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DEPTH PROFILE STUDY OF PHOSPHORUS

CONCENTRATIONS IN THE CHERRY CREEK

ALLUVIAL AQUIFER

INTRODUCTION

The Cherry Creek Basin Water Quality Authority (Authority) is charged with managing the water

quality of the upper Cherry Creek Basin, with a focus on nutrients such as nitrogen and

phosphorus entering Cherry Creek Reservoir that could adversely impact the quality of the

reservoir and the aquatic resources. Toward that end, the Authority has regularly sampled and

measured nutrient concentrations in the surface waters and ground waters of the basin since

1994. The results of this sampling are used in the quantitative assessment of the distribution and

movement of nitrogen and phosphorus in the surface water and through the alluvial sediments.

Historically, the Authority has sampled phosphorus in the alluvial ground water through

monitoring wells that are open to the full saturated thickness of the alluvium. Samples obtained

in this manner are taken as representing the composite concentration for the full alluvial

thickness. Similarly, the vertical distribution of aquifer hydraulic conductivity, a measure of the

ease with which water moves through the alluvial sediments, is treated as uniform through the

full saturated thickness. It is also treated as uniform through the entire cross-sectional area of

flow at each monitoring point.

The Cherry Creek alluvial aquifer is not a homogeneous aquifer with continuous, unstratified

sediments. Instead, the Cherry Creek alluvium generally exhibits varying degrees of vertical

stratification, with interbedded, unconsolidated sands, gravels, silts, and clays. The presence of

laterally-continuous silts and clays in the alluvial aquifer create the potential for there to be

preferential flow paths through the alluvium, i.e., flow through the more highly-permeable sands

and gravels, with little, or no, flow through the silts and clays. There are a number of

implications for the case in which the alluvial aquifer is highly stratified. For example, isolated

zones having high hydraulic conductivity may serve as preferential pathways for the transport

of phosphorus. Composite samples obtained from wells that are completed through the full

saturated thickness may not provide an accurate measure of the concentrations within specific

zones. In addition, analyses of phosphorus concentrations and loads being transported through

the alluvial aquifer may not be reliable if these analyses rely on averaged concentrations or

averaged hydraulic conductivities. 
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Lytle Water Solutions, LLC (LWS) was retained by the Authority in 2005 to assist it in

investigating variability in hydrogeologic and water quality conditions within the alluvial aquifer.

The purpose of this special study was to evaluate the heterogeneity of the Cherry Creek alluvial

aquifer at four separate locations within the basin. Specifically, the study was designed to

investigate the degree of stratification within the alluvial sediments and, where separate and

distinct zones could be identified, to evaluate the variability in water chemistry between these

separate zones. The study was done in response to specific studies that were identified in the

Cherry Creek Control Regulation No. 72 relative to achieving the phased total maximum annual

load (TMAL) for phosphorus at Cherry Creek Reservoir.

STUDY METHODOLOGY

Four sites were identified for detailed investigations in concert with the Authority’s Technical

Advisory Committee (TAC). The sites were generally selected to coincide with existing ground

water monitoring wells that are sampled as part of the Authority’s ground water monitoring

program to allow for a comparison between the existing sites where composite sampling has

been done historically and a one-time depth-specific sampling that was authorized as part of this

study. The following identifies the Authority monitoring well site by number and the

corresponding depth profile test hole:

                 Authority

Monitoring Well Site Depth Profile Test Hole

MW2 DP2

MW4 DP4

MW5 DP5

MW9 DP9

The locations of the monitoring wells and depth profile test holes are shown in Figure 1.

Test drilling was accomplished with an AP-1000 drilling rig through a subcontract with Layne

Christensen, Inc.. This drilling equipment was chosen specifically because of its unique

capabilities for sampling and testing of unconsolidated sediments such as the alluvium of Cherry

Creek. Drilling is accomplished by advancing a drill bit connected to dual-wall drill pipe. The

drill bit and drill pipe are advanced by percussion hammer, while the drill “cuttings” are carried
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to the surface using high-velocity compressed air. The dual-wall configuration of the drill pipe

allows for injection of compressed air down the annular space formed between the concentric

pieces of pipe, while cuttings are ejected through the center piece of pipe. The principal benefits

of this method of drilling are that (a) since the hole is supported by drill pipe, samples are

virtually uncontaminated (unlike those recovered using augers, rotary drilling, etc.) and (b) the

hole is cased as it is advanced, which virtually eliminates the risk of collapse and provides a

means for installing well screen and casing. This approach allows for the drilling and sampling

of the full thickness of the alluvial aquifer at discrete intervals. 

