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Abstract 

 The cities of Moscow, Idaho, and Pullman and Palouse, Washington depend 

on the ground water resource systems in the Wanapum and Grande Ronde 

formations for their needs.  The three communities are located in a region along the 

Washington-Idaho border known as the Palouse.   

 Several large-scale aquifer tests were conducted as part of this investigation 

using the wells Moscow 9, Moscow 6 and Moscow 8 (jointly), WSU 7, and Pullman 8 

(a new municipal well for the city of Pullman).  Data for a variety of observation wells 

were analyzed with primary focus on the new monitoring well IDWR 4.  IDWR 4 is a 

new, Grande Ronde monitoring well located about one mile north of the city of 

Moscow, and is part of a nest of observation wells completed in different geologic 

units and aquifers.  IDWR 4 is completed in the primary ground water producing 

zone in the Moscow area with a completion depth of approximately 730 ft below 

ground surface. 

 Aquifer test data are analyzed using the program Aqtesolv® and the Theis 

(1935) method with the primary goal of delineating hydraulic connections across the 

region.  Drawdown data for IDWR 4 are also compared to the Hantush-Jacob (1955) 

method to make a case for a leaky or multiple aquifer system in the Grande Ronde.  

A clear barometric response can be seen in the records for most wells in the 

Palouse region.  A combination of the Clark (1967) method, and trial-and-error 

testing is used to remove the barometric fluctuations that mask pumping induced 

drawdown. 
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 Generally, barometric efficiencies where found to vary over a substantial 

range (25% to 99%), and to greatly affect the capability to detect drawdown in many 

of the wells.  Boundaries, in the form of crystalline rocks that surround the Moscow-

Pullman area, can also have a large effect on the amount of drawdown in an 

observation well, and it is important to account for these boundaries in deriving 

accurate results.  Through the application of the Hantush-Jacob (1955) leaky aquifer 

model, there is also good evidence that the Grande Ronde aquifer system in the 

Moscow-Pullman area consists of an interconnected, multiple aquifer/aquitard 

system. 

 The IDWR 4 well is very responsive to the Moscow 9 and UI 4 wells, and 

experiences nearly constant water level changes from pumping of these two wells.  

There may also be a connection between IDWR 4 and WSU 7.  No definitive 

connection could be found between IDWR 4 and the wells Moscow 6, Moscow 8, 

and Pullman 8.  No definitive response could be seen in Palouse 1 from pumping of 

either the WSU 7 well or the Pullman 8 well.  Visually, the wells Pullman 6 and 

Cornelius appear to respond to Pullman 8 and WSU 7, but constant small 

fluctuations in the data made analysis difficult.  This makes the possible connections 

between the pumping wells (Pullman 8 and WSU 7) and the observation wells 

(Pullman 6 and Cornelius) difficult to determine with certainty. 
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Chapter 1 – Introduction 

Overview 

 To increase understanding of the ground water resource systems in the 

Moscow, Idaho and Pullman, Washington areas, a nest of four monitoring wells 

(IDWR 1, 2, 3, and 4) was drilled north of the city of Moscow in 2006, prior to this 

investigation.  Each well was completed in a different water-bearing zone.  

Presented here are the results from a series of four aquifer tests using IDWR 4 

(Idaho Department of Water Resources) as the main observation well, with 

additional observation wells added when and where possible.  These tests, 

conducted in the Grande Ronde aquifer system, were meant to evaluate hydraulic 

connectivity between Moscow and Pullman, and estimate the aquifer coefficients of 

transmissivity and storativity for the Grande Ronde aquifer system. 

Although the Grande Ronde aquifer system is the deeper of the two main 

aquifers in the area, it has become the primary source of water for both of the cities, 

as well as for the University of Idaho (UI) and Washington State University (WSU) 

because of its better quality and greater extraction rates (Jones and Ross, 1969; 

1972; and Sokol, 1966). 

The IDWR 4 monitoring well is completed to the upper R2 Member of the 

Grande Ronde basalts approximately 730 ft below land surface (approximately 1890 

ft amsl) (Bush, 2006a; Ralston, 2007).  The well is constructed with eight inch 

diameter steel casing to within ten feet of its entire depth (Ralston, 2007). 
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The wells Moscow 9, Moscow 6, Moscow 8, WSU 7 and Pullman 8 were used 

as the pumping wells for the aquifer tests.  Although the aquifer tests were 

conducted with IDWR 4 as the primary observation well, additional wells were 

included when appropriate.  These additional wells were mostly those known or 

suspected to be open to sand layers (Latah Formation) that are stratigraphically 

above or east of the Grande Ronde basalts.  In the case of the Pullman 8 test, a mix 

of wells that are known either to respond, or not respond, to previous aquifer tests 

were selected because Pullman 8 was completed in 2007, and no tests had been 

conducted previously.   

Statement of the Problem 

 The study area lies in a corner of the Palouse Basin straddling the Idaho-

Washington border, and includes the cities of Moscow, Idaho, Pullman and Palouse, 

Washington, and their surrounding areas (Figure 1).  Those wells that are used for 

pumping are all associated with either the cities or with the universities; monitoring 

wells (part of the Palouse Basin Aquifer Committee (PBAC) monitoring network) are 

scattered throughout the area (Figure 1).  Figure 2 shows a physiographic map for 

most of the Palouse Basin.  The pink areas delimit the eastern boundary, and other 

low permeability boundaries of the Palouse Basin.  The western boundary is 

unknown because of the lack of hydrogeologic data west of Pullman (McVay, 2007). 

Details about the Grande Ronde aquifer characteristics and Palouse Basin 

hydraulic connectivity between Moscow and Pullman have been problematic for 

investigators over several decades of study.  There are heterogeneity and boundary  
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Figure 1.  Study area and locations of wells monitored for this investigation.  
Data for monitored (green) and pumped (blue) wells are used in analyses.  
Other wells (red) are used in historical context, and includes Moscow 7. 
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Figure 2.  Physiographic map of the Palouse Basin (Bush, 2005).  Pink areas 
delimit the eastern boundary; the western boundary is unknown.  Orange 
(east-west) and green (northeast-southwest) lines are approximate locations 
of the cross sections presented in Chapter 2. 
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issues (Brown, 1991; Bush, 2005; Crosby and Cavin, 1960; Johnson et al., 1996; 

Lum et al., 1990; Sokol, 1966), as well as constantly present somewhat steady cyclic 

pumping between the four, primary entities involved (Moscow, Pullman, UI, and 

WSU).  Several people who have studied the Palouse Basin believed that the area is 

divided into two separate sub-basins (Crosby and Chatters, 1965; Foxworthy and 

Washburn, 1963) or that ground water flow is out of the Moscow sub-basin and into 

the Pullman sub-basin (Crosby and Chatters, 1965).  Uncertainty also exists as to 

whether an apparent boundary between the two sub-basins is a physical one or a 

hydrologic one (Foxworthy and Washburn, 1963; McVay, 2007). 

 The purpose of this study is to further the understanding of Grande Ronde 

aquifer system connectivity, and hydrogeologic characteristics using the new 

monitoring well IDWR 4 as the primary source of data. 

Previous Research 

 Observations and Conceptualizations 

 The earliest study of the Moscow-Pullman area hydrogeology appears to 

have been completed by Israel Russell (1897) as part of a larger survey of the 

Columbia Lavas, which was an early name for what we now call the Columbia River 

Basalt Group (CRBG).  Russell beautifully described the eastern edge of the CRBG 

in the Moscow-Pullman area as sea like, where the mountains and buttes are a 

rugged shoreline with bays, jetties and islands.  Russell gave only a general 

description of the CRBG, and considered them one large continuous horizontal 
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aquifer with vertical boundaries.  This would have included the Wanapum and 

Grande Ronde basalt formations.  He also talked specifically of wells in the Moscow-

Pullman area, and described many that were flowing at land surface.  Even then, 

Russell recognized the importance of capping these wells as soon as possible to 

prevent heads from dropping below land surface. 

 Laney et al. (1923) expanded the conceptual model to one of multiple 

aquifers based on head differences with depth in Moscow, but considered them all to 

be connected through the lower sands that lie on top of the basement rock.  Laney 

et al. (1923) believed the aquifers to be of sufficient supply to meet the needs of 

Moscow for “many years” and at “reasonable cost”.  Laney et al. (1923) also noted a 

decline in head of 44 ft over a period of 30 years, which is approximately 1.5 ft/yr.  

This rate of decline is still a common misconception today (2009). 

