




















AppendiX


Drinking water source protection�zone delineation report� TC “Appendix A: Drinking Water Source Protection Zone Delineation Report” \L 1 �


�
1.0  introduction� tc “1.0  Introduction” \l 1 �


Parsons Engineering-Science. Inc. has been contracted by the United States Air Force Headquarters HQ USAF/CEVC and AFMOA/SGPA to develop a wellhead protection (WHP) zone plan for drinking water source production wells at Hill Air Force Base (HAFB), Utah.  An integral part of the WHP plan is the delineation of a WHP zone around each producing well.  Delineation zones are based on available hydrogeologic information on groundwater flow, and on other information the state regulating agency deems necessary.  In Utah, the WHP plan requirements have been defined by the Drinking Water Source Protection (DWSP) Rule R-309-113, included as attachment 1. 


This report addresses only the delineation zone requirements of Rule R-309-113, with two possible exceptions.  All operating water production wells at HAFB were modeled as one wellfield, and the delineation zones for each well are combined in a single delineation report.  The rule R-309-113-9(4) states that a DWSP zone delineation report be developed for each groundwater source.  Since groundwater modeling of the site indicates that there is well interference among the wells, and the site data shows a similar hydrogeologic environment, this report serves as a single delineation report for six operating wells at HAFB.  Aquifer tests are required by R-113-9(4)(a)(ii), but were not performed on the HAFB wells.  Two technical reports have been published on the aquifer characteristics of the Delta Aquifer in the vicinity of HAFB; a United States Geological Survey (U.S.G.S) report (Feth and others, 1966), and a combined U.S.G.S. and State of Utah technical publication (Clark and others, 1990).  Data from these reports combined with well log information from the producing wells were used to estimate aquifer parameters from which the delineation report was developed.


Based on long term production records, HAFB uses approximately 4.3 million gallons per day (mgd) of water, of which an average of 3.37 mgd is produced from six of eight wells located on base.  The remaining potable water is purchased from the Weber Basin Conservancy District.  The HAFB water system serves a population of over 9,450 people.  HAFB producing wells are located in three areas of the base.  A wellfield of four producing wells is located in the north-central portion of the base.  This wellfield includes HAFB wells 2,3,6, and 7.  A second and third area contain wells 8 and 9, respectively.  Two other HAFB wells, 4 and 5, are not used as potable water sources due to high iron content.  


DSWP areas have been delineated at HAFB in accordance with the requirements of the State of Utah Department of Environmental Quality, Division of Drinking Water, document entitled "Drinking Water Source Protection" (State Regulation R-309-113), with the two exceptions noted above.  Two methods for DWSP area delineation are outlined in the ruling; the preferred delineation procedure based on travel times, and the optional 2-mile radius delineation procedure.  The preferred delineation procedure as defined in R-309-113-9(2)(a) was utilized in the following analysis.  Production well groundwater at HAFB is under confining pressures; however, confined aquifer conditions as outlined in R-309-113-6(1)(b) are not met.  Therefore, the delineation methodologies utilized in this report follow the preferred delineation procedure for unconfined aquifers.


The preferred delineation procedure establishes three zones for management purposes as follows:


	�SYMBOL 183 \f "Symbol" \s 10 \h�	Zone 1, an area within a 100-feet radius around a well


	�SYMBOL 183 \f "Symbol" \s 10 \h�	Zone 2, an area within a 250-day particle time of travel from the aquifer to the wellhead; and


	�SYMBOL 183 \f "Symbol" \s 10 \h�	Zone 3, an area within a 15-year particle time of travel from the aquifer to the wellhead.


These protection areas extend vertically with depth from the land surface to the source water.  The following sections of the report discuss physiography, geology and hydrogeology, aquifer characteristics, well and pump data, and results of the delineation zone analyses.


�
2.0  Location  and  Physiography� tc “2.0  Location and Physiography” \l 1 �


The location of HAFB is shown on Figure 2.1.  HAFB, which occupies an area of about 10 square miles, is located approximately 3.5 miles west of the western margin of the Wasatch Mountain Range, and approximately 8 miles east of the east shore of the Great Salt Lake.  The Wasatch Mountain Range marks the eastern margin of the Basin and Range physiographic province.  


The base is situated on a bench, at land surface elevations ranging from 4,600 feet above mean sea level (ft-MSL) at the western edge of the base to 4,950 ft-MSL at the eastern edge of the base.  The northeastern edge of the base borders the Weber River drainage and the elevation drops from 4,700 ft-MSL to about 4,400 ft-MSL in the river drainage, then rises to about 5,000 ft-MSL near the base of the mountain front to the east.  The land surface gently slopes on a lowland plain toward the east shore of the Great Salt Lake (elevation 4,200 ft-MSL) from the terminus of the bench area that marks the western edge of the base.  