Once the subsurface geology was determined from drill cuttings, specific intervals were

identified for testing and sampling. Intervals were tested and sampled, beginning with the lowest

interval and working upward in the hole. In general, once the borehole reached total depth a

temporary string of 4-inch (in) diameter polyvinyl chloride (PVC) casing and screen was lowered

through the center of the drill pipe. The drill pipe was then lifted into a low-permeability layer

(where present) to expose the screen and the hole was allowed to collapse around the screen,

which resulted in naturally gravel-packing the screen. If this did not occur, gravel pack was

placed around the screen. A layer of bentonite, typically 6 to 12 in. deep, was placed above the

screen to isolate the interval for testing. A submersible pump was then lowered into the 4-in.

casing/screen assembly and pumped for periods lasting from 15 to 45 minutes, depending on the

time required for water chemistry to stabilize. LWS field personnel used the same sampling

protocols as developed for the Authority’s  baseline ground water monitoring program (JCHA,

1994b).  

Water levels were monitored prior to, and during, pumping to provide information on the

hydrologic properties of the interval being tested. Pumping was continued until water discharged

from the pump was relatively clear and  field water quality parameters (pH, temperature, specific

conductance) stabilized. Water quality samples were collected at this point in time. Following

sampling, the casing and screen assembly were retracted to the next interval slated for testing and

the entire process was repeated.

The initial process for identifying specific zones for sampling was to delineate zones that were

generally uniform in geologic character and separated from other zones by distinct and

moderately thick (several feet (ft) in thickness) clays or silts. The rationale was that thicker clays

were more likely to persist laterally, thereby forming a distinct hydrogeologic zone, whereas
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relatively thin clay beds might not extend very far from the drilling site and would be less likely

to form a distinct hydrogeologic zone.

The first site drilled, DP4, was completed using this strategy. As may be seen on the log for DP4,

two distinct zones can be identified, one extending from a depth of 19 to 47 ft, and the second

extending from a depth of 52 to 66 ft. Accordingly, two intervals were sampled and tested. Both

zones appeared to be homogeneous. It was apparent from the drilling at this site that there might

not be a significant amount of layering within the alluvial sediments. In light of this, sampling

strategy was modified somewhat, such that at subsequent test holes at least three intervals would

be tested, whether or not there was evidence of significant layering. This was accomplished at

test holes DP5 and DP9. At test hole DP2, the static water level was deep (likely the result of

nearby pumping) and only one interval could be tested and sampled. At this particular location,

a 2-ft thick sand layer was encountered immediately above bedrock. This sand layer is considered

to be weathered bedrock (sometimes referred to as saprolite) and is not a part of the alluvial

aquifer. 

Field measurements were obtained during pumping of each interval and included specific

conductance, pH, and temperature. Water quality samples were obtained from each of the

intervals tested once these parameters had stabilized in accordance with the Authority’s Quality

Assurance/Quality Control (QA/QC) procedures (JCHA, 1994b). As identified in the Authority’s

Request for Proposal (RFP), each sample was analyzed for the following parameters:

Total Phosphorus (TP)

Soluble Reactive Phosphorus (SRP)

Nitrate-Nitrogen

Calcium

Magnesium

Potassium

Sodium

Bicarbonate

Sulfate

Chloride
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Samples were also obtained from the adjacent Authority monitoring wells within 7 days of the

day on which the corresponding interval samples were obtained. Sampling protocols for the

Authority’s monitoring wells were also consistent with the Authority’s QA/QC procedures

(JCHA, June 1994b). Samples were obtained using a temporary submersible pump, pumping at

a rate of between 7 and 8 gallons per minute (gpm). The monitoring wells were each pumped for

a period of not less than 15 minutes. The equivalent of not less than three casing volumes was

removed from each well prior to sampling. As with the depth profile test holes, sampling did not

begin until water quality parameters had stabilized.

STUDY RESULTS

Depth Profile Sampling

Based on the Authority’s RFP, four sites were selected for one-time depth profile sampling. A

summary of the depth profile sampling at the four specific sites chosen is presented in the

following sections.

