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The purpose of this report is to present the procedures, 
methodologies, and results of the h u a l  Groundwater Plow Rate and 
Direction Determination study conducted by Ecology and Environment, Inc. 
(E 6 E) at the Industrial Wastewater Treatment Plant (IWTP), Naval Air 
Station (US) Pensacola. This report satisfies the requirements of 40 
CPR 264.99(e) for Resource Compensation and Recovery Act (RCRA) 
permitted facilities and has been prepared by E 6 E for the Southern 
Division, U.S. Navy, Naval Facilities Engineering Command, under 
Contract No. N62467-88-C-0200. The report contains a summary and 
analysis of vatcr level measurements and aquifer testing conducted by 
E 6 E during the period March 23, 1990 through March 27, 1990, 
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2.1 BIDIIocBoIM;II 

The hydrogeologic sequence underlying the Industrial Vastevater 
Treatment Plant (IVTP) is, in descending order, the Sand-and-Gravel 
Aquifer, the Pensacola Clay, and the Floridan Aquifer. Because of its 
overall thickness (approximately 380 feet) and the fact that i t  is the 
main source of potable water in the Pensacola area, the Sand-and-Gravel 
Aquifer is the most important hydrogeologic unit at NAS Pensacola. 

Sand-and-Gravel Aquifer is comprised of, in descending order, a shallov 
surficial zone, a low permeability zone, and a main producing zone. The 
surficial zone extends from land surface to depth of 40 feet, and is 
composed of fine- to medium-grained quartz sand. 
zone is approximately 15 feet thick, and is composed of a blue-gray, 
plastic clay with some shell fragments. 
functions as confining/semi-confining unit and retards the exchange of 
groundwater between the surficial zone and the underlyirig main producing 
zone. The u i n  producing zone extends from the base of the low 
permeability zone to depth of approximately 380 feet, and is composed of 
a mosaic of sands, gravels, and discontinuous clay lenses. At the IVTP, 
the shallov monitoring vells (1s feet deep) are open to the uppermost 
surficial zone, the intermediate monitoring wells (40 feet deep) are 
open to the lowermost surficial zone, and the deep monitoring wells (65 
feet deep) are open to uppermost main producing zone. 
of this report, these monitored depth intervals vi11 be referred t o  as 
the shallow lone, intermediate zone, and deep zone. 

groundwater sampling event, water levels vere measured in all the IVTP 
monitoring vells from which a sample vas collected. figure 2-1 shovs 

In the vicinity of the IWTP, the upper portion of the 

The low permeability 

The low permeability zone 

Por the reminder 

As part of the well sampling activities during the hrch 1990, 
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Figure 2-1 
LOCATIONS OF MONITORING AND RECOVERY WELLS AT 

NAS PENSACOLA WASTEWATER TREATMENT PLANT 
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the locations of the monitoring wells used for water level measurements. 
The results of the vater level measurements are given in Table 2-1. The 
following sections discuss and interpret the collected water level data 
and present groundwater flov directions for each of the monitored zones. 

only to the shallov and intermediate zones. 
survey, only recovery vel1 RU-7 was actively pumping and the discharge 
rate w a s  very low (approximately 1 gallon per minute). 

It should be noted that the recovery wells at the IWTP are open 
During the water level 

2.2 SEAIuv  ZONB 

Figure 2-2 shows the vater level elevations for the shallov zone of 
the Sand-and-Gravel Aquifer underlying the IWTP. The map indicates that 
the predominant feature influencing the groundwater flov in this zone is 
a flow divide vhich medially separates the small peninsula where the 
IWTP is located. 
the peninsula tovards the west, north, and east. The groundwater 
elevations mimic the peninsular topography, and flov occurs from areas 
of higher elevation toward areas of lover elevation. 
presence of the confining/semi-confining unit at 40 feet below land 
surface, the majority of the groundwater vithin the shallov zone 
probably discharges into Bayou Grande on the vest and Pensacola Bay on 
the east. 