The area occupied by HAFB is located in the Weber Delta subdistrict of the Weber Delta hydrogeologic system as named by Feth and others (1966), and large yields are obtained from deep wells in the vicinity of HAFB and nearby bench areas.  The location of production wells at HAFB are shown on Figure 2.2  


�
FIGURE 2.1� tc “Figure 2.1 General Location Map” \f f �


�
FIGURE 2.2� tc “Figure 2.2 Production Well Location Map” \f f �


�
3.0  Hydrogeological  Setting� tc “3.0  Hydrogeological Setting” \l 1 �


HAFB is situated in an elongate north-south trending graben in which the vertical displacement is down relative to the Wasatch Range (horst).  Successive displacement along the Wasatch fault zone (primarily a deep seated low angle normal fault zone) at the western base of the Wasatch Range has allowed approximately 6,000 feet to 9,000 feet of basin-fill deposits to accumulate in the Weber Delta area, as determined by geophysical methods (Feth and others, 1966).  The depth to bedrock below HAFB is approximately 2,000-to 3,000-feet, but may deepen sharply to the west until rising again near the Great Salt Lake (GSL).  The basin-fill deposits were eroded from the Wasatch Range rock formations and were deposited during the Tertiary and Quaternary geologic time periods.  Rock assemblages of the Wasatch east of HAFB consist of Precambrian Farmington Canyon Complex gneisses and schists at the mountain front (Davis, 1983).  Conglomerates of the Tertiary Wasatch Formation, and the Tertiary Norwood tuff (volcanic), are exposed further east into the mountain range (Davis, 1983).


The basin-fill is composed of mostly unconsolidated interbedded alluvial and lacustrine (lake) deposits.  The deposits are coarse-grained alluvium near the mountain front, and become progressively fine-grained toward the western edge of the graben near the GSL, where lacustrine sediments predominate.  Much of the most recent basin-fill is coincident with late Pleistocene Lake Bonneville in which three levels or stages of deposition can be attributed; the Alpine, Bonneville, and Provo, Alpine being the oldest and deepest.  Generally, these deposits are coarser near the land surface and become progressively fine-grained with depth.  Lake Bonneville deposits are present beneath HAFB, and extend vertically in the subsurface to depths of approximately 500 feet below ground surface (BGS).  The upper 10-to-20 feet of near-surface sediments at HAFB are thin alternating beds of primarily coarse-grained, Bonneville stage deposits (Feth and others, 1966; plate 1).  


In the area of HAFB, a large fan shaped structure of layered coarse alluvium is present in the subsurface below the 500-foot level of Lake Bonneville deposition.  This structure is thought to be a large delta/alluvial fan complex that formed prior to, or coincident with, very early stage Lake Bonneville (Feth and others, 1966).  This geomorphic fan complex could be part of an alluvial fan that formed from the mouth of Weber Canyon antecedent to formation of the lake, or when the lake level was low.  It should be noted that the relative depth of the fan complex is now deeper in the subsurface than when it formed.  This is due to successive displacement along the Wasatch fault, and subsequent deposition.  


3.1  Principal  Aquifer� tc “3.1 Principal Aquifer” \l 2 �


The producing aquifer in the Weber Delta area is the confined interlayered coarse gravel and sand in the upper parts of the fan-shaped body discussed above.  Feth and others (1966) named this artesian water-bearing zone the Delta aquifer (apparently after the fan-shaped deltaic complex).  A shallower, lower yield sand aquifer, named the Sunset aquifer, appears to be present in the subsurface near the western and southwestern margins of HAFB, at depths ranging from 250-to 400-feet BGS.  This aquifer is best defined in the area west the base, and is differentiated from Delta aquifer in the area between HAFB and the GSL (Clark and others, 1990).  Sediments composing both aquifers become progressively finer-grained toward the GSL.  Perched water table zones are also present in the shallow subsurface at HAFB and the drainage of the Weber River.  


The top of the Delta aquifer slopes sharply in the subsurface toward the west beyond the location of HAFB, much the same as the surface topography (Feth and others, 1966, plate 5).  The depth to the aquifer ranges from 500 feet to 700 feet BGS in the Weber Delta area, with an average depth of approximately 500 feet BGS beneath HAFB.  In general, the aquifer is located at greater depths to the west until it eventually loses definition near the GSL.  The aquifer becomes less confined toward the mountain front.  In the Weber Delta area, the lateral-upgradient extension of the Delta aquifer is a deep unconfined aquifer that includes the main source area of groundwater recharge to the Delta aquifer (Feth and others, 1966; Clark and others, 1990).  Primary groundwater recharge occurs at the base of the mountains by direct infiltration into permeable sands and gravels, and by seepage losses from the Weber River near the mountain front.  Feth and others (1966) indicate that the Weber River drainage is underlain by clay near HAFB.  Therefore, the river may not be a primary source of groundwater influx near the base.