 

Depth Profile Test Hole DP2: The total depth drilled at DP2 was 69 ft. The static water level

at DP2 was measured at a depth of 40 ft, significantly below the static water level encountered

at the other depth profile sites and significantly below the bed elevation of Cherry Creek. It is

likely that the water level at this site was influenced by nearby pumping. As a result, the

saturated thickness of alluvial sediments at this location was only 11 ft. A single interval test was

completed at this location in the interval from 41 to 51 ft (Figure 2). A comparison of the water

obtained from DP2 with the water obtained from the adjacent monitoring well MW2 indicates

very different water chemistries in virtually all measurements, including specific conductance,

basic cations and anions, total and soluble reactive phosphorus, and nitrate. These differences

may be related in part to the fact that the wells are separated by almost one mile. This large

intentional separation was due to (a) the anomalous results that have been obtained historically

from MW2 for phosphorus and (b) access to a suitable site. It may also be related to the fact that

the aquifer is partially dewatered at DP2. Water quality at DP2 is of the calcium bicarbonate

type, whereas the water obtained from MW2 is of the sodium chloride type. As may be seen from

Figure 6, the water chemistry at MW2 is unlike the chemistry at any of the other sampling

locations. 
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Depth Profile Test Hole DP4: The total depth drilled at DP4 was 66.5 ft. The static water level

before testing was 17 ft. Interval testing and sampling was completed at two depths in DP4 (40-

45 ft and 53-58 ft). These intervals are separated by a 5-ft thick clay (Figure 3). Concentrations

of total phosphorus, soluble reactive phosphorus, and nitrate were all significantly higher in the

shallower interval (40-45 ft). Major cations and anions were similar between the two zones. Stiff

diagrams indicate water from the interval samples at DP4 is of the calcium bicarbonate type.

Similarly, water obtained from MW4 is of the calcium bicarbonate type.

Depth Profile Test Hole DP5: The total depth drilled at DP5 was 52 ft. The static water level

before testing was 14 ft. Three intervals were tested and sampled in DP5 (24-29 ft, 35-40 ft, and

45-50 ft). The upper two intervals lie within the same vertically-continuous layer. The bottom

interval is separated from the upper two intervals by a 4-ft thick clay (Figure 4). At this location,

the highest concentrations of total phosphorus, soluble reactive phosphorus, and nitrate occur in

the deepest interval, and are significantly greater than concentrations occurring in the two

shallower intervals. Between the two shallow intervals, concentrations of total phosphorus,

soluble reactive phosphorus and nitrate are higher in the deeper of the two intervals. There do

not appear to be significant differences in concentrations of major cations and anions among the

three tested intervals. This is confirmed by comparing the stiff diagrams for the three intervals,

as shown in Figure 6. Water type is virtually identical for all three intervals and is classified as

calcium bicarbonate type. Water obtained from MW4 is also of the calcium bicarbonate type.

Depth Profile Test Hole DP9: The total depth drilled at DP9 was 54 ft. The static water level

before testing was 3 ft. Three intervals were tested and sampled in DP9 (5-10 ft, 23-28 ft, and

43-48 ft). The upper two intervals are separated by a 9-ft thick clay (Figure 5). The bottom two

intervals lie within the same vertically-continuous layer. At this location, the highest

concentrations of total phosphorus, soluble reactive phosphorus, and nitrate occur in the deeper

intervals. The differences in concentrations of total phosphorus and soluble reactive phosphorus

are not large (approximately 50 micrograms per liter (µg/L)). The concentration of nitrate in the

shallowest interval was anomalously low in comparison with other intervals at this location and

also at other locations (less than 2 µg/L, compared to over 2,200 µg/L). There do not appear to

be significant differences in concentrations of major cations and anions among the three tested

intervals. This is confirmed by comparing the stiff diagrams for the three intervals, as shown in

Figure 6. Water type is virtually identical for all three intervals and is classified as calcium

bicarbonate type. Water obtained from MW9 is also of the calcium bicarbonate type.
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Geologic Stratification