 Crosby and Cavin (1960) reported that Moscow was still experiencing slow 

continued declines in 1960, but did not give any numbers or rates.  They also 

believed that rates of decline were different in Pullman than in Moscow owing to 

recharge that they believed Pullman receives through Missouri Flat Creek.  Crosby 

and Cavin (1960) also made mention of the heterogeneity in the Moscow-Pullman 

area, stating that “…very local conditions would have considerable effect on 

individual wells, and yet closely spaced wells need not necessarily reflect each 

other.”  Crosby and Cavin’s (1960) seismic study indicated that the pre-basalt, 

basement topography is of high relief.  They stated that ancestral streams existed in 
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“deeply incised channels” and that steep-sided granite hill-slopes submerged 

beneath the basalt “fall away rapidly below lands surface.” 

 A distinct separation of the Moscow and Pullman sub-basins was proposed 

by Foxworthy and Washburn (1963) based on two characteristics:  First, that 

differences in water level altitudes and seasonal fluctuations exist, and second, the 

chemical characteristics of the groundwaters are different in each sub-basin.  

Foxworthy and Washburn (1963) also were confident that recharge occurs through 

streambed infiltration and through downward percolation of water in the loess, but 

gave no evidence for it. 

 Based on age dates, Crosby and Chatters (1965) placed the bulk of 

Pullman’s groundwater in storage by the end of the Pleistocene glaciation, about 

10,000 years ago; however, some of their analyses indicated that recharge in the 

Pullman sub-basin has occurred since about 6500 years ago.  Crosby and Chatters 

(1965) estimated that recharge in the Pullman area in 1965 was 108,000,000 gallons 

per year (~14,400,000 ft3) with no recharge in Moscow.  The reasons given for lack 

of recharge in Moscow were clay layers in the Latah Formation between the 

Wanapum and Grande Ronde Formations, runoff into Pullman, and ground water 

“spillage” into Pullman.  Crosby and Chatters (1965) also identified a water mound, 

and a structural high in the basalt surface, in the vicinity of the Idaho-Washington 

state line, and used these as lines of evidence for a separation of the Moscow and 

Pullman sub-basins. 
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 D. Sokol (1966) was the first to look at long-term hydrographs to evaluate the 

ground water levels in the Moscow sub-basin.  Sokol (1966) was able to link water 

level changes to barometric fluctuations, pumping from other wells, earthquakes, 

wind, and recharge.  Sokol (1966) noted ground water changes as large as 0.2 ft 

within a time-period of one day due to barometric fluctuations in Moscow, and 

calculated barometric efficiencies (BE) for several wells between 32.4% and 90.5% 

with most barometric efficiencies around 90%.  The lowest BE value is associated 

with the Moscow 7 city well, which Sokol (1966) believed to be completed in a 

separate aquifer based on this lower BE, and the differences in head levels from 

other city and university wells.  Strong connections were seen between the Moscow 

city wells, Moscow 6 and Moscow 8, but not between these wells and other wells.  

The connection between Moscow 6 and Moscow 8 has been reiterated by recent 

researchers (McVay, 2007; Owsley, 2003).  Sokol (1966) did not see any pumping 

effects from Moscow 6 and Moscow 8 in the University of Idaho well 3 (UI 3).  

However, he did note that there appeared to be indications of recharge in UI 3 water 

levels that correlated well with increased creek flow in the area.  UI 3 had only been 

in existence for a short period of time at this point, and by observing the water levels 

in the annuli between the different casings, Sokol (1966) was able to distinguish 

hydraulic separations between the Wanapum, upper Grande Ronde, and lower 

Grande Ronde basalts based on the individual behaviors. 

 Heinemann (1994) looked at the relationships between streams and ground 

water in the Moscow-Pullman area, and concluded that the Wanapum Formation is 
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the primary recipient of stream based recharge, and is also a source of local ground 

water discharge where stream erosion has cut channels in the basalts; he suggested 

also that there may be hydraulic connections between streams and the Grande 

Ronde Formation northwest of the Moscow-Pullman area near Colfax, WA.  

Heinemann (1994) believed that spring seepage at the canyon wall of the Snake 

River is significantly less than previously estimated, particularly because his analysis 

indicated that ground water flow is to the north-northwest, away from the Snake 

River.   

Hopster (2003) looked at springs along Union Flat Creek, which is southwest 

of the Moscow-Pullman area.  She concluded that most spring discharges along the 

valley flanks issue from the Palouse Formation, and direct ground water baseflow 

into the creek is from the Wanapum Formation. 

Aquifer Test Analyses  

 Using a standard method for plotting the change in head versus the change in 

barometric pressure, Sokol (1966) calculated barometric efficiencies in the Moscow 

area that were, for the most part, around 90% with one well (Moscow 7) being 

considerably lower at about 30%.  Using a visual trial-and-error method, McVay 

(2007) estimated low barometric efficiencies in the Pullman and Palouse areas with 

values ranging from negligible to 35%.  The wells estimated to be negligible were the 

Champion Electric and WSU Test wells. The WSU Test well that McVay determined 

to have a negligible BE, however, appeared to be responding to fairly regular 
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pumping effects, which can make determining BE difficult (Clark, 1967; Rasmussen 

and Crawford, 1997). 

 During the construction of the DOE well, located along the Moscow-Pullman 

Highway (Figure 1), Brown (1976) estimated a transmissivity of 100,000 gpd/ft (1.33 

X 104 ft2/day) based on the specific capacity of the well. Using the DOE well as an 

observation well, Owsley (2003) and McVay (2007) both estimated transmissivity 

values around 2 X 105 ft2/day in three aquifer tests.  Owsley (2003) and McVay 

(2007) both used Theis (1935) curve matching techniques.  In addition to this, 

McVay (2007) estimated transmissivity values in the 106 ft2/day range for wells in the 

Pullman and Palouse areas, and storativity values were estimated to range from 10-6 

to 10-3 for observation wells throughout the Palouse Basin area.  Owsley (2003) 

estimated transmissivities for wells Moscow 6 and Moscow 8 to be on the order of 

8,000 to 9,000 ft2/day; storativity was estimated to be on the order of approximately 

10-5 based on data for well Moscow 6 and the DOE well.  Owsley (2003) concluded 

from his aquifer tests that a hydraulic boundary exists between Moscow and Pullman 

west of the DOE well; and McVay (2007) believed that some amount of time-based 

separation exists between wells Moscow 6, Moscow 8, and the DOE well.  That is to 

say, a time-lag exists before the effects of pumping from other wells are seen in 

these wells.  Both Owsley and McVay did conclude that some wells in both Moscow 

and Pullman are connected to Palouse 2.  McVay (2007) concluded that a 

hydrologic connection exists between the Moscow, Pullman, and Palouse areas.   
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Osiensky (2007) found no connections between the combined pumping of 

Pullman city wells and WSU wells with the observation wells WSU 5 and the 

Cornelius well over a two-week pumping period; Osiensky (2007) did note 

similarities in groundwater level behaviors of the two observation wells.  Similarly, 

Douglas (2006) also found no connections between the Cornelius well and any of 

the wells pumped during her aquifer test, which included wells in both Pullman and 

Moscow.   

Ground Water Modeling 

 Numerical modeling of the Moscow-Pullman area has produced confusing 

and less than satisfactory results.  Smoot and Ralston (1987), Lum et al. (1990), 

Brown (1991), and Johnson et al. (1996) continually built upon a model for the 

Palouse Basin that started with Baker (1979), all with varying degrees of complexity, 

and incorporating new information about the aquifers, and interactions as it became 

available.  However, none of these authors seemed completely satisfied with their 

respective models, and also seemed more certain as to where their models were 

lacking than where the models might be accurate.  The model results did highlight 

definite holes in the hydrogeologic understanding of the Palouse Basin. 

Methods For This Investigation 

Collection of Water Level Data 

 Data collection for this investigation was completed with the support of the 

Palouse Basin Aquifer Committee (PBAC), the City of Moscow Water Department, 
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Palouse Water Department, Pullman Water Department, Washington State 

University and University of Idaho.  Periodic modifications were made to the PBAC 

ground water monitoring network, and city pumping schedules were modified to 

accommodate aquifer tests designed specifically for this investigation. 

 Ground water levels in the Palouse Basin are recorded continuously by a 

network of submersible pressure transducers (data loggers) maintained by PBAC.  

Water levels in the Palouse 1 well are recorded with a ©Schlumberger Micro-Diver® 

data logger with a direct read cable that is owned by the city of Palouse.  All water 

level data for the other observation wells were recorded by Solinst® Levelogger® 

data loggers.  The Solinst® Leveloggers® used in the Palouse 2, WSU Test and 

DOE wells are owned by the Washington Department of Ecology (WDOE).  All other 

Solinst® Leveloggers® are owned by PBAC.  Depth to water measurements for this 

investigation were made with an In-Situ® Inc. electronic water level sounder. 