The general pattern of groundwater flow is east to west, from the recharge area toward the GSL.  Downward components of flow exist in the main recharge areas near the mountain front where hydraulic heads decrease with depth, and upward flow components exist in deeper parts of the aquifer at discharge areas near the GSL, where hydraulic heads increase with depth.  The rate of the upward or downward movement of groundwater through confining beds to shallower or deeper depths of the aquifer system depends upon the degree of hydraulic connection within the aquifer system, and the hydraulic connection depends on the thickness and hydraulic properties of the clay layers that separate water-bearing zones.  Clark and others (1990) consider the area of HAFB to be a secondary recharge zone; thereby, indicating a downward component of groundwater flow in this area (head decreases with depth).  Near-surface sediments at HAFB are primarily coarse-grained Bonneville stage (Lake Bonneville) deposits (Feth and others, 1966), but sediments at depth are mostly clays and sandy clays to the level of the Delta aquifer, as inferred from well logs.  The extensive clays create confining pressures and could be a limiting factor for the amount of recharge that directly reaches the aquifer by infiltration. 


3.2  Local  Geology  and  Hydrostratigraphy� tc “3.2 Local Geology and Hydrostratigraphy” \l 2 �


Geologic logs of the HAFB production wells showing subsurface stratigraphy, aquifer zones, and well screened intervals, are provided in Attachment 1 .  Generally, the logs indicate that the first 100-to 200-feet of sediment is mixtures of sand and clay.  Below this level, the sediment is primarily clay with zones of sandy clay to the depth of the Delta aquifer, approximately 500 feet BGS.  Discrete 50-foot thick zones of sand are present in the subsurface at depths of 350 feet to 450 feet BGS, at wells 8 and 5, respectively.  These sand zones may represent the easternmost extension of the Sunset aquifer.  A log of Clearfield City Well No. 1, located at the western boundary of the base, indicates that this sand zone thickens toward the west.  Figure 3.1 shows stick well diagrams of the wells and the inferred hydrostratigraphy from the well logs.  The diagrams are aligned in a general west to east trend across the base, and well locations can be correlated by referring to Figure 2.2


As shown of Figure 3.1, all of the HAFB wells are screened in the Delta aquifer, and the wells are screened in two producing zones or water-bearing units of the aquifer.  Some of the wells are screened in both water-bearing units.  An upper 50-foot to 150-foot thick coarse-grained water-bearing unit is encountered at depths ranging from 500-to 600-feet BGS.  The corresponding subsurface elevation is approximately 4,200 ft-MSL.  This water-bearing unit is separated from a lower water-bearing unit by 30-foot to 100-foot thick clay.  The lower water-bearing unit is encountered at an average subsurface elevation of approximately 4,000 ft-MSL.  The thickness of this lower unit is estimated to be a maximum 150 feet thick.  Thin clay lenses are present in the lower water-bearing unit at wells 8 and 9, separating the perforated intervals of these wells.  


The Delta aquifer beneath HAFB slightly thickens near wells 4 and 9, and the interbedded clay separating the upper and lower water-bearing units thins.  City well logs to the west and south of HAFB indicate that the upper water-bearing unit thins in these directions, and the lower water-bearing unit dips in the subsurface to the west.  Based on subsurface drilling depths, this lower unit appears to be the main producing unit of the Delta aquifer elsewhere in the Weber Delta area.  Therefore, the Delta aquifer appears to be thicker beneath HAFB.


The inferred 1985 potentiometric surface of the Delta aquifer beneath HAFB, obtained from Clark and others (1990), is also shown on Figure 3.1.  In reference to this potentiometric surface, the hydraulic head in the aquifer has been lowered to levels close to the top of the aquifer.  Comparisons of water levels summarized in the original drillers' reports and the inferred 1985 data, indicate that original static water levels at the time of well construction were about 50 feet higher than they were in 1985.  Since most of the HAFB wells are pumping daily, current static water levels in wells were not available to construct a potentiometric surface map.