Thus, groundwater flows away from the central area of 

Due to the 

The horizontal hydraulic gradient in the shallov zone is 0.00037 

along the north-south axis of the peninsula (based on head differences 
between vells GX-12R and El), 0.0014 in an east-northeast direction 
(based on head differences between vells GX-12R and GM-13), and .OOO9 in 
a northvest direction (based on head differences betveen GX-12R and 
GI!-11). 

topographic slope in a north-south direction and the closer proximity of 
discharge areas to the east and vest. There vas no observable influence 
from pumping recovery well RV-7 on water level elevations or flov 
directions in the shallow zone. In addition, previous vater level 
elevations collected when the recovery well system vas fully operational 
(e.g., August 1989) d s o  shoved little, if any, effect of the 

This difference in flov gradients is a reflection of a lover 

groundvater recovery on shallov vater levels. 
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Figure 2-2 
WATER LEVEL ELEVATION MAP FOR THE SHALLOW ZONE, 3/23/90 
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2.3 I ” K D I A T B  ZmE 

Figure 2-3 shows the water level elevations for the 
intermediate zone of the Sand-and-Gravel Aquifer at the IVTP. 
area immediately underlying the facility, the map indicates that 
groundwater in this zone flows towards the east-northeast. 
presence of the confining/sami-confining unit at 40 feet below land 
surface, the majority of groundvater in the intermediate zone probably 
discharges into Pensacola Bay. 

The horizontal hydraulic gradient, calculated using the head 

For the 0 
Due to the 

differences between wells GX-64 and GX-84, is 0.0025. 

2.4 DBBP 
Figure 2-4 shovs the water level elevations for the deep zone of 

Although only three the Sand-and-Gravel Aquifer underlying the IWTP. 
monitoring wells exist that are open to the deep zone, the water level 
elevations suggest that the groundwater in this zone flows toward the 
south. Thus, it is probable that flow from this zone discharges into 
Pensacola Bay or, depending on the lateral extent of the low 
permeability zone, the Gulf of Xexico. Given that this zone is below 
the low permeability zone, this flow direction is probably reflective of 
more regional factors (i.e., recharge to the north on the mainland and 
discharge into Pensacola Bay and/or the Gulf of Xexico to the south). 

differences between GX-68 and GX-63, is 0.00018. 
The horizontal hydraulic gradient, calculated using the head 

2.5 V B R T I c A L ~ C G R A D m r r s  

At the IWTP site, the presence of clustered wells allovs the 
calculation of vertical hydraulic gradients betvetn the shallow, 
intermediate, and deep zones of the Sand-and-Gravel Aquifer. Table 2-2 
shovs the calculated vertical hydraulic gradients between these zones. 

groundwater flow to occur from the shallov to.the intermediate and deep 
zones. 
from the intermediate to the deep zone. 

At vell cluster Gll-65, 66, 67 there is 8 potential for downward 
groundwater flov to occur from the shallov to the intermediate zone. 

At vell cluster GH-62, 63, 64 there is a potential for downvard 

The potential also exists for downward groundwater flow to occur 
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WATER LEVEL ELEVATION MAP FOR THE DEEP ZONE, 3/23/90 
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However, an upvard potential for groundwater flov exists from the deep 
zone to the intermediate and shallow zones. 

At vel1 cluster GH-9, 68, 69 there is a potential for downvard 
groundwater flow to occur from the shallow zone to the 
intermediate and deep zones. However, there is potential for upvard 
groundvater flow from the deep zone to the intermediate zone. 

2-10 
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On March 23, 26, and 27, 1990, E & E personnel conducted short-term 
aquifer tests at the IVTP. 
determine the approximate hydraulic conductivity (K), transmissivity 
(T), and groundwater flow velocity (V) for each depth zone. 
testing conducted consisted of nslugn tests and pumping tests. 
the pumping tests at monitoring vell clusters, the vater levels in wells 
at different depth intervals vere observed for changes to determine if 
there vas hydraulic connection between the monitored zones. 
following sections discuss the methodology of these aquifer tests. 