Alluvial sediments at the four test sites consist of varying amounts of gravel, sand, silt, and clay,

with coarse sand and fine gravel predominating. Bedrock was encountered between the depths

of about 50 and 60 ft. Bedrock in three of the test holes (DP4, DP5, and DP9) was a dark gray

to brown, fissile shale. Bedrock in the fourth hole (DP2) was a buff-colored, moderately well-

cemented sandstone. There was some layering evident in each of the four test holes. Although

the vertical occurrence of clay is not consistent among the holes, clay, or silt and clay, was

encountered in all four test holes at a depth of between about 15 and 20 ft. However, this low-

permeability zone is generally at, or above, the local water table and, therefore, has a minimal

impact on ground water flow in the alluvial aquifer. It may serve to limit vertical infiltration of

precipitation. Once into the alluvial aquifer sediments, there is only minimal stratification

evident in the form of silt and clay layers. However, there are distinct variations in hydraulic

conductivity in the various water-bearing intervals. Geologic logs for the depth profile test holes

are shown in Figures 2 through 5 (test holes DP2, DP4, DP5, and DP9, respectively).

Water Quality

Distinct differences in water quality were apparent within each of the test holes, and also

between test holes, although there was no consistent relationship between water quality and

depth. The results of water quality testing at the depth profile test holes and at the corresponding

monitoring wells are summarized in Table A-1 in Appendix A. Stiff diagrams are useful in

determining water “type” based on the relative proportions of major ions (Hem, 1970). Chemical

typing is often useful in differentiating waters originating from different sources or hosted within

differing environments. Stiff diagrams were prepared for all water quality samples obtained

during the investigation. These diagrams are shown in Figure  6. The individual analyses used

to generate these diagrams are reproduced in Appendix A.

The one water sample that had a distinctly different type from all others was at MW2. This

anomalous water quality was identified in the fate and transport modeling that is currently being

conducted by the Authority. With the DP2 depth profile indicating a water chemistry consistent

with all of the other sampling locations, we believe this provides justification for the

modification of use of MW2 water chemistry in the fate and transport model.
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Hydrogeologic Properties and Estimates of Underflow

Hydrogeologic properties, in particular hydraulic conductivity and transmissivity, were inferred

based on water level response to pumping from each of the intervals. Specific capacity (the ratio

of pump discharge to water level drawdown in response to pumping) can be used to estimate

transmissivity. The relationship between these is derived from the Theis equation, describing

non-steady, radial flow to a well (Driscoll, 1986). Transmissivity can then be inferred for the full

saturated thickness of the alluvial aquifer. The estimated transmissivity for the full saturated

thickness is shown in Table A-1 in Appendix A. Values of transmissivity are generally consistent

(same order of magnitude) among DP2, DP4, and DP9, ranging from about 22,000 gallons per

day per foot (gpd/ft) to about 49,000 gpd/ft. Transmissivity at DP5 is extraordinarily low,

approximately 1,800 gpd/ft. This location had far more fine-grained sediments than did the other

boreholes. At DP5, silt and clay extend from the surface to a depth of 24 ft. and a second clay

layer, about 4 ft thick, was encountered at a depth of 41 ft (Figure 4). However, measurements

of specific capacity of the sand and gravel sediments at DP5 were also lower than estimates for

similar sediments at the other test sites (Figures 2, 3, and 5). 

The aquifer hydraulic properties obtained from this study indicate that the water-bearing

sediments of the Cherry Creek alluvial aquifer are neither homogenous in a vertical direction or

at spatial locations along the alluvial flow cross-section. This has some bearing on the estimates

of hydraulic conductivity that have been used historically to estimate alluvial underflows and,

therefore, ground water loads of nutrients.

Comparison of Interval-Based Water Chemistry with Results of Composite Sampling

Table A-2 in Appendix A provides a comparison of water chemistry observed at the depth profile

sites with that observed for the corresponding monitoring wells. In general, the water chemistry

measured for specific intervals in a depth profile hole should, when combined, resemble the

water chemistry observed for a composite sample obtained from the corresponding monitoring

well. Two comparisons are shown in Table A-2. The first method simply compares the

arithmetic mean for the interval samples with the corresponding concentration reported at the

monitoring well. The second method accounts for the heterogeneity in the alluvial system by

comparing the weighted average of the specific intervals in the depth profile hole with the

composite concentration at the monitoring well. In this case, individual concentrations are
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weighted according to the estimated transmissivity of the interval they are assumed to represent.

In the case of DP2, only one interval was tested. Accordingly, the values for arithmetic mean and

weighted mean are identical.