�
Figure 3.1� tc “Figure 3.1 Hydrostratigraphic Units Inferred From Production Well Logs” \f f �	�
4.0  Aquifer  Parameters� tc “4.0 Aquifer Parameters” \l 1 �


Aquifer tests of the production wells at HAFB have not been conducted in the past, and were not conducted as required by state regulation R-309-113-9(4)(a)(ii) for this analysis.  However, reliable data on aquifer characteristics and parameters are available in published USGS and state technical reports.  Clark and others (1990) use a transmissivity of 100,000 square per day (ft2/day) for the coarse-grained Delta aquifer beneath HAFB in their digital model.  This value of transmissivity was apparently obtained from estimates of Delta aquifer hydraulic conductivity based on lithologies and saturated thickness inferred from HAFB well logs.  Feth and others (1966) estimate the hydraulic conductivity of the Weber Delta aquifer deposits as follows:  coarse sand-90 ft/day, fine gravel-217 ft/day, gravel 324-ft/day, coarse gravel-430 ft/day, and cobble-612 ft/day.  These values were based on curves derived from the grain size distribution and aquifer thickness obtained from 13 aquifer tests of the Delta aquifer.  Considering an aquifer saturated thickness of 250 feet beneath HAFB, the transmissivity would be 108,000 ft2/day using the hydraulic conductivity value of a coarse gravel (430 ft/day).  Conversely, the derived hydraulic conductivity would be 400 ft/day using the 100,000 ft2/day transmissivity of Clark and others (1990).  Transmissivity (T) is defined as the product of the hydraulic conductivity (k) and the saturated aquifer thickness (b), or T=kb.


Transmissivities were estimated from specific capacities of the wells.  Specific capacity is defined as the ratio of well yield to drawdown, normally after a period of 24 hours or when flow to the well reaches steady state.  Estimates of transmissivity are provided in Table 4.1.  As shown in the table, the average transmissivity of the aquifer based on available specific capacity data is 25, 360 feet (ft2/day).  Transmissivities are best estimated from specific capacity when an optimal (usually near maximum) well yield is obtained.  Generally, specific capacities underestimate transmissivities due to less than optimal pump rates, well losses, and well inefficiency.  The transmissivities estimated from HAFB well specific capacities appear to be low for the Delta aquifer beneath HAFB.


The storage  coefficient for  the Delta  aquifer beneath  HAFB is estimated to be 8 x 10-4.  This is the average storativity given for the Delta aquifer in the vicinity of HAFB by Feth and others (1966).  The porosity of the coarse sand, gravel, and cobble aquifer beneath the base is estimated to be 25 percent.


The potentiometric surface of the Delta aquifer ranged from approximately 4,290 ft-MSL to 4,275 ft-MSL beneath HAFB in 1985 (Clark and others, 1990).  The inferred groundwater flow direction was approximately north 50 degrees west.  The calculated hydraulic gradient, based on the 1985 potentiometric surface, was 0.0009 ft/ft.  The hydraulic gradient and inferred flow direction are shown on the potentiometric surface map in Figure 4.1 (Clark and others, 1990).  


�
TABLE 4.1�ESTIMATED  TRANSMITIVITIES  FROM  WELL  SPECIFIC  CAPACITIES�HILL  AIR FORCE BASE� tc “Table 4.1 Estimated Transmitivities from Well Specific Capacities” \f t �


�Well�
Rate-Q�(gpm)�
Drawdown-s�(ft)�
Specific �Capacity-Q/s�
Transmissivity-T�(gal/day/ft)�
Transmissivity-T�ft2/day�
�
2�
8001�
61�
1331�
279,000�
37,300�
�
3�
650�
8�
81�
170,000�
22,700�
�
4�
1080�
8�
135�
283,500�
37,900�
�
5�
12801�
91�
1421�
298,000�
39,900�
�
6�
560�
8�
70�
147,000�
19,600�
�
7�
820�
19�
43�
90,300�
12,100�
�
8�
1250�
42�
30�
63,000�
8,400�
�
9�
1350�
15�
90�
189,000�
25,300�
�
�
�
�
T-Average�
189,700�
25,360�
�
1Data from original logs.


Source:  Hill Air Force Base - Water Report (1989); pump rates and drawdown only.


Note:  Transmissivities were estimated from specific capacities using the equation T = Q/S (2100), Driscoll (1986).


�
Figure 4.1� tc “Figure 4.1 Inferred Hydraulic Gradient and Flow Direction in the delta Aquifer” \f f �


�
5.0  Well  Data� tc “5.0 Well Data” \l 1 �


Well data required by State Regulation R 309-113-9(4)(a)(iii) regarding the eight municipal production wells at HAFB are provided in Table 2.  Well 5 is no longer used as a potable source of water due to high iron content, and is dedicated as a water source for potential flight-line fire suppression (HAFB, personal communication).  Also, because of high iron content, well 4 is no longer used.  