Data Conversions, Drawdown Calculations, and Trend Corrections 

 Raw data logger readings are a measure of absolute pressure.  The data 

logger readings represent the total pressure exerted by the sum of the water column 

above the transducer, and the weight of the atmosphere pushing down on the water 

surface in the well.  Therefore, all barometric pressure readings for the same times 

as the water level readings are subtracted from the raw data to convert to actual 

water pressure on the transducer.  The actual water pressure exerted on the 

transducer is converted to elevation of the water level above mean sea level. 
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 Calibration/conversion of the data logger readings into water level elevations 

above mean sea level (AMSL) was based on the hand measurements of depth to 

water taken as close as possible in time to the water pressure recorded by the data 

logger.  The depth to water measurement was made during first installation and 

each time the logger was reset.  The elevation of the ground water at the time of 

measurement was determined by subtracting the depth to water measurement from 

the surveyed elevation of the measuring point (e.g., casing collar).  A conversion 

factor was then calculated that when added to the logger reading produced the 

actual ground water elevation in the well.  This conversion factor was added to all 

logger readings for that specific monitoring period to convert all the data logger 

pressure readings to water level elevations in feet above mean sea level (AMSL).   

 This conversion does introduce an additional amount of error into the water 

level record.  Sporadic jumps in the water level for an observation well can be seen 

from one data logger download to the next.  Some of these jumps are visible in the 

long-term records presented in Chapter 3.  To avoid the error that causes these data 

jumps, aquifer test analyses were completed using only the actual data logger 

readings (i.e., changes in pressure over time) to calculate drawdown.  Drawdown 

was calculated as the change in water pressure from the highest water pressure 

recorded in a given record.  This assumes that the highest water pressure recorded 

is the closest approach to a static water level for a well.  This procedure was 

followed because true static water levels never exist in any given well due to 

continual drawdown and recovery well interference effects.  Further explanation and 
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illustration with Aqtesolv® results based on the Theis (1935) equation are presented 

in Appendix C. 

The Clark (1967) method for estimation of well barometric efficiency (BE) was 

developed to deal with the correction of water levels in a well where not all the 

changes in head are caused by changes in barometric pressure (Clark, 1967; 

Rasmussen and Crawford, 1997; Spane, 1999; Merritt, 2004).  The Clark (1967) 

method was applied in this investigation, where possible, to estimate the BE, for use 

in the correction of the ground water measurements for changes in barometric 

pressure.  Due to uncertainties relative to the applicability of the Clark (1967) 

method for some Palouse Basin wells, trial-and-error testing was favored to estimate 

the BE for the Moscow Cemetery and Mt. View Park wells.  These wells experienced 

far too many changes in head due to pumping effects to adequately determine BE 

with the Clark (1967) method.  This is a known issue in calculating BE, and is 

discussed to varying extents by Clark (1967), Davis and Rasmussen (1993), 

Rasmussen and Crawford (1997), Spane (1999; 2002) and Toll and Rasmussen 

(2007).  Because water level fluctuations in well IDWR 4 occur almost constantly 

due to pumping influences from area wells, no BE corrections were possible for this 

well. 

In the Clark (1967) method, the sum of the changes in head (∑ΔW), for some 

increment of time, are plotted against the sum of changes in barometric pressure 

(∑ΔB) for the same increment of time.  The slope of the line is the BE.  ∑ΔB is the 
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sum of the absolute value of ΔB for each time step.  ∑ΔW is calculated following two 

rules (Clark, 1967): 

1.  Do not include the value of ΔW in calculating ∑ΔW when ΔB is zero. 

2.  Add ΔW in obtaining ∑ΔW if ΔW and ΔB have the same sign; subtract ΔW 

in obtaining ∑ΔW when ΔW and ΔB have different signs. 

Increases in head result in a positive ΔW value, and decreases in barometric 

pressure result in a positive ΔB for each time step. 

 In the trial-and-error testing method, first a high BE, a low BE and an in-

between BE (i.e. 80%, 20%, and 50%) along with the Clark (1967) derived BE were 

applied to the water levels and the resulting corrected water levels were compared 

graphically to initially determine where best to focus further correction attempts.  

Once it was determined what area of BE correction might be too much and too little 

from this initial comparison, (i.e. 50%, 80%, and Clark derived all over corrected) an 

additional range of values was chosen that was between the values determined to 

over correct and under correct for the barometric effects.  So if 50%, 80%, and the 

Clark (1967) derived value all appeared to be too high, and 20% appeared to be too 

low, a range of values between 20% and 50% would be chosen to further hone in on 

an accurate BE correction.  This process was then repeated until the corrected water 

levels appeared to show minimal barometric effects. 
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Aquifer Tests and Data Analysis 

 Four separate aquifer tests were conducted with pumping concentrated in 

either Pullman or Moscow to further the understanding of hydraulic connectivity in 

the Palouse Basin as a whole.  Well IDWR 4 was the primary observation well for all 

four tests.  Observation well drawdown data were analyzed using the aquifer test 

analysis program Aqtesolv®.  For the Moscow 9 Aquifer Test, which was the initial 

test using the new IDWR 4 observation well, only the effects of pumping from 

Moscow 9 were considered, over a short period of time.  UI 4 did not pump, and no 

Pullman area pumping was evaluated or included in the analyses.  All other aquifer 

tests (long-term tests consisting of several days, and multiple pumping events), were 

designed with an attempt to delineate the pumping effects of a particular well within 

a specific time frame of interest.  Pumping of other wells was limited to the maximum 

extent possible.  IDWR 4 is analyzed using the Theis (1935) method together with 

the principle of superposition for multiple pumping wells in the Moscow 9 Aquifer 

Test.  In addition to using Theis (1935), all observation well data are also analyzed 

using the Hantush-Jacob (1955) method for confined leaky aquifers to evaluate the 

case that the Grande Ronde aquifer tested is part of a leaky multi-aquifer system. 

 In the Theis (1935) method, as described by Freeze and Cherry (1979) or 

Fetter (1994), drawdown (  ) in an observation well is: s

 

 =
π
Qs W

4 T
(u)      [L]                                                                                    Eq. 1 
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where:     is the pumping rate [V/t],  is transmissivity [L2/t], Q  T  W u( ) is the well 

function and is an infinite series: 

 

 
⎡ ⎤

= − − + − + − + − ∞⎢ ⎥
⎣ ⎦

2 3 4u u uW(u) .5772 lnu u
2*2! 3*3! 4*4!

                                Eq. 2 

and  

 =
2r Su

4Tt
.                                                                                                      Eq. 3 

 

where:    r is the distance [L] between the pumping well and the observation well,  is 

the dimensionless storativity and   is time. 

 S

t

 In the Hantush-Jacob method, as described by Freeze and Cherry (1979) or 

Fetter (1994), drawdown (  ) in an observation well is: s

 
  
s =

Q
4πT

W u,r /B( )                                                                                       Eq. 4 

where:     is the pumping rate [V/t],  is transmissivity [L2/t], Q  T  W u,r / B( ) is the leaky 

well function and    is the same as for the Theis (1935) solution,   u r is distance [L] 

and: 

 
  
B =

T ′ b 
′ K 

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟                                                                                                  Eq. 5 

where:    ′ b  is the thickness of the aquitard [L] and  ′ K  is the vertical hydraulic 

conductivity of the aquitard [L/T]. 
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 It is possible to determine total drawdown by invoking the principle of 

superposition (Freeze and Cherry, 1979; Reilly et al., 1987) defined by Reilly et al. 

(1987) as; “for linear systems, the solution to a problem involving multiple inputs (or 

stresses) is equal to the sum of the solutions to a set of simpler individual problems 

that form the composite problem.”  The principle of superposition also is invoked for 

analysis of the total effects of the on and off cycling of the pumping wells presented 

in Chapter 4.  For multiple (n) pumping wells, total drawdown is the sum of the 

contribution from each well such that: 

 

 = + + +
π π π

1 2 n
1 2

Q Q Qs W(u ) W(u ) W(u )
4 T 4 T 4 T n      [L]                                    Eq. 6 
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Chapter 2 – Hydrogeology 

Introduction 

 The Palouse is a hilly agricultural area in southeastern Washington and 

northern Idaho (Figure 3) that consists of approximately 3000 mi2.  The eastern edge 

of the Palouse straddles the Washington and Idaho border north of the Snake River 

(Figure 2).  The Palouse is considered a semi-arid environment with annual 

precipitation amounts of approximately 20 inches.  The majority of the precipitation 

occurs between October and April (Foxworthy and Washburn, 1963).  The geology 

consists of meta-sediments and granitic basement, several lava flows of the 

Columbia River Basalt Group (CRBG), interbeds and surface sediments of the Latah 

Formation, and silty loess known as the Palouse Formation (Figure 4, Figure 5, and 

Figure 6).  Terminology, descriptions and extents discussed herein are mostly 

adopted from the works of John Bush. 