The purpose of the aquifer tests vas to 

The aquifer 
During 

The 

3.1 SLUG TBSTS 
Vi thdraval-type slug tests were conducted on shallow vells GX-9, 

11, 62 and 67; intermediate vells GH-64, 66, and 69; and deep vells 
611-63, 65, and 68. Figure 1-1 shows the locations of these monitoring 
vells 

The methodology of vithdraval-type slug tests involves quickly 
removing a knovn volume of vater from the vell and recording the water 
level changes over tine vith a pressure transducer and digital data 
recorder until equilibration is achieved. The method used to calculate 
K and T from the slug test data is based on a technique for determining 
these parameters from partially penetrating vells in unconfined and 
confined aquifers (Bower and Rice, 1976; Cooper, e t .  al., 1967). For 
this procedure, semi-logarithmic graphs are prepared of the vater level 
and time data. In the unconfined solution, values from the 
straight-line portion of the graph are used for obtaining K and T values 
(based on equations given by Bouver and Rice 1976) using AOTESOLV, a 
commercially available computer program. In the confined solution, the 
graphed data is "fit" to 8 type curve using AOTBSOLV based on equations 
given by Cooper et. a1. (1967). Appendix A giver the analytical 
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solutions used in both methods. 
Because the slug testing procedure evaluates only an area within a 

short radial distance of the well, values may not be representative of 
the whole aquifer zone. In addition, this procedure assumes that: the 
test has no significant effect on the water table; flow above the water 
table (in the capillary fringe) can be ignored; head losses as water 
enters the well are negligible (i.e., the well screen does not impede 
water movement); and the aquifer is homogeneous and isotropic. 

The resultant parameter from this method for unconfined aquifers is 

Because slug testing involves a relatively small volume of water 

Slug tests basically only 

hydraulic conductivity (K), and for confined aquifers is transmissivity 
(T). 
displacement in the aquifer and is a short duration aquifer test, the 
area of influence during the test is small. 
evaluate the section of the aquifer immediately adjacent to the well 
screen. Because of this, for unconfined solutions, the values of 
transmissivity (T) can be calculated by multiplying the hydraulic 
conductivity (K) by the length of the screened interval (2.5 feet for 
IWTP monitoring wells). Conversely, for confined solutions, values of 
(K) can be calculated by dividing the resultant (T) by the length of the 
screened interval. 

3.2 puwpIloG TBSTS 
Pumping tests were conducted on shallow zone monitoring wells GH-9, 

11, and 62; and on deep zone monitoring wells 631-63 and 68. 
shovs the location of these monitoring wells. 

a production well at a knovn rate. 
at a well cluster, the drawdonrs in water levels in this well and the 
two other wells were monitored with either a water level indicator or a 
pressure transducer and data logger. 
stabilized in all the valls, the pump w a s  shut off and water level 
recoveries were recorded until equilibration was achieved. When a 
shallow well vas used as the production well, the observation wells vere 
the adjacent intermediate and deep wells. 
the production well, the observation wells were the adjacent shallow and 
intermediate vells. 

Figure 2-1 

The pumping test methodology involved discharging groundwater from 
Vhen the production well w a s  located 

Vhen the pumping water level had 

When a deep well w a s  used as 
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The resultant aquifer parameter calculated using pumping test 
recovery data is T. 
presented by Theis (193S), and is a variation of the method developed by 
Jacobs (1963). In this method, the vater level recovery data in the 
production vcll is plotted against time on semi-logarithmic graph paper, 
and a straight line is fit to the data points through one log cycle. T 
is then calculated using the following equation: 

The analytical method is based on equations 

T = 2.3Q 
4- 
- 

where: T = transm2ssivity (feet squared per minute 
[ft /=in]) 

[ft /min]) 
Q = discha e feet cubed per minute 

As = change in drawdovn over one log cycle 

To obtain T in ft /day, the equation is further derived (Heath, 1987): 

( 

2 

T - 3SQ 
As 
- 

2 where: T = transmissivity (ft /day) 
Q = discharge (gallons per minute) 

The Jacobs method is applicable to analyzing the dravdovn in a vcll 
if steady-state conditions are achieved. 
production wells vere not shut down until the pumping vater levels had 
stabilized, for practical purposes it can be assumed that steady-state 
conditions did exit t . 