Most of the wells were constructed in the 1940's using no.8 gauge red steel casings with perforations.  The type of perforation for well no. 4 was 4-inch by 1/4-inch wide slots, seven per 10 inches of pipe length.  The type of perforations for the other older wells is not known.  Recent wells 8 and 9 (1989) apparently used some type of screen rather than perforations.  The bottoms of all of the wells were plugged with cement.  Available drillers reports are provided in Attachment 3 .  The method of drilling and construction for the earlier wells is not provided on the drillers reports and is not known.  Customarily, older wells were drilled with a cable tool, and the casing was pounded into a tight annular space without any annular space gravel pack.  The 1989 wells (8 and 9) were constructed with surface conductor pipe, annular space gravel packs, and bentonite seals.  As shown in Table 4.1, most of the wells are screened in coarse sands, gravels, and cobbles.  Cobble size rocks are present in the screened intervals of wells 4, 8, and 9.  


5.1  Well  Discharge  Rates� tc “5.1 Well Discharge Rates” \l 2 �


The pump rates shown on Table 5.1 are the maximum yearly average pumping rates for the years between 1979 and 1988.  The rates for each well were obtained by dividing the maximum total annual volume for the 10 year record by 365 days.  This seems to be a realistic measure of time-dependent well pumpage over the course of an entire year.  The 1979 to 1989 production record is provided in Attachment 4  (HAFB Water Report, 1989).  Wells 8 and 9 were not in operation during the period of this record.  Well 9 was pumped for an annual average of 233 gpm for the 1994 water year (AF form 1461) and well 8 was not used.  Well 8 will be used in the future when upgrades to the utilities system are made.  The base system cannot currently handle pressures that this well generates (HAFB, personal communication).  Necessary upgrades should be made with 1995 fiscal year funding (HAFB, personal communication).  In future years, the production from wells 8 and 9 could be more like wells 2, 3, 6, and 7.  Therefore, wells 8 and 9 were estimated to have potential maximum yearly average yields of 567 gpm (567 gpm is the average rate of wells 2,3,6,7).  


�
TABLE 5.1�PRODUCTION  WELL  DATA�HILL  AIR FORCE BASE� tc “Table 5.1 Production Well Data “ \f t �


��Well�
�Construction�Date�
Surface�Elevation�(ft)�
Total�Depth�(ft)�
Casing�Diameter�(in)1�
Perforated�Interval�(ft)�
�Aquifer�Media2�
Water�Level�(ft-BGS)3�
maximum�Yield�(gpm)4�
�
2�
1941�
4736�
627�
20/18/16�
555-617�
gravel, sand�
423�
591�
�
3�
1941�
4731�
800�
20/18�
600-624�
gravel, silt�
419�
421�
�
�
�
�
�
�
720-787�
gravel, sand�
�
�
�
4�
1943�
4798�
730�
20/18/16�
586-625�
sand, cobble�
476�
N/A�
�
�
�
�
�
�
686-718�
sand, cobble�
�
�
�
5�
1956�
4758�
805�
20/18/16/14�
610-680�
gravel�
446�
N/A�
�
�
�
�
�
�
730-805�
gravel, sand�
�
�
�
6�
1942�
4779�
900�
20/18/16�
654-695�
gravel�
461�
613�
�
�
�
�
�
�
820-888�
gravel, sand�
�
�
�
7�
1942?�
4757�
900�
20�
654-?�
gravel, sand�
462�
642�
�
8�
1989?�
4667.5�
900�
20�
740-760�
gravel, cobble�
396�
567�
�
�
�
�
�
�
800-880�
gravel, cobble�
�
�
�
9�
1989?�
4943.5�
1095�
20/16/14�
978-1018�
gravel, cobble�
666�
567�
�
�
�
�
�
�
1075-1095�
gravel, cobble�
�
�
�
1Casing diameter of perforated zones is last given diameter.	3Water levels from original logs at date of installation


2Cobbles are diameters greater than 5 inches (127 mm).	4Maximum yearly rate (volume/365 days) 1979-1988 


�
6.0  Well  Pump  Data� tc “6.0 Well Pump Data” \l 1 �


Pump data required by State Regulation R 309-113-9(4)(a)(iv) regarding the wells at HAFB are provided in Table 6.1.  Pump installation and maintenance records are provided in Attachment 5.


�
TABLE 6.1.�PRODUCTION  WELL  PUMP DATA�HILL  AIR FORCE BASE� tc “Table 6.1 Production Well Pump Data” \f t �


��Well�
�Pump�Type�
�Pump�Make�
Pump�Capacity�(gpm)�
Motor�Power�(hp)�
Motor�Rate�(rpm)�
Pump�Setting�(ft)�
�
2�
Turbine�
Peerless�
750�
125�
1760�
500�
�
3�
Turbine�
Peerless�
750�
150�
1775�
570�
�
4�
Turbine�
Layne & Bowler�
1350�
300�
1170�
500�
�
5�
Turbine�
Fairbanks & Morse�
1000�
200�
1770�
500�
�
6�
Turbine�
Byron Jackson�
950�
unknown�
unknown�
600�
�
7�
Turbine�
Peerless�
880�
150�
1800�
600�
�
8�
Turbine�
Unknown�
785�
unknown�
unknown�
unknown�
�
9�
Turbine�
Unknown�
960�
unknown�
unknown�
unknown�
�
Note:  Refer to Attachment 4 for pump installation and maintenance records.