Ground water exists in all the rock types in the Moscow area.  This includes 

the crystalline basement rock, the Palouse Formation, the Wanapum and Grande 

Ronde Formations of the CRBG, and the sediments of the Latah Formation.  Ground 

water in surface sediments, including the Palouse Formation, is unconfined or 

perched.  Ground water in the CRBG is generally confined (Jones and Ross, 1972).  
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Figure 3.  Picture of the Palouse rolling topography west of Moscow, ID.  
 

 
Figure 4.  Relative Stratigraphic Column showing geologic units found in the 
Palouse groundwater basin.  
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Geology 

 Basalts of the CRBG are of Miocene age, and four basalt formations exist in 

the Moscow – Pullman area.  From oldest to youngest these are the Imnaha, 

Grande Ronde, Wanapum, and Saddle Mountains (Bush, 2005; 2006a; 2006b).  The 

subsurface geology within the Palouse Basin (Figure 4) is such that even within 

short distances there are “rapid lateral changes in thicknesses, interbed

composition, vesicle content, fracture spacing and internal basalt structures” (Bush 

and Garwood 2003) (Figure 5, Figure 6).  The CRBG lava flows entere

Moscow-Pullman basin from the west and southwest (Bush, 2005; Douglas et al. 

2007; Russell, 1897).  Thickness of individual CRBG flows typically ranges from 50 

to 100 feet (Foxworthy and Washburn, 1963); a total thickness of CRBG p to 

approximately 1300 feet exists near the Washington-Idaho state border in Moscow, 

and up to 2300 feet of basalt exist in Pullman (Bush, 2005).  Buried stream channel 

and/or lakebed deposits exist as interbeds between individual basalt flo

throughout the area (Douglas et al. 2007; Bush, 2005).  The interbeds thicken closer 

to the source granitic and meta-sediment rocks to the east (Bush, 2005

Pre-CRBG Basement Rock 

 As shown in Figure 2, pre-CRBG basement rocks crop out in several places, 

and form the eastern boundary of the Palouse Basin.  The pre-basalt, topography of 

the crystalline rock basement surface is believed to be steep and irregular beneath 

the CRBG (Crosby and Cavin, 1960).  Before eruption of the CRBG, the Palouse 

 

d the 

 basalt u

ws 
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ained a rugged mountain system that had fairly high relief.  The ancestral 

 

 

 argillite, 

en 

Basin cont

streams flowed in deep channels (Crosby and Cavin, 1960; Jones and Ross, 1972).

The basement rocks consist of crystalline rocks that are Cretaceous, 

Cambrian and Precambrian in age.  The Cretaceous rock is granite of the Idaho 

Batholith.  The Cambrian rock is quartzite of Kamiak Butte; and the Precambrian

rocks include the Libby Formation of the Belt Supergroup that consists of

siltite, phyllite, gneiss, and quartzite (Bush, 2005). 

Figure 7 shows the conceptual Palouse Basin Boundaries that have be

proposed by John Bush. 

 

Washington and Latah County, Idaho.  Palouse Basin boundaries as proposed 

 

Figure 7.  Conceptual Palouse Basin Boundaries within Whitman County, 

by John Bush are outlined in yellow (Robischon, 2007). 
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east.  The Grande Ronde is 

known n 

 University of Idaho records for the well.  Bush (2005) 

showed that several wells near the eastern and northern perimeter of the basin 

reach the underlying basement without penetrating any Grande Ronde basalt; this 

indicates that the basalt flows pinch out before reaching the sloping surface of the 

bedrock.  The Grande Ronde is divided into four magnetostratigraphic units from 

bottom to top: R1, N1, R2, and N2, and only the N2 unit appears to be laterally 

extensive throughout the entire area (Bush, 2005).  The IDWR 4 well penetrates the 

upper N2 unit.  Each magnetostratigraphic unit consists of different flows. 

Only two of the four members of the Wanapum Formation are present in the 

Palouse Basin, the Rosa and the Priest Rapids.  Only the younger Priest Rapids is 

laterally extensive throughout the entire study area (Bush, 2005; 2006a; 2006b).  

Thickness of the Wanapum basalt is also variable.  Golder Associates, Inc. (2008) 

Columbia River Basalt Group 

The Imnaha Formation is the oldest and deepest basalt formation of the 

, and has only been observed in one well in the Palouse Basin, WSU 7

(Figure 5).  As several wells in Moscow have penetrated to basement, it is genera

assumed that basalt flows of the Imnaha did not flow into Moscow (Bush, 2005).   

The Grande Ronde Formation overlies the Imnaha, and is extensive across

the Palouse Basin with flows thinning from west to 

 to be 1773 ft thick in the WSU 7 well (Bush, 2005), and about 700 ft thick i

well UI 3 according to the

report a thickness of 160 ft in the Pullman 8 well, and Bush (2006a), and Ralston 
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) report thicknesses around 230 ft at the IDWR 
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of the 
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Interbeds within the CRBG consist of sediments of the Latah Formation; 

these sediments which include the Vantage Equivalent sediments between the 

Wanapum and Grande Ronde Formations (believed to be correlative with the 

Vantage member of the Ellensburg Formation in central Washington), and several 

other interbeds interspaced between individual flows of the Grande Ronde 

Formation.  The Vantage Equivalent sediments which exist between the Wanapum 

and Grande Ronde Formations and are often considered to be part of the Wanapum 

aquifer system (Bush, 2005; Bush, 2006b).  The sediments of Bovill overlie the 

Wanapum Formation and underlie the Palouse Formation in most of the Moscow 

area.  In some places, loess lies directly on Wanapum basalt, but not in very many 

places east of the Washington – Idaho state line.  West of the state line, the 

sediments of Bovill are mostly absent (Bush, 2005). 

Hydrologic Services, Inc. (2007

ring well field. 

Approximately 10 ft of basalt of the Saddle Mountains Formation was 

encountered in the drilling of a shallow monitoring well (IDWR 1) at the IDWR 

monitoring well field (Bush, 2006a; Ralston Hydrologic Services, Inc., 2007); basalt

Saddle Mountains Formation exists west of Pullman as well (Bush, 2005).  

The Saddle Mountains Formation is not laterally extensive in the study area; it is

believed to have flowed into the area along stream channels, and no reference coul

be found that it is a water-bearing unit anywhere in the area. 

Latah Formation Interbeds 
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2; Sokol, 1966) that were deposited when the CRBG flows 
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Hydrology 

 The occurrence of ground water in the Grande Ronde Formation like most 

basalt aquifers is in joints, fractures, vesicles, interflow zones, and interbedded 

sediments.  The horizontal nature of basalt flows means that typically hydraulic 

conductivities will be higher in the horizontal direction compared to the vertical 

direction (Dafny et al., 2006; Garabedian, 1986; 1992; Johnson et al., 2002; Larson 

et al, 2000; Naik et al, 2001).  Lum et al. (1990) estimated a vertical/horizontal 

anisotropy ratio of 0.01 to 0.001 for their numerical model. 

Latah Formation interbeds consist of mixtures of lake and river sediment

(Jones and Ross, 197

ed ancestral streams causing the streams to shift positions, and causin

ponds and small lakes to form (Sokol, 1966).  The interbeds include quartz san

silts, clays, and silty clays (Bush, 2005; 2006a).  Sands are coarse to very coarse, 

angular to subangular and may contain feldspar, muscovite, and wood fragments 

(Bush, 2006a).  The Latah Formation is considerably thicker on the eastern end o

the study area due to the proximity of Moscow Mountain and other basement 

outcrops (Jones and Ross, 1972; Sokol, 1966). 

Palouse Formation 

Overlying the CRBG and the sediments of Bovill (Moscow area only) is lo

(silt) of Pleistocene age (Bush, 2005; Jones and Ross, 1972).  This loess forms 

fertile rolling hills for which the Palouse region is famous (Figure 3). 



28 

 

 

ck 

ual 

  

 

ound 

ny buried topographic features in 

the basement rocks such as the deep stream scour features suggested by Crosby 

and Cavin (1960) are possible low permeability boundaries that may also influence 

ground water flow and aquifer test analyses.  Brown (1976) and Bush (2005) have 

both placed a fold structure of some type between the cities of Moscow and 

Pullman.  This fold is shown near the DOE well in Figure 5 as a slight rise in the tops 

 flows.  Bush (2006b) has since re-evaluated the interpretation of this 

of 

pum 

 of 

 

nde Ronde aquifer 

The full extent of the Grande Ronde aquifer system is not known with any 

certainty.  As discussed previously (Chapter 1), conceptual models seem to go ba

and forth on subjects such as the westward extent of the aquifer system, the act

number of aquifers present (vertical and lateral divisions), and delineation of the 

Vantage Equivalent sediments.  Commonly, the Vantage Equivalent sediments are 

lumped into the Wanapum Formation, which geologically is incorrect (Bush, 2005).