Given that the pumps in the 

Because of the short duration of the recovery phase on these vells 
(less than 10 minutes), it is reasonable to assume that the flov of 
groundwater into the vel1 was essentially radial and that vertical flov 
vas negligible. Therefore, these recovery tests evaluated only that 
portion of the aquifer adjacent to the vcll screen. 
values of K shown for the pumping tests vere derived by dividing the 
calculated T values by the length of the well screen (2.S feet). 

The resultant values of hydraulic conductivity obtained during 
aquifer testing represent the hydraulic conductivity of the aquifer 
media principally in the horizontal direction. Values in the vertical 
direction vould presumably be less (Freeze and Cherry, 1979). 

Consequently, the 
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3.3 G R O U N D V A T R U F L O W ~  
The horizontal groundwater flow velocity (V) w a s  determined using 

the calculated K values and a derivation of Darcy's Law: 

V I K I  - 
e n 

vhere: V - velocity 
R = hydraulic conductivity 
I = horizontal hydraulic gradient 

= affective porosity. "e 

The effective porosity for these for these calculations vas estimated at 
28 percent, a value typical of unconsolidated, medium-grained sands 
(Heath, 1987) 

3.4 A O U I ~ T B S T R B S U L T S  
Table 3-1 presents the results of the aquifer testing. Appendix B 

contains the slug test data and analyses, and Appendix C contains the 
pumping test data and analyses. 

For the slug testing, all vells except GX-62 were analyzed using 
the unconfined solution. 
because the data could not be "fit" to a straight-line plot. 

Well GX-62 required the confined solution 

The intermediate wells GX-64, 66, and 69 were not pump tested 
because the vells could not yield enough vater to sustain a prolonged 
flow. The shallow zone vel1 Cn-67, and the deep zone well GX-65 vere 
not successfully pump tested because of difficulty in stabilizing the 
groundwater discharge rates. 

Observation of different depth interval wells during the pumping 
tests indicated that: 
intermediate or deep wells during the pumping of shallow vells, and b) 
there vas no significant drawdown in shallow or intermediate wells 
during the pumping of deep wells. These results indicate that no 
apparent hydraulic connection exists between these zones under 
short-term, low discharge rate (1 to 2 gallons per minute) aquifer 
stressing. 

than the pumping test results. The exact reason for this is unknown u d  
is probably 8 function of the different tests and/or analytical methods 

a) there vas no significant drawdown in 

The slug test results shovn in Table 3-1 are consistently higher 
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used. In general, however, the slug and pumping test results are in 
agreement within reasonable limits. 

Aquifer test results shown in Table 3-1 for vells open to the 
shallow zone indicate that this zone is moderately permeable. Eydraulic 
conductivities range from 4.17 to 44.36 ft/day, and average 23.15 

ft/day. The average horizontal flov velocity for this zone is 0.116 

ft/day (42.34 ftlyr). 

indicate that this zone is characterized by low permeabilities. 
Hydraulic conductlvitics range from 0.20 to 0.86 ft/day, and average 
0.50 ft/day. 
0.005 ft/day (1.68 ftlyr). 

this zone is moderately permeable. 
2.74 to 24.86 ft/day, and average 13.52 ftlday. 
flov velocity for this zone is 0.009 ft/day (3.29 ft/yr). 

Aquifer test results for wells open to the intermediate zone 

The average horizontal flow velocity for this zone is 

Aquifer test results for wells open to the deep zone indicate that 
Hydraulic conductivities range from 

The average horizontal 
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1.1 ~ ~ A T B R ~ V D I B B c R o l o  
Groundwater elevations in the shallow zone of the Sand-and-Gravel 

Aquifer underlying the IVTP mimic the peninsular topography, and 
groundwater flov occurs from the central portion of the site (i.e. the 
highest elevation) to the east, north, and vest (i.e. the lowest 
elevations). 
east from the eastern side of the IVTP, and may possess a westerly 
component which flows from the western side of the facility. 
subsurface lithologies, calculated flow directions, and the proximity of 
surface water bodies with a lover head, the majority of the groundwater 
in both of these zones probably discharges into Bayou Crande and 
Pensacolr Bay. There vas no observable effect on the water level 
elevations in the shallow and intermediate wells due to the pumping of 
groundwater from recovery well RU-7. 