�
7.0  Hydrogeological Methods and Results� tc “7.0 Hydrogeological Methods and Results” \l 1 �


In accordance with R-309-113-9(4)(a)(v), the hydrogeological methods, procedures, and calculations used to delineate boundaries of zones two and three for the HAFB wells are presented in the following paragraphs.


7.1  Groundwater  Flow  Theory� tc “7.1 Groundwater Flow Theory” \l 2 �


The amount of water passing through a cross-sectional area of a porous media is a function of the permeability and difference in hydraulic head.  This relationship is defined as Darcy's Law by the following governing equation:


Q = kiA


where:	Q	=	volumetric flow rate (L3/t)


	k	=	hydraulic conductivity (L/t)


	i	=	hydraulic gradient (L/L)


	A	=	cross-sectional area (L2)





The (ki) term in Darcy's Law is equivalent to velocity.  However, examination of this term indicates that it is equivalent to the velocity in an open pipe or conduit.  The true velocity (average linear velocity) of flow in a porous media must take into account the void space available for flow.  When calculating flow through porous media, the effective porosity is used to modify the amount of aquifer surface area available for flow, according to the following equation:


v = ki/n


where:	v	=	average linear velocity (L/t)


	n	=	effective porosity (dimensionless)





As shown in the equation above, the average linear velocity (v) is inversely proportional to the effective porosity (n).  Fetter (1988) suggests that the effective porosity and total porosity (ratio of void volume to total volume) are virtually equivalent for most unconsolidated sediments.  Since hydraulic conductivity (k) and effective porosity (n) are both constants in the equation above, groundwater velocity is controlled by changes in the hydraulic gradient (i).  The average linear velocity increases near a well in direct proportion to the increased hydraulic gradient induced by pumping.  As a result, water molecule travel time is directly influenced by transient changes in hydraulic gradient.  The gradient is not as steep near the immediate vicinity of a well in aquifer formations with high transmissivities, but, the radial distance of affected drawdown is much greater.  The distance that a water molecule will move in time is the product of average linear velocity and time.


7.2  Model� tc “7.2 Model” \l 2 �


An interactive computer modeling program called QuickFlow (Geraghty and Miller, 1991) was used to compute 250-day (zone 2) and 15-year (zone 3) particle travel times to the HAFB wells within the producing aquifer.  QuickFlow simulates two-dimensional steady-state and transient-state groundwater flow in a horizontal plane.  Both confined and unconfined aquifers are simulated.  The model uses the principle of superposition to evaluate the effects of multiple analytical functions (wells, etc.) in a uniform regional flow field.  For example, the total effect of drawdown from several pumping wells in a well field is superimposed by summing the individual pumping effects of each well.


The model depicts the flow field using streamlines, particle traces, and contours of hydraulic head.  The streamlines are computed semi-analytically to illustrate groundwater flow directions.  Particle tracking techniques are implemented numerically to compute travel times and flow directions.  Because of its features, QuickFlow is ideally suited for delineating wellhead protection zones, and for small wellfields a simple regional model can be constructed to comply with wellhead protection regulations at relatively minimal cost. 


7.2.1  Model Assumptions


The QuickFlow modeling software uses simplified assumptions that must be considered in making practical application of the software to real hydrogeological problems.  Important assumptions that are the basis of the governing analytical equations used by the program are as follows:


	�SYMBOL 183 \f "Symbol" \s 10 \h�	Groundwater flow is horizontal and occurs in an infinite aquifer; 


	�SYMBOL 183 \f "Symbol" \s 10 \h�	Aquifer hydraulic conductivity is assumed to be isotropic and homogeneous


	�SYMBOL 183 \f "Symbol" \s 10 \h�	Wells are assumed to fully penetrate the aquifer, and are perfectly efficient


	�SYMBOL 183 \f "Symbol" \s 10 \h�	Pump rates, recharge, and linesink fluxes are constant through time;


	�SYMBOL 183 \f "Symbol" \s 10 \h�	The reference head in the steady-state module is constant; and


	�SYMBOL 183 \f "Symbol" \s 10 \h�	Particle traces and streamlines are two-dimensional.