Bedrock outcrops such as Moscow Mountain, and the many buttes, hills and ridges

that consist of low permeability rock are potential boundaries that can affect gr

water flow and aquifer test analyses.  Similarly, a

of the basalt

rise, and now believes it to be the result of basalt flows pinching out near the area 

the DOE well as they flowed in from the southwest (rather than being a fold) . 

 The primary aquifer systems for the Moscow-Pullman area are the Wana

and the Grande Ronde systems with the Grande Ronde system likely consisting

two or more aquifers (Brown, 1976).  The Wanapum aquifer system is generally 

considered to consist of Wanapum basalt, plus the Latah Formation sediments 

directly above and below the basalt (Bush, 2006).  The Gra



29 

 

ist 

 

 

an, 

system consists of the four separate Grande Ronde basalt members known to ex

in the Moscow-Pullman area, and any buried stream and/or lakebed deposits that 

may be interbedded between them.  The local ground water flow is mostly westward

(Crosby and Cavin, 1960), except where flow directions are reversed by well 

withdrawals in the Moscow and Pullman pumping centers.  

 Both aquifer systems are pumped in and around the cities in the basin 

(Moscow, Pullman, Palouse, and Colfax).  Initial ground water development in the 

Moscow area was limited to the shallower Wanapum aquifer system (Russell, 1897),

but the more recent focus has shifted to the Grande Ronde because of its greater 

extraction rates (Crosby and Cavin, 1960).  The Wanapum wells Moscow 2 and 

Moscow 3 currently (2007) produce 1050 gpm and 825 gpm, respectively, and 

Grande Ronde wells typically produce between 1000 gpm and 2000+ gpm.   

 The major pumping centers are the cities of Moscow, Idaho and Pullm

Palouse, and Colfax, Washington, with WSU and UI contributing heavily to total 

Pullman and Moscow pumping, respectively.  Individually owned domestic and 

industrial wells in both the Wanapum and Grande Ronde aquifer systems are 

scattered throughout the area. 
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 The IDWR 4 Grande Ronde monitoring well is part of a nest of four monitoring 

wells located just north of Moscow, Idaho (Figure 1).  Wells IDWR 1, IDWR 2 and 

IDWR 3 in the nest are completed in other aquifers.  The addition of the IDWR 4 

monitoring well to the Moscow-Pullman area is significant in that it is the only 

monitoring (non-pumping) well without any known issues.  The DOE well is also not 

Introduction 

 This chapter presents some information about the IDWR 4 monitoring w

and other wells in the monitoring network used in this invest

water level records for IDWR 4 are compared to the records for the DOE well a

the WSU Test well; information about the production zones, and the geology as 

logged during the completion of wells Pullman 3, Pullman 5, Pullman 6, Pullman 7, 

Pullman 8, WSU Test, WSU 5, WSU 7, WSU 8, Cornelius, DOE, Moscow 6, 

Moscow 8, Moscow 9, IDWR 4, UI 4, and Mt. View are also compared.  Analyses

data for these wells are presented in Chapter 4.  These wells are used in this 

investigation because of their significance in understanding of the greater Palo

Basin hydrogeology.  The DOE and WSU Test wells have long been the standard

for long-term ground water monitoring in the Moscow-Pullman area because they

are non-pumping wells.  Descriptions of production zones and general geology a

presented to compare the conditions in well IDWR 4 with the major extraction w

the Moscow-Pullman area. 
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used for pumping, but has construction issues, and water may be leaking from the 

Wanapum aquifer system down to the Grande Ronde aquifer system through the 

rown, 1976).   

).  

ell 

r are 

 

 The IDWR 4 well was drilled using both air and mud rotary methods.  A 12-

inch diameter borehole was drilled using air rotary down to a depth of approximately 

60 feet.  A 12-inch diameter temporary casing was installed and drilling continued, 

open hole, using mud rotary in sediments and air rotary in basalt, with a < 12-inch 

diameter bit, to a depth of approximately 735 feet (Ralston, 2007). 

well annulus (B

 The IDWR monitoring wells were completed by H2O Well Services from 

Coeur d’Alene, Idaho using a combination of mud and air rotary drilling methods; 

well construction was paid for by the Idaho Department of Water Resources (IDWR

Well IDWR 4 was completed in September 2006 as a depth discrete monitoring w

(about five feet of open hole below sealed casing) with continuous 8-inch diameter 

steel casing down to a depth of 730 feet (Ralston, 2007). 

 The IDWR monitoring nest provides a great opportunity for evaluation of long-

term water level trends in the Moscow-Pullman area.  Presented in this chapte

the first 18 months of water level data collected for the IDWR 4 Grande Ronde 

monitoring well, and comparisons of the IDWR 4 water level data to water level data

for other Grande Ronde wells monitored in the Moscow-Pullman area. 

Well Drilling 
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sh (2006).  The IDWR 4 well is a depth discrete 

elow 

borehole. 

Well Construction and Geology 

 Figure 8 depicts the construction details of the IDWR 4 well along with the 

geology as logged by John Bu

monitoring well with 8-inch diameter steel casing driven to a depth of 730 feet b

ground surface.  The permanent casing was pressure grouted in place using a 

cement grout, and the 12-inch temporary casing was removed.  The well was 

equipped with a locking cap attached directly to the 8-inch steel casing (Ralston, 

2007).  There are no details given regarding materials placed in the annulus 

between the 8-inch steel casing and the 12-inch diameter 
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Figure 8.  Construction details and geology for the IDWR 4 Well (vertical scale 
is approximate) (modified after Bush, 2006). 
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Long-Term Monitoring and Comparison of Water Level Fluctuations to Other 
Grande Ronde Wells 
 

 Figure 9 shows the hydrograph for the IDWR 4 monitoring well from 

September 28, 2006 to April 8, 2008.  For most of this record, measurements were 

made hourly.  Measurements during this investigation were made every minute 

during aquifer tests.  Shown in Figure 9 is the complete record for the well. 

 IDWR 4 is exceptionally responsive to pumping, especially to Moscow 9 and 

UI 4.  These pumping wells are less than one mile from IDWR 4, and produce 

approximately 2000 gpm each.  IDWR 4 is so responsive that even when 

measurements are made every hour, drawdown and recovery curves can be seen 

quite clearly.  

 There is also evidence of seasonal trends displayed in the hydrograph that 

are likely caused by differences in the amount of pumping that occurred between 

summer and winter.  This means that the water level in well IDWR 4 is lowered 

seasonally during times of heavy pumping by approximately two feet.  Even during 

the winter months, there is still a lot of pumping evident in the record.  Because of 

this transient nature, a true static water level is never reached.  These initial IDWR 4 

water levels do not indicate an annual aquifer depletion of 1.5 feet, which is what is 

generally assumed to be the case for the Grande Ronde aquifer (Laney et al., 1923; 

Golder Associates, Inc. 2008).  Comparing the average water level from January 1, 

2007 (2249.04 ft amsl) to January 1, 2008 (2248.73 ft amsl) gives a .32 ft difference.  

Comparing the average water level for the entire month of January 2007 
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 (2249.08 ft amsl) to the entire month for January 2008 (2248.27 ft amsl) gives a .81 

ft difference.  However, a longer record of monitoring data for the IDWR 4 well is 

needed before concluding there is long-term aquifer depletion at this well.  

The sudden decrease in the number of water level fluctuations seen in Figure 

9 beginning in November 2007 is due to the city of Moscow not pumping their 

Grande Ronde wells for an extended period.  Moscow did not pump Grande Ronde 

wells because of a designed, long-term aquifer test that involved the strict use of the 

Wanapum aquifer system well Moscow well #2 for a period of several months 

(Bennett, 2008).  Figure 9 also presents the hydrographs for the DOE and WSU Test 

wells, both of which are completed in the Grande Ronde Formation.  The WSU Test 

well is a Pullman area observation well, and the DOE well is an observation we

located between Moscow and Pullman.  Frequent, short- time scale (a few hours or 

less), water level changes, and long-term seasonal fluctuations occurred in all three 

wells. The DOE and WSU Test wells show short-time scale water level changes that 

are similar.  Both of these wells show significantly lower magnitude short-time scale 

water level changes than the IDWR 4 well.  The DOE and WSU Test wells sho

short-time scale changes of about 0.5 feet, and IDWR 4 shows changes of abo

two feet. 