With the exception of DP2, concentrations of major cations and anions are relatively consistent

and relatively unaffected by the weighting process. In the case of DP2, water obtained from

MW2 is substantially different in most respects from that in DP2 and substantially different from

the other sites. In the case of total phosphorus, there appears to be fair agreement between

concentrations observed in the depth profile holes with those observed in the composite

sampling. Weighting of concentrations does not produce consistently better agreement. In the

case of soluble reactive phosphorus and nitrate, concentrations in samples from the depth profile

holes and the composite samples are not well correlated.

In a heterogeneous aquifer, water samples obtained from monitoring wells that are completed

through the entire saturated thickness represent a composite of water over the length of the

vertical interval. If there is significant stratification of water quality combined with large

differences in hydraulic conductivity over the vertical interval, composite samples may not be

representative of the actual quality of the water traveling through the aquifer and may suggest

either higher or lower concentrations of parameters of interest than actually exist. If water having

comparatively high concentrations of dissolved chemicals occurs in an interval that has a high

hydraulic conductivity, the composite sample will likely consist of a larger fraction of high-

concentration water and a smaller fraction of the lower-concentration water. If this higher-

permeability zone is not laterally continuous within the aquifer, the composite sample will not

be representative of the overall concentrations of dissolved chemicals within the aquifer and, in

this case, may overestimate the dissolved load. The converse of this condition is also true. That

is, if water which is low in dissolved chemicals resides within the high-permeability sediments,

the composite sample may underestimate the dissolved load that may actually be moving through

the aquifer.

Estimates of the phosphorus load being transported through the alluvium have historically been

based on concentrations measured in composite samples. These have been combined with

estimates of underflow through the alluvial aquifer to obtain the total chemical load moving

through the alluvial aquifer (JCHA, 1994a). Chemical loads being transported into Cherry Creek
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Reservoir have been based on composite sample concentrations obtained at monitoring well

MW9. 

The results of this study provide a means to compare the chemical loading at the reservoir which

has been historically predicted using composite sample results with samples obtained through

the depth profile testing and sampling. In the case of the composite sampling, the chemical

concentration is taken from the composite sample at MW9. In the case based on depth profile

test results, the concentration is taken as the weighted average for depth profile site DP9,

weighted according to transmissivity of the interval represented by the sample. In both cases,

flow through the aquifer (underflow) is based on earlier estimates of underflow through a cross-

section of the alluvial aquifer at MW9 (4.88 cubic feet per second, JCHA, 1994a). The following

table compares the MW9 site results for total phosphorus, soluble reactive phosphorus and

nitrate as nitrogen:

Constituent Transport Based on

Composite Sample

Concentration

(pounds/year)

Transport Based on

Weighted Sample

Concentration

(pounds/year)

Difference

(pounds/year)

Total Phosphorus 2,690 2,500 190

Soluble Reactive

Phosphorus

2,320 1,920 400

Nitrate as Nitrogen 510 320 190

As this table shows, while there are a number of variables related to the heterogeneities in the

Cherry Creek alluvial aquifer, the resulting difference in phosphorus loading to Cherry Creek

Reservoir is relatively small (approximately 7 percent).

Similar comparisons can be made for estimates of chemical transport at cross-sections

corresponding to the other depth profile test sites. For MW2, the results of these comparisons

are shown in the following table:
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Constituent Transport Based

on Composite

Sample

Concentration

(pounds/year)

Transport Based

on Weighted

Sample

Concentration

(pounds/year)

Difference

(pound/year)

Total Phosphorus 4,730 1,470 3,260

Soluble Reactive

Phosphorus

1,630 1,160 470

Nitrate as Nitrogen 150 4,600 -4,450

It can be seen that there are substantial differences in estimates of transport at this location.

Estimates for both total and soluble reactive phosphorus concentrations are lower when based

on weighted sample concentrations, whereas the estimate for nitrate concentration is higher for

the weighted sample concentration. However, there are several factors that may contribute to

these differences: the depth profile test sites DP2 and MW2 are separated by a distance of almost

one mile, the water type at MW2 is different than the water types encountered at any of the other

test locations, and the aquifer at DP2 was partially dewatered at the time of sampling, whereas

the aquifer at MW2 appeared to be unaffected by nearby pumping. The anomalous water type

observed at MW2 may indicate a unique source for this water or a unique set of influences on

the water chemistry. Given the unique aspects of the water found at MW2, it is likely that the

chemistry as reflected by DP2 (weighted sample in above table) provides a more accurate

reflection of alluvial aquifer transport in the area of MW2 and DP2. This provides justification

for modification of water chemistry data at MW2 in the fate and transport model.