The aquifer beneath HAFB is large in areal extent, but dips in the subsurface west of the base as documented in previous sections of the report.  The HAFB wells fully penetrate the aquifer but are not screened over the entire saturated thickness.  This introduces vertical flow components in the vicinity of the well that are more pronounced during the initial stages of pumping, when flow to the well is unsteady.  However, the horizontal scale of the basewide analysis is much greater than the vertical, and horizontal flow dominates at this scale and at the high transmissivities of this aquifer.  The vertical contribution to flow from the upper confining and interbedded clays are also considered to be negligible following this same reasoning.  Also, the clays have probably been progressively compressed as a result of the reduction in pressure head from withdrawals.  This could effectively reduce the naturally low vertical hydraulic conductivity of the clay, and thus, vertical leakage.  Compaction is caused by increased effective stress with resultant volumetric reduction due to the realignment of mineral grains, and is more pronounced in fine-grained materials.  The hydraulic conductivity of the aquifer formation beneath HAFB is considered to be relatively isotropic (same directional properties) and homogeneous (same magnitude).  The aquifer formation is entirely coarse-grained, but appears to be more coarse-grained at the east and northeast parts of the base.  Overall, the conditions beneath the base are favorable for the use of the QuickFlow two-dimensional model.


7.2.2  Analytical Approach - Calculations


The analytical approach used at HAFB assumes steady-state flow to the wells in a wellfield, with interference among the wells during pumping.  For this analysis, the wells were considered to be pumping at the same time, all the time, at average time-dependent rates that are constant and reflective of each wells production.  A constant reference head was maintained, inferring that recharge to the aquifer equals discharge.  Input parameters for the model are summarized in Table 7.1.  Aquifer thickness, transmissivity, porosity, hydraulic gradient, and other relevant parameters were previously discussed in Section 4.0.  The aquifer thickness of 250 feet is considered to be the average thickness of the aquifer, including both water-bearing zones but excluding the interbedded clay layer.  The two water-bearing zones may be hydraulically connected through the clay, but the wells are not screened in the clay.  The ratio of vertical flow in the clays to horizontal flow in the aquifer is considered to be negligible, so a vertical leakage factor was not used in the model.  


The transmissivity value of 100,000 ft2/day used by Clark and others (1990) for their digital model was employed for this analysis.  Considering this transmissivity, and a saturated thickness of 250 feet, the calculated hydraulic conductivity is 400 ft/day.  Based on the analysis of hydraulic conductivity in the Delta aquifer by Feth and others (1966) discussed in Section 4.0, a hydraulic conductivity of 400 ft/day would be a good average hydraulic conductivity for the sand, gravel, and cobble aquifer beneath HAFB.  Since the wells were modeled as a wellfield with all wells pumping at the same time, the saturated thickness of the aquifer and hydraulic conductivity were considered to be constant throughout the aquifer, as required by the QuickFlow model.   


7.3  WellField  Delineation  Zones� tc “7.3 Wellfield Delineation Zones” \l 2 �


DWSP zones have been delineated for HAFB production wells 2, 3, 6, 7, 8, and 9.  Wells 4 and 5 were not considered for reasons previously discussed in Section 5.  Under the natural uniform regional gradient, the average linear velocity of groundwater flow is calculated to be 1.44 ft/day, considering a hydraulic conductivity of 400 ft/day, hydraulic gradient of 0.0009, and an effective porosity of 25 percent (see Subsection 7.1 equations).  However, average linear velocities near the wells increase due to pumping.  The QuickFlow modeling software calculates time of travel from induced pumping effects �
	TABLE 7.1


INPUT  PARAMETERS  FOR  STEADY-STATE  GROUNDWATER  MODEL


HILL  AIR FORCE BASE� tc “Table 7.1 Input Parameters for Steady State Groundwater Model” \f t �








		VALUE OF


	PARAMETER	PARAMETER








	Hydraulic Conductivity	400 ft/day


	Elevation of Aquifer Top	4,150 ft


	Elevation of Aquifer Bottom	3,900 ft


	Uniform Regional Gradient	0.0009


	Angle of Uniform Gradient	N 50 W


	Constant Head Value	4293 ft


	Number of Pumping Wells	6


	Uniform Recharge	0


	Effective Porosity	0.25


	Discharge Rate (zone 2)	see Table 2


	Discharge Rate (zone 3)	390 gpm1





1Average of the total volumetric production for the years 1979-1988 normalized to a daily rate.  The average daily rate for all wells was divided by the number of pumping wells (6).


�
coupled with the natural hydraulic gradient.  Delineation zone dimensions based on QuickFlow analysis are presented in the following subsections.  The zones are shown on a USGS 7.5 minute series topographic map (1:24,000 scale) as required by R-308-113-9(4)(a)(vi).