Comparison of Well Production Zones and Geology 

 Figure 10 compares the open hole or screened zones, and the geology 

logged for the observation wells and production wells used in this study.  The w

are in an approximate west to east order.  A comparison of the open sections o

ll 

w 

ut 

as 

ells 

f the 
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 screen 

section

 

n 

he 

ils 

ll because a large portion of the hole was back-filled with cement.  Figure 

10 clearly shows differences in the quantity of Latah Formation sediments 

interbedded with Grande Ronde basalts in the Moscow area compared to the 

Pullman area.  The Latah sediments thicken to the east.  The Grande Ronde basalt  

wells (blue cross hatched) shows that IDWR 4 matches closely with the upper open 

sections of UI 4, Moscow 9 and WSU 7, and middle open sections of WSU 8, 

Pullman 8 and Pullman 7.  This figure also clearly shows the use of multiple

s to tap multiple production zones in the municipal wells; some of these 

screened zones include both multiple basalt sections as well as sand sections within 

individual wells.  The geological information presented for each well in Figure 10 is a

very simplified interpretation of the geology as indicated in the well logs.  Top soils 

and loess are indicated in brown.  All known or suspected Wanapum basalt is 

indicated in aqua.  All known or suspected Grande Ronde basalt is indicated in 

green.  Yellow is used to indicate non-basalt interbeds of any kind; sands, clays, 

shales, or anything indicated as clearly non-basalt or non-granite.  The pink sectio

at the bottom of Moscow 8 is granite, and the light gray sections located at the 

bottom of Pullman 8 and WSU 8 is basalt gravels.  The basalt gravels are 

considered significant because they do not appear in any other Moscow-Pullman 

area well logs and may represent a common erosional surface on top of a distinct 

basalt flow that creates the mode of hydraulic connection between these wells.  T

geological information presented for WSU 7 extends beyond the construction deta

for the we
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flows thicken to the west.  A comparison of geological information for WSU 7 and 

Moscow 8 (Figure 10) clearly shows the elevational variations in geology and buri

paleo-topography that exist between Moscow and Pullman.  Moscow 8 penetrated

the basement granite between an elevation of 1150 and 1250 ft amsl, and althoug

the WSU 7 well completely penetrated all of the Grande Ronde Formationt and ev

some of the older Imnaha Formation, it never reached the basement granite a 

bottom hole elevation of 550 ft amsl. 

 Figure 10 illustrates some of the geological variability that influence hydrau

connections across the Moscow-Pullman area.  Analyses of data for these wells a

presented in Chapter 4. 

ed 

 

h 

en 

lic 

re 
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Chapter 4 – Aquifer Tests and Analyses 

imary 

e IDWR 4 observation well located north of 

ctions between well IDWR 4 and other observation wells.  

The aquifer tests are named for the pumping wells of interest.  The aquifer tests are 

named as follows: Moscow 9 Aquifer Test, WSU 7 Aquifer Test, Pullman 8 Aquifer 

Test, and the Moscow 6/Moscow 8 Aquifer Test.  Moscow 6 and Moscow 8 were 

grouped together because the hydraulic connection between the two wells is well 

documented, and their combined use allowed for an extended duration of pumping 

while providing the city enough water without the need to pump any additional 

Grande Ronde wells.  Monitoring wells throughout the Moscow-Pullman area were 

used as observation wells for the Pullman 8 Aquifer Test because this is a new well, 

and no previous aquifer tests had been conducted.  The actual pumping of this well 

was arranged by Golder Associates, Inc., and coordinated efforts allowed for the 

monitoring of the observation wells during the test.  Pumping records were provided 

Introduction 

 A series of four aquifer tests was conducted in 2006 and 2007 to evaluate 

spatial hydrologic connectivity, and aquifer coefficients, for the Grande Ronde 

aquifer system in the area of Moscow, Idaho and Pullman, Washington.  The pr

observation well for these tests was th

the city of Moscow (Figure 1).   

 Aquifer tests were intended to focus on specific pumping wells to evaluate 

potential hydraulic conne
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by Golder Associates, Inc. for analysis as part of this investigation.  Table 1 gives 

the pumping rates for all the wells considered in these analyses. 

methods of analysis used in this investigation (Theis, 1935; Hantush-

, 

g the eastern perimeter of the basin, on drawdown 

e 

 

Formation and Latah Formation sands, and draw water from both formations.  The 

 For the 

Jacob, 1955), all wells were assumed to be fully penetrating. For each aquifer test

the observation well drawdown and recovery data were analyzed by use of the 

Hantush-Jacob (1955) equation with the principle of superposition for multiple 

pumping wells.  In addition, hydraulic effects of aquifer boundaries formed by the 

crystalline, basement rocks alon

in observation well IDWR 4, were evaluated for each test.  The results of these 

analyses are compared for each aquifer test.  Figure 11 shows the theoretical, 

impermeable boundary conditions used to approximate the irregular crystalline rock 

boundaries along the eastern perimeter of the Palouse Basin. 

 Although all wells are assumed to be fully penetrating for the purposes of 

these analyses, it should be noted that this is not actually the case.  Some wells ar

screened in more than one aquifer, and this is not always known or clearly 

delineated in the construction information.  It appears that well Pullman 3 is one

such case.  Pullman 3 appears to be open from the lower part of the Wanapum 

Formation, through the Latah Formation (apparently Vantage Equivalent sediments), 

and into the upper part of the Grande Ronde Formation.  For the purposes of this 

study, Pullman 3 is considered to be fully penetrating in the Grande Ronde 

Formation.  Moscow 6 and Moscow 8 are completed in the Grande Ronde 



42 

 

Well Name Pump Rate [gpm] 
Moscow 6 1000 
Moscow 8 1000 
Moscow 9 2150 
UI 4 2000 
Pullman 3 650 
Pullman 5 1750 
Pullman 7 1775 
Pullman 8 333-1227*/1978 
WSU 6 1200 
WSU 7 2500 
WSU 8 2500 

*Stepped discharge test. 
Table 1.  Pumping rate information used in the aquifer tests. 

 

approximate the irregular crystalline rock boundaries for these analyses. 
Figure 11.  Map showing the theoretical, impermeable boundaries used to 

2 miles 

North
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Mt. View Park well is screened in the Va nds of the Latah 

Formation below the Wanapum Formation.  The Mt. View Park well does not 

penetrate into Grande Ro  

 Aquifer thicknesses are unknown for all tests.  In addition, the aquifers are 

known to be heterogeneo y be anisot s well.  However, for the 

purpose of the aquifer te  aqui  of constant thickness, 

and homogeneous and is  is assumed to be 

zero.  

 Wh obtained 

from the cities and/or universities to estimate the on/off cycles for the aquifer test 

analyses.  This method of estimating start/stop pumping times was used for wells 

Moscow 6, Moscow 8 and Moscow 9 (for the WSU 7, and Moscow 6/Moscow 8 

Aquifer Tests), and for WSU 7 and Pullman 7 (for all four tests). 

 Not all of the pumping wells involved have telemetry systems or the capability 

to record or to generate the necessary files.  When possible, these wells were 

monitored with a water level data logger, and the on and off cycles were estimated 

from the large drops in the well water levels that occurred due to the rapid removal 

of water from well bore storage when the pump started (Figure 12).  A sudden drop 

in water level indicates that the pump started, and the subsequent large rise in water 

level indicates the pump shut down.  The times at which these drops or rises 

occurred in the water levels are considered to represent the pump on or pump off 

ed  

ntage Equivalent sa

nde basalt.

us and ma ropic a

st analyses, fers are assumed

otropic; drawdown in un-pumped aquifers

en possible, telemetry data of the pumping records for wells were 

times, respectively.  This method for estimating start/stop pumping times was us
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level; therefore, a value of 31.17 ft of water should to be added to the barometric 

Figure 12.  Example of the way sudden jumps in water level were used to 
estimate the on and off cycles for wells Moscow 6, Moscow 8, Pullman 3, and 
Pullman 5.  Shown here is a graph of depth to water for Moscow 8. 
 

for wells Pullman 3, Pullman 5, Moscow 6 and Moscow 8 (for the Pullman 8 Aquifer 

Test); Moscow 6 and Moscow 8 water level data provided by the city of Moscow, 

rather than data logger data, were used to estimate start/stop times for wells 

Moscow 6 and Moscow 8. 

 During the WSU 7 Aquifer Test, a suitable logger was not 

the Pullman 5 well to determine its on/off cycles, and this well does not have a 

telemetry system.  On/off cycles for the Pullman 5 well during the WSU 7 Aquife

Test were estimated from a circular graph of the water levels in the storage tank 

filled by Pullman 5.  Increasing tank water levels were assumed to mean that the 

Pullman 5 well was pumping, and decreasing water levels were assumed to mean 

that the pump was off. 

 The barometric records presented along with the water level data in thi

chapter were recorded with either a Solinst® Levelogger® or Barologger®.  Solins

normalizes their data loggers to the lowest expected barometric pressure at sea 
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record to obtain the true barometric pressure.  However, because Leveloggers® read 

absolute pressure (water pressure plus barometric pressure), and it is the actual 

change in barometric pressure from time period to time period that is important for 

the aquifer test analyses; the barometric readings are left normalized. 

Moscow 9 Aquifer Test 

rawdown data for observation well IDWR 4 were used for the analysis.  All 

ned.  

minutes (approximately 28-hr) prior to the test.  Moscow 

tely 

 

e 

 

9 minutes into the aquifer test; however, this pumping 

d, 

 The Moscow 9 Aquifer Test was conducted on December 28, 2006.  