Groundwater in the deep zone of the Sand-and4ravel Aquifer 
underlying the IVTP appears to flow to the south, discharging into 
Puwacola Bay and/or the Gulf of Mexico. 

Groundwater flow in the intermediate zone flows to the 

Based on 

1.2 ~ ~ T E R p l M t R A T B S  
The shallow zone of the Sand-and-Gravel Aquifer underlying the IUTP 

The average estimated rate 

The intermediate zone of the Sand-and-Gravel Aquifer underlying the 

is characterized by a moderate permeability. 
of groundwater flow in this zone is 0.116 ft/day (42.34 ftlyr). 

IUTP possesses low permeabilities. Consequently, the average estimate 
rate of groundv8ter flov in this zone is also low at 0.005 ft/day (1.83 
f t/yr) . 
characterized by a moderate permeability. 

The deep zone of the Sand-and-Gravel Aquifer underlying the IVTP is 
However, the horizontal 

4- 1 



hydraulic gradient in this zone is lov. Therefore, the average 
estimated rate of groundvater flov in this zone is lov at 0.009 ft/day 
(3.29 ft/yr). 

4-2 

• 

• 

• 

estimated 

ft/yr). 

Therefore, 

ft/day 
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AQTEsOLV 105 

SLUG TEST METHOD FOR UNCOLYFINED AQUIFERS 
I 

i 
i 
I 

=Eva: Bouwer, H. and R C Rice, 1976. A slug test method for dete-g 
hydrauiic conductiviry of unconfined aquifers with comptcteiv 
or partially penetrating wells, Water Resources Research, V O ~  
1% no. 3, pp. 423428. 

SOLUTION 

where: 

sa * 

r. - 
H -  

b -  

initid drawdown in well due to instantaneous reaoval of water born 
well PI 
drawdown in well at time t &] 

length of well screen &I 
radius of weil us ing  (L) 

empirid “shape h o t ”  dercnnincd from tables provided in Bouwer 
and Rice (1976) 

equivalent radius over whit5 head loss occm (LJ 

static height of water in well [L] 

saturated thickness of aquifer 



AQTESOLV 106 

SLUG TEST METHOD FOR WCONFIhiED AQUIFERs 
(continued) 

DEFINITION OF TERMS: 
well 

• 106 

TEST UNCONFIl-iED AQUIFERS 

TERMS: 

well 

land surface 

water table 

H 

• l 
IMP~L.E SASE 

• 



AQTESOLV 107 

i 

SLUG TEST FOR CONFINED AQUIFERS 

REFERENCE: Cooper, H. H, J. D. Bredehoefr. 
a finitediameter weU to an 
Water Resources Research, voI.3, no. I, pp. 263-269. 

ASSUMPTIONS: aquifer has infinite ared extent 
aquifer is homogeneous, isotropic, and of d o r m  t h i b a  
aquifer potentiometric nrrface is initiaIIy horizontal 
a volume of water, V, is injected into or discharged from the well 
instantaneousfy 
pumping well is fully penetrating 
flow to pump@ well is horizontd 
aquifer is confined 

water is released instantaneously &om storase with dedine of hydraulic 
head 

diameter of pumping weU is very smal l  so that storqe in the we!! a 
be ne@ectcd 

flow is unste3dy 

SOLUTION: 

Inrcgrol solruion for dimensiodm & d o w n  in weit 

where: 

Ho= initid head in well we11 due to dug injection or utmcioa (L] 

a - r:S/rt [di~nen~ioaIess] 



AQTESOLV 10s 

SLUG TEST FOR CONFINED AQUIFERS 
(continued) 

r= effective radius ol well It] 

r p  i n t e d  radius of well casing IL) 

J p  Bessel fundon of 6rst kind, zero order 

J,- 

Yo= 

Bessef bcrion of fh kind, first order 

Bessel function of second kind, zero order 

Y,= Bessel function of second kind first order 

I(I = modified Bessel function of second kind, zero order 

K, = modified Bcssel function of second kind, first order 
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