7.3.1  Zone 2 - 250 Day Time of Travel


The 250 day time of travel zone for wells 2,3,6,7,8 and 9 are shown on Figure 7.1.  Dimensions are summarized in Table 5.  As shown on Figure 7.1, well interference from simulated pumping affects the dimensions and orientation of this zone around wells 2,3,6, and 7.  These wells are located in close proximity at the north-central portion of the base as shown on Figures 2.2 and 7.1.  The delineation zone around well 7 has less upgradient length, more downgradient length, and greater width due to its location hydraulically downgradient of the other three wells.  The 250 day time of travel zone around these four wells averages approximately 830 feet in total length and 650 feet in width.  Axial trends of these four wells vary as much as 28 degrees.  


The dimensions of the 250 day time of travel zone around well 9 may also be affected by the simulated pumping of wells 2,4,6, and 7, located about 4 miles hydraulically downgradient of this well.  The total length and width dimensions around well 9 are 845 feet and 660 feet, respectively.  Well 8 does not appear to be as affected in the upgradient and downgradient dimensions by the simulated pumping of the other five wells.  The total length and width of the 250 day time of travel zone around well 8 are 790 feet and 685 feet, respectively. 


7.3.2  Zone 3 - 15 Year Time of Travel


The 15 year time of travel zone for wells 2,3,6, and 7 are shown on Figure 7.2.  Dimensions are summarized in Table 6.  These four wells are presented together because of their close proximity in the wellfield.  As shown on the figure, these wells coalesce due to interference from simulated pumping.  The 15 year time of travel zone around these four wells averages approximately 8,903 feet in total length.  The combined total width of these coalescing zones is 3,440 feet.  Axial trends are north 38 degrees west.  


The 15 year time of travel zone for well 9 is shown on Figure 7.3.  The downgradient length, total length, and width of this zone appear to be affected by the simulated pumping of wells 2,4,6, and 7, located about 4 miles hydraulically downgradient of this well.  The downgradient length, total length, and width of the 15 year time of travel zone around this well are 82 feet, 8,992 feet and 770 feet, respectively. 


The 15 year time of travel zone for well 8 is shown on Figure 7.4.  The zone around well 8 does not appear to as affected in the upgradient and downgradient dimensions by the simulated pumping of the other five wells.  However, the zone is approximately twice as wide at this well compared to the other five wells.  Well 8 is hydraulically crossgradient of the other HAFB wells.  The total length and width of the 15 year time of travel zone around this well are 8,935 feet and 1,550 feet, respectively. 


�
Figure 7.1� tc “Figure 7.1 250 Day Time of Travel - Zone 2 1985” \f f �


�
TABLE  7.2


DIMENSIONS  OF  WELLHEAD  PROTECTION  ZONE  2


250  DAY  TIME  OF  TRAVEL 1


HILL  AIR  FORCE  BASE� tc “Table 7.2 Dimensions of Wellhead Protection Zone 2” \f t �














Well�



Total Length


(ft)�
Maximum Upgradient Length


(ft)�
Maximum Dowgradient Length


(ft)�



Maximum Width


(ft)�






Axial Trend�
�
2�
850�
720�
130�
650�
N 48 W�
�
3�
815�
680�
135�
490�
N 58 W�
�
6�
825�
675�
150�
700�
N 36 W�
�
7�
840�
590�
250�
760�
N 64 W�
�
8�
790�
630�
160�
685�
N 42 W�
�
9�
845�
675�
170�
660�
N 47 W�
�
1 Dimensions based on QuickFlow model simulation, refer to Figure 7.1 for illustration.
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�
�
�
�
�
�
Figure 7.2� tc “Figure 7.215 Year Time of Travel - Zone 3, Well 2, 3, 6, and 7” \f f ��
TABLE  7.3


DIMENSIONS  OF  WELL  HEAD  PROTECTION  ZONE  3


15  YEAR  TIME  OF  TRAVEL 1
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Well�



Total Length


(ft)�
Maximum Upgradient Length


(ft)�
Maximum Dowgradient Length


(ft)�



Maximum Width


(ft)�






Axial Trend�
�
2�
8,896�
8,846�
50�
7312�
N 38 W�
�
3�
8,985�
8,870�
115�
7022�
N 38 W�
�
6�
8,860�
8,765�
95�
7212�
N 38 W�
�
7�
8,870�
8,758�
112�
8082�
N 38 W�
�
8�
8,935�
8,730�
205�
1,580�
N 37 W�
�
9�
8,992�
8,910�
82�
770�
N 40 W�
�
1 Dimensions based on QuickFlow model simulation.


2 Maximum width of wellfield is 3,440 ft.; refer to Figures 7.2-7.4 for illustration.


�
�
�
�
�
�
�
�
Figure 7.3� tc “Figure 7.3 15 Year Time of Travel - Zone 3, Well 9” \f f ��
Figure 7.4� tc “Figure 7.415 Year Time of Travel - Zone 3, Well 8” \f f ��
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