D

University of Idaho wells and most of the city of Moscow wells were off, prior to and 

during the test period.  The city of Moscow did pump from their Wanapum wells 

(Moscow 2 and/or Moscow 3).  No city of Pullman or WSU records were obtai

Moscow 9 was off for 1685 

9 began pumping at 12:00 noon on 28 December (i.e., t=0 for the analysis).  

Pumping continued for 574 min (9 hours and 34 minutes) at a rate of approxima

2150 gallons per minute (gpm).  Three additional instances of Moscow 9 pumping

were recorded after the scheduled aquifer test period, and are clearly visible in th

water level data (Figure 13).  These data are also included in the aquifer test 

analysis.  Moscow 8 did pump at a rate of approximately 1000 gpm for about seven

minutes starting at t=21

instance was not included in the analysis due to the short amount of time pumpe

and because Moscow 8 does not appear to respond to Moscow 9 pumping over 

short-time periods (days) (McVay, 2007). 
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test recovery 

, and the drawdown due to the start of 

Moscow 9 pumping can be seen clearly.  The water level data indicate that, despite 

the prolonged period without any Moscow or UI wells pumping, the water levels in 

IDWR 4 likely did not recover fully to a static level.  This is a consistent pattern 

throughout all of the aquifer tests conducted for this investigation. 

 Drawdown in the IDWR 4 observation well initially appeared to begin the 

instant that Moscow 9 pumping began.  However, synchronization of Moscow city 

time to the data logger time resulted in apparent drawdown in IDWR 4 before well 

Moscow 9 began pumping.  This discrepancy is believed to be the result of how the 

telemetry system recorded the start time of pumping.  The telemetry system 

recorded the start time of pumping as the time that the clay valve (i.e., a water 

pressure valve used in water supply systems that opens when a pre-determined 

pressure is reached) opened, and not the time that actual pumping began (Smith, 

2007).  When pumping begins, the water is diverted into the storm drain system until 

the pressure on the well side of the clay valve equalizes with the pressure on the city 

water system side of the clay valve.  At this time, the clay valve opens and the 

telemetry system records this time as the start of pumping.  The length of time from 

the actual start of pumping to the opening of the clay valve is variable, and has been 

IDWR 4 Observation Well 

Figure 13 is the water level hydrograph for the IDWR 4 observation well for

the period before, during, and after the Moscow 9 Aquifer Test.  The figure also 

shows the barometric record during and after the aquifer test. The pre-

period before the Moscow 9 Aquifer Test
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during and after the Moscow 9 Aquifer Test.  Water levels (blue line) are 

ts 

 

 The 

Figure 13.  Hydrograph for observation well IDWR 4 for the period before 

compared to barometric pressure (orange line).  The barometric record is 
incomplete. 
 
 
known to take up to ten minutes for Moscow 9 (Smith, 2007).  For all aquifer tes

conducted for this thesis research, pumping was considered to have started when

the Moscow Water Department recorded “began pumping”. 

 Figure 14 is an Aqtesolv® plot of the type curve (blue line) predicted by the 

Theis (1935) equation with the principle of superposition for multiple pumping 

periods and pumping wells, for an infinite, homogeneous and isotropic aquifer. 

blue type curve is matched to the drawdown data for observation well IDWR 4 

(green circles).  The observed drawdown proves that a good hydraulic connection 
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qtesolv® log-log plot of drawdown and recovery versus time for 

bservation well IDWR 4 for an infinite, homogeneous and isotropic aquifer.  

 

exists between IDWR 4 and Moscow 9.  However, the initial observed drawdown 

was greater than predicted by the Theis (1935) equation for an infinite aquifer.  This 

indicates the existence of no flow boundaries within the area affected by pumping. 

 Figure 15 is an Aqtesolv  plot of the type curve (blue line) predicted by the 

Theis (1935) equation with the principle of superposition for multiple pumping 

periods and pumping wells, for a homogeneous and isotropic aquifer with the  

Figure 14.  A
o
Observed drawdown and recovery (green circles), and drawdown and 
recovery predicted by the Theis (1935) equation with the principle of 
superposition for multiple pumping wells (blue type curve) are shown. 

®
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Figure 15.  Aqtesolv  log-log plot of drawdown and recovery versus time for 
observation well IDWR 4 for the same T and S values as for Figure 14, and 
including the straight-line boundaries shown in Figure 11.  Observed 
drawdown and recovery (green circles), and drawdown and recovery p
by the Theis (1935) equation with the principle of superposition for mult
pumping wells (blue type curve) are shown for reference. 

®

redicted 
iple 

 

 

s for 

 

boundaries shown in Figure 11 added.  Figure 15 shows the predicted drawdown 

curve (i.e., type curve) for the same T and S values derived for Figure 14 to illustrate 

the effect of the “C” shaped granite boundaries.  The inclusion of boundaries clearly

causes more drawdown than is predicted for an infinite aquifer. 

 Figure 16 shows the best-fit type curve match for the same conditions a

Figure 15.   
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®

n 

In this case, the Theis (1935) equation with the principle of superposition for multiple 

pumping wells and rates, plus boundaries clearly is not an adequate model to predict 

the drawdown and recovery during the aquifer test.  It is clear in Figures 14, 15, and 

16 that the Theis (1935) equation with the principle of superposition for multiple 

pumping wells, with or without boundaries, respectively, does not adequately model 

the responses to pumping measured during the aquifer test. 

Figure 16.  Aqtesolv  log-log plot of drawdown and recovery versus time for 
observation well IDWR 4 with a best match of the type curve (blue) to 
observed levels (green), and including the straight-line boundaries shown i
Figure 11.  Observed drawdown and recovery (green circles), and drawdown 
and recovery predicted by the Theis (1935) equation with the principle of 
superposition for multiple pumping wells (blue type curve) are shown for 
eference to Figures 14 and 15. r
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 Figure 17 is an Aqtesolv® plot for the same data and boundary conditions as 

for Figures 15, and 16 using the Hantush-Jacob (1955) leaky aquifer solution 

(Appendix C) with the principle of superposition for multiple pumping wells and 

boundaries.  Aqtesolv uses the principle of superposition to simulate boundaries with 

image wells.  Figure 16 provides strong evidence for the existence of multiple 

aquifers and leakage in the Grande Ronde aquifer system.  It also supports the 

conceptual model for this investigation that the Grande Ronde aquifer system is a 

leaky, bounded system where vertical leakage between producing zones tends to 

mask the effects of the crystalline rock boundaries shown in Figure 11.  The 

Hantush-Jacob model is considered to approximate the hydraulic conditions in the 

Grande Ronde aquifer system where minimal water is derived from storage in the 

confining layers because of the very low compressibility of the basalt flows of the 

 

or 

uperposition for multiple pumping wells is used in this thesis to analyze drawdown 

Columbia River Basalt Group.  The confining layers (i.e., aquitards within the 

interiors of basalt flows) are considered to act as conduits for flow between aquifers

(producing zones) rather than as additional sources of water or additional storage f

the aquifer.  Therefore, the Hantush-Jacob model together with the principle of 

s

and recovery data for each of the four aquifer tests conducted as part of this thesis 

research.  
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r 

dels  

 In general, these test data give relatively poor matches to Theis (1935) with o

without boundaries and a relatively good match to Hantush-Jacob (1955) with 

boundaries.  In most cases, real world data do not match ideal mathematical mo

 
Figure 17.  Aqtesolv  log-log plot of drawdown and recovery (green circles) 

solution with the principle of superposition for multiple pumping wells and 

and recovery. 

erfectly because aquifer geologic conditions usually violate one or more 

assumptions of the mathematical model.  Regardless of the method used, the basic 

water level changes (e.g., up and down spikes) should be present in the predicted 

®

versus time for IDWR 4 well using the Hantush-Jacob (1955) leaky aquifer 

boundaries.  The blue line (type curve) represents the theoretical drawdown 

 

p
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o 

pumping wells. 

 In the case of the Moscow 9 Aquifer Test, the Hantush-Jacob (1955) equation 

with the principle of superposition for multiple pumping wells and boundaries 

predicts four peaks and three troughs.  These same peaks and troughs are 

observed in the water level data for the IDWR 4 well.  This suggests that the 

pumping conditions and boundary conditions used in this analysis approximate the 

actual conditions that produced the observed drawdown data. 

WSU 7 Aquifer Test 

 An aquifer test was conducted on July 19, 2007 to evaluate the degree of 

hydraulic connectivity between the WSU 7 well and the IDWR 4 well.  WSU 7 was 

off for approximately 9.5 hours before pumping began at 4:25 PM at a rate of 2500 

gpm for 444 minutes.  Moscow 9 and UI 4 were also kept off for as long as possible 

rs 

 

19 until pumping resumed at 7:43 PM at a rate of 2000 gpm.  

