the rate 

of recharge of groundwater into the lake.  We believe it is possible recharge of the lake 

is restricted by the sedimentation at the bottom and sides of the lake, particularly along 

the north and east sides of the lake.   
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5. EVALUATIONS & CONCLUSIONS 

 

Based on our evaluation of the data obtained during the Preliminary Lake Level 

Augmentation study we present the following conclusions: 

 

1. It appears below normal precipitation during the last decade have resulted in a 

decline of the level of Lake Arrowhead.  We anticipate that a return to normal, 

higher preciptation levels within the watershed would increase the lake level.  

However, as future precipitation cannot be controlled or accurately predicted.  

Therefore, other methods should be considered for lake level augmentation.  

 

2. Available water well logs and a deep test boring extending to a depth of 465 feet 

performed along the east side of the lake indicate the site area is underlain by a 

single unconfined aquifer.  Below that depth, bedrock of the Devonian Age 

Antrim Shale Formation with groundwater typically containing methane gas and 

brine is present.  This indicates the installation of a lake augmentation well to 

pump water into the lake will not be effective as the well would be installed in the 

same aquifer that is already feeding the lake and it would simply re-circulate 

water.   

 

3. It may be possible to raise the lake level if the sediments from the bottom and 

sides of the lake area removed.  This will require dredging of the lake.  

Specifically, the sediments must be removed from the bottom and the north and 

east sides of the lake.  To confirm the feasibility from an engineering standpoint 

of this method additional studies will be required.  Furthermore, dredging of the 

lake will require a permit from the MDNRE.  Additional information will also be 

required by the MDNRE to issue the permit.   
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6.  ADDITIONAL STUDIES 
 

As discussed in Section 5, it is apparent that additional studies will be required to 

confirm the findings of this preliminary study.  The studies will also be needed to 

determine the feasibility of dredging and to provide the information needed by the 

MDNRE to issue the necessary permits.  We believe the following information will be 

needed for this purpose.  Additional studies, beyond the work scope presented below 

may be required to provide all information that may be required by the MDNRE.   

 

At minimum, we believe the following scope of work may be required: 

 

1. In order to better understand the hydrogeology of the area, additional water well 

logs must be collected and reviewed for an expanded area surrounding Lake 

Arrowhead.  Current water levels for various lakes within the study area will also 

be obtained from the MDNRE if available.   

 

2. Perform soil borings around and sampling around the lake.  The borings should 

be extended to a minimum of 10 feet below the bottom of the lake.  Temporary 

observation wells should be installed within each boring to determine the static 

groundwater levels. 

 

3. Based on the results of the borings and observation wells, it may be necessary 

to determine if the subsoils have a vertical gradient at the lake bottom. 

 

4. The lake bottom should be probed to determine the depth of the lake and the 

thickness of sediments along the bottom and sides of the lake.   

 

5. Samples of the sediment from the lake bottom should be collected and 

submitted to a reputable laboratory for chemical analysis.  The current list of 

required testing parameters should be obtained from the MDNRE.  However, at 
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minimum, the samples should be analyzed for heavy metals and herbicides.  

Water samples from Lake Arrowhead should also be obtained and analyzed in 

accordance with MDNRE guidelines. 

 

6. The number of test borings, temporary observation wells, sampling and probing 

locations at the lake bottom and the target analytical parameters for the 

sediments and lake water shall be determined based on further findings and 

evaluation and discussions with the MDNRE.  

 

7. The above studies may be performed in 2 or 3 phases, as the total investigation 

will depend on the findings of the preceding studies.   

 

8. The above information should be evaluated and presented in a formal report for 

submission to the MDNRE as part of the dredging permit application. 

 

We emphasize that prior to performance of the work, the MDNRE should be contacted 

so that a work plan for the study can be prepared and accepted by the MDNRE.  We 

further note that even after accepting the work plan, the MDNRE may require additional 

information based on the study findings. 
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7. LIMITATIONS 
 

The analyses, evaluations and conclusions presented in this report are of a preliminary 

nature and have been prepared on the basis of limited available data with no field or 

laboratory exploration.  It may be necessary to revise the conclusions of this report after 

additional information is available.  Also, the scope of work presented herein for 

additional services may not be sufficient for the final evaluation and conclusions as this 

study may raise additional concerns, or the MDNRE may request additional data.   

 

If dredging alternative is selected, it will be necessary to prepare a site specific dredging 

plan and construction documents.  The generalized scope of work presented in Section 

6 does not include preparing a dredging plan or bid documents. 
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