Similar comparative results are presented below for MW4:
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Constituent Transport Based

on Composite

Sample

Concentration

(pounds/year)

Transport Based

on Weighted

Sample

Concentration

(pounds/year)

Difference

(pound/year)

Total Phosphorus 1,420 1,700 -280

Soluble Reactive

Phosphorus

220 1,290 -1,070

Nitrate as Nitrogen 290 13,750 -13,460

Consistently higher concentrations are predicted using weighted sample concentrations at the

MW4 cross-section than are predicted by the composite sampling. In the case of both soluble

reactive phosphorus and nitrate, these differences are significant. For total phosphorus, the

variation is approximately 20 percent.

The comparative analysis for MW5 is presented below:

Constituent Transport Based

on Composite

Sample

Concentration

(pounds/year)

Transport Based

on Weighted

Sample

Concentration

(pounds/year)

Difference

(pound/year)

Total Phosphorus 1,470 1,290 180

Soluble Reactive

Phosphorus

1,320 840 480

Nitrate as Nitrogen 13,410 8,980 4,430

Consistently lower concentrations are predicted using weighted sample concentrations at the

MW5 cross-section than are predicted by the composite sampling. In the case of both soluble

reactive phosphorus and nitrate, these differences are significant. For total phosphorus, the

variation is approximately 12 percent.
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These results (MW2, MW4, MW5, and MW9) suggest that stratification in the alluvial aquifer

properties combined with stratification in water chemistry yield different estimates of chemical

transport than predictions based on composite sample concentrations. In light of this, the

CCBWQA’s ongoing modeling of chemical transport through the alluvial sediments could be

modified to reflect estimates based on site-specific aquifer properties and depth-specific

sampling, where this information is available. However, at the present time, with only limited

additional data, we would not recommend modifying the model parameters.

CONCLUSIONS 

Based on the field studies completed and water quality analyses obtained, we offer the following

conclusions related to the depth profiling study:

(1) Subsurface geologic conditions vary between the test sites; however, the

sediments are predominantly sand and gravel. There was evidence of

stratification (layering) in each of the test holes formed by intermittent layers of

silt and clay. Layers of silt and clay do not appear to be laterally continuous. 

(2) There is a great deal of vertical and spatial variability in aquifer hydraulic

conductivities in the water-bearing sediments.

(3) Bedrock was encountered between the depth of 50 and 60 ft at the four locations.

(4) Concentrations of total phosphorus, soluble reactive phosphorus, and nitrate vary

both vertically at individual depth profile test sites and between sites. The

variations do not appear to be systematic. In some cases, the highest

concentrations occur in the deepest parts of the aquifer, while at others, the

highest concentrations occur at shallower depths. However, the highest

concentrations generally occur in the deeper half of the aquifer. 

(5) Concentrations of major cations and anions are more consistent vertically and

between test sites. Water at all test sites (DP2, DP4, DP5, and DP9) is classified

as calcium bicarbonate water for all the intervals sampled. This is also the case
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for monitoring wells MW4, MW5, and MW9. Water at MW2 is notably different

than at all other locations. Water at MW2 is classified as sodium chloride type.

(6) Water quality data at DP2 is distinctly different from water quality at MW2. DP2

water quality is consistent with the other depth profile boreholes and the

monitoring wells. This provides justification for the modification of MW2 water

quality in the fate and transport model.

(7) Hydraulic properties are relatively consistent at test holes DP2, DP4, and DP9.

Transmissivity of the full saturated aquifer thickness ranges from about 22,000

gpd/ft to 49,000 gpd/ft. Transmissivity at test hole DP5 is extraordinarily low, at

about 1,800 gpd/ft. This may be due in part to the fact there is a greater thickness

of finer grained sediments (silts and clays) at this site than at the other test sites.

(8) The average concentrations of total phosphorus, soluble reactive phosphorus, and

nitrate obtained from the combined intervals for a given depth profile hole are not

well correlated with concentrations measured for composite samples obtained

from adjacent monitoring wells. This is true whether the comparison is made on

the basis of simple arithmetic averages or averages weighted according to

hydrologic properties.

(9) Phosphorus loading at the reservoir is reasonably well represented by the

composite monitoring well sampling. One-time depth profile sampling indicates

that the results of weighted sampling and composite sampling differed by 7

percent.

(10) Differences between estimates of channel transport based on weighted sample

concentration and those based on composite sample concentrations are significant

at other locations further upstream in the basin (DP2, DP4, and DP5) for some

chemical constituents, although these differences are not systematic. Total

phosphorus variations ranged from 12 to 20 percent at DP4 and DP5. Well DP2,

due to the anomalous data at MW2, had a total phosphorus variation between the

depth profile borehole and MW2 data of 69 percent. These results suggest that
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estimates of chemical transport should, wherever possible, be based on site-

specific aquifer properties and depth-specific sampling.

RECOMMENDATIONS FOR FURTHER STUDY

At the July 2006 TAC meeting, it was requested that LWS provide recommendations on follow-

on studies that could be conducted related to the drill cuttings obtained from the depth profile

boreholes and/or refinement of loading estimates. In response, LWS believes that there are

several investigations which could be conducted to better define the occurrence, possible sources,

and transport of phosphorus in the Cherry Creek alluvium. These include:

• Column leach testing and chemical loading of sediment samples. At this time, it is

unclear to what extent the sediments themselves are contributing to observed phosphorus

concentrations. Also unclear is the degree to which sediments may differ in their

adsorption capacity. For example, the different concentrations of phosphorus may be the

result of different rates of loading, or they may be related to differences in sediment

types. Sediment type may influence dissolved concentrations in two ways, (a) the

sediment may itself be a partial source for the observed concentrations or (b) different

sediments may have different capacities to adsorb phosphorus. Samples have been

retained from the test drilling at each of the depth profile holes and are available for use

in such testing. Testing of samples would be designed to ascertain whether their capacity

for adsorbing specific chemicals and their capacity to release these same chemicals to

water as it moves through the sediment (desorption). This testing is estimated to cost

approximately $500 per test.

• Supplemental investigations to improve definition of the alluvial aquifer subsurface

geometry. Calculations of underflow through the alluvial sediments depend in part on

the subsurface cross-sectional area through which flow takes place. This geometry has

been estimated from published geologic maps, but is not well defined locally. Test

drilling would provide supplemental information of the depth to bedrock and thickness

of the alluvial aquifer. However, given the difficulty of accessing sites for test drilling,

the need to minimize site impacts and the cost for drilling, geophysical profiling would

provide a relatively inexpensive, non-invasive means to better define aquifer geometry.
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If geophysical profiling was just completed at MW9 to better define ground water loads

to the reservoir, the cost is estimated to be approximately $15,000. 

• Supplemental investigations to improve definition of aquifer hydrologic properties.

Calculations of underflow through the alluvial sediments also depend in part on the

hydraulic properties (specifically hydraulic conductivity) of the alluvial aquifer. Limited

data have been compiled at each site, based on existing pump test information. The depth

profile study has shown that aquifer hydraulic properties can vary significantly spatially

and with depth. Therefore, a better spatial understanding of aquifer characteristics would

be helpful. There are a number of wells throughout the basin for which aquifer tests have

been completed. These tests normally yield an estimate of hydraulic conductivity. These

results could be compiled and merged as a way to improve information on the absolute

values and distribution of hydraulic conductivity within the basin. We estimate the costs

to compile aquifer hydraulic characteristic data and map these values to define spatial

variations would be $3,000. LWS is currently in the process of collecting these data for

a ground water modeling project in the upper Cherry Creek Basin, so the cost for this

effort is minimized due to an economy of scale.

These proposed additional studies should be viewed in light of the need for, and the value of,

such additional investigations versus the significance of the changes in predicted chemical

loading in the upper basin and at Cherry Creek Reservoir that would result from refined

information on geochemical and hydrogeologic conditions affecting the occurrence and

movement of phosphorus within the Cherry Creek alluvial aquifer. We would be happy to

discuss these results with the TAC to assess the cost/benefit ratio of such additional studies.

LWS appreciates the opportunity to work with the Authority on this special study and provide

the results of the depth profile study for your use as you go forward with the basin fate and

transport model and the phased TMAL for Cherry Creek Reservoir.

__________________________________ _________________________________

William F. Hahn, P.G. Bruce A. Lytle, P.E.

Principal Hydrogeologist President
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