4 prior to July 19 were not available. In addition to 

curve.  Therefore, comparisons of the amplitude and timing of peaks and troughs 

between the observed water level data and the predicted responses are used t

evaluate potential connections between observation well IDWR 4 and the  

to minimize their effects on IDWR 4.  Moscow 9 was off for approximately 10.5 hou

and resumed pumping at 5:46 PM at a rate of 2150 gpm.  UI 4 was off for most of

the day on July 

Pumping on/off records for UI 

pumping information for WSU 7, Moscow 9, and UI 4, pumping information for the 

wells WSU 8, Pullman 3, Pullman 5, Pullman 7, Moscow 6, and Moscow 8 were 
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IDWR 4 Observation Well 

 Figures 18 and 19 are hydrographs for observation well IDWR 4 for the period 

before, during, and after the WSU 7 Aquifer Test.  Figure 18 is the complete record 

used for analysis; Figure 19 is a portion of the hydrograph that focuses on the day 

before, day of, and day after the aquifer test, and is included to illustrate water level 

fluctuations in observation well IDWR 4 caused by specific pumping events.  Both 

figures show a longer than normal recovery spike in the water level record during the 

pre-test period due to the non-pumping conditions of Moscow 9 and UI 4.  Changes 

e 19 that could be directly attributed to specific pumping wells 

l 

 

included in the analysis to evaluate the effects of each pumping well.  Complete 

pumping records for all wells are presented in Table 1B in Appendix B. 

in water level for Figur

are marked, as well as when WSU 7 pumping began and ended.  Only water leve

changes that could be directly attributed to specific pumping are delineated; there is

an almost immediate response in IDWR 4 to Moscow pumping.  Some water level 

changes in Figure 19 are not easily attributable to a specific pumping well. 
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during and after the WSU 7 Aquifer Test.  Water levels (blue) are compared to

 

Figure 18.  Hydrograph for the IDWR 4 observation well for the period before, 
 

barometric pressure (orange). 
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re (orange).  Drawdown and recovery that can 
e attributed to a specific well are noted.  Beginning and end of WSU 7 

pumping are noted.  Many water level changes occurred that cannot be 
attributed visually to any specific well.  It is a common practice for the city of 
Moscow to turn multiple wells on at the same time.  These are identified by 
arrows (with Moscow 6, Moscow 8 and Moscow 9)  pointed at a specific peaks. 
 

 To generate the best type curve match to the highly variable fluctuations 

observed in IDWR 4, a trial-and-error testing method was used to incorporate 

specific pumping wells into the forward modeling process to test their theoretical 

effect at the observation well based on the pumping variations, and the known 

distances between wells.  Starting with all the wells in Table 1B in Appendix B, wells 

 

Figure 19.  Water level hydrograph for the IDWR 4 observation well for the day
before, day of, and day after the WSU 7 Aquifer Test.  Water levels (blue) are 
compared to barometric pressu
b
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were removed by trial-and-error testing, one at a time to evaluate their theoretical 

effect on predicted drawdown and recovery; wells were added and subtracted by 

trial-and-error testing, one at a time, to form different combinations of pumping well 

effects until a best-fit match with the observation well drawdown and recovery data 

was achieved. 

 Figure 20 is the type curve predicted by the Hantush-Jacob (1955) equation  

with the principle of superposition for multiple pumping wells and boundaries (Figure 

11) generated by Aqtesolv®.  Figure 20 shows the type curve matches for a window 

in time between 1000 minutes and 10,000 minutes.  This time period was used for 

the aquifer test analysis rather than including the time period between 0 and 1000 

minutes because the graph is clearer and all pumping is identifiable.  Prior to 1000 

very 

Similar to the Moscow 9 Aquifer Test, the Hantush-Jacob (1955) solution  

minutes, not enough pumping well rate data exist to generate a valid type curve 

match.  Based on trial-and-error substitution of all of the known pumping wells in the 

area, the best match between the type curve and the real drawdown and reco

data is derived by including pumping wells WSU 7, Moscow 6, Moscow 8, Moscow 

 incorporation of other wells known to be 9, and UI 4 in the analysis.  In other words,

pumping during the time period of interest either have no theoretical effect or make 

the type curve match worse.  Individual well effects cannot be distinguished within 

the overwhelming effects of Moscow 9 and UI 4 pumping using Hantush-Jacob 

(1955) with the principle of superposition for multiple pumping wells and boundaries.  

The overall quality of the type curve match in Figure 20 is poor. 

 



58 

 

 
Figure 20.  Aqtesolv® log-log plot of drawdown and recovery versus time for 

curve predicted by the Hantush-Jacob (1955) leaky aquifer solution with the 

Observed water levels (green circles) are compared to predicted water levels 

 

provides a better match to the observed drawdown and recovery data than the The

solution.  Particularly, Hantush-Jacob (1955) does a better job at predicting the l

pre-test recovery.  This suggests that the Grande Ronde aquifer system is 

interconnected vertically through leakage.  With some of the wat

observation well IDWR 4 during the WSU 7 Aquifer Test matched to the type 

principle of superposition for multiple pumping wells and boundaries.  

(blue line). 

is 

arge 

er level changes, 

particularly the one noted by the question mark (?) in Figure 20, it was difficult to  

WSU 7 pumping 
period 

? 
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determine if the changes were caused only by WSU 7 pumping, Moscow 6/Moscow 

8 pumping, or the scow 6/Moscow 8 pumping.  

The transmissivity (73 ft2/min) and storativity  (5.2 x 10-5) values calculated in this 

solution are close to those calculated for the Moscow 9 Aquifer Test using the 

Hantush-Jacob (1955) equation.  However, the match is not as good as that 

achieved for the Moscow 9 Aquifer Test. 

 In general, these test data give relatively poor matches for the method of 

analysis used (Hantush-Jacob, 1955).  This means that the method is not entirely 

adequate as a model for this aquifer, or that critical pumping data are missing, or 

both.  Clearly changes in the water level data occurred that do not appear in the 

theoretically predicted water level changes.  In most cases, real world data do not 

match the ideal mathematical models because aquifers usually violate one or more 

assumptions of the mathematical models.  Regardless of the method of aquifer test 

 

etween the observed water level data and the predicted response can be indicative 

uation 

 

s 

 combination of both WSU 7 and Mo

analysis used, the predicted type curve should be similar (e.g., timing of up and 

down spikes due to pumping effects) to the measured water level changes (if 

hydraulic connections between the wells exist).  A comparison of peaks and troughs

b

of the connections between the observation wells and the pumping wells identified in 

the analysis.   

 In the case of the WSU 7 Aquifer Test, the Hantush-Jacob (1955) eq

with the principle of superposition for multiple pumping wells predicts 35 peaks and

31 troughs.  What is observed in the IDWR 4 well is 33 peaks and 30 troughs.  Thi
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Palouse 1 Observation Well 

 The Palouse 1 well was used as an observation well for this aquifer test; the 

city of Palouse was generous in suspending pumping for as long as possible while 

the aquifer test was being conducted.  Figure 21 shows the water level hydrograph 

for the Palouse 1 observation well.  It is apparent from the sudden changes in water 

levels shown in Figure 21 when the city of Palouse well pumped and stopped.  

Water levels rose continuously for the entire period until city pumping resumed.  No 

obvious drawdown occurred during the test period monitored except for what is 

clearly the result of direct pumping from Palouse 1. 

suggests a discrepancy between the wells used to generate the type curve and the 

responses measured in the observation well. 
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Figure 21.  Hydrograph for the Palouse 1 well.  Water levels (blue) are 
compared to barometric pressure (orange).  Lower water levels are the result 
of Palouse 1 pumping.  Arrow notes a small potential change in water level 
resulting from WSU 7 pumping. 
 

 Figure 22 focuses on the water levels and barometric pressure variations 

from the time that WSU 7 pumping began to the time that Palouse 1 pumping 

resumed.  There is an apparent slight change in the slope of the water level plot on 

7/19/2007 between 20:00 and 21:00 (i.e., the unlabeled downward pointing arrow in 

Figure 21 and the unlabeled upward pointing arrow in Figure 22) that possibly 

reflects drawdown caused by Pullman and/or Moscow pumping, with a time lag of 

approximately 3.5 hours.   It is unclear if this small, water level slope change was the 

result of pumping induced drawdown, barometric effects, or something else. 
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 compared to barometric pressure (orange). 

ere 

nge 

g 

 

Figure 22.  Hydrograph for the Palouse 1 well with a focus on the time period 
from when WSU 7 pumping began to the time that Palouse 1 pumping 
resumed.  Water levels (blue) are
 

 To evaluate potential drawdown further, Figure 23 shows two trend lines w

fit to the water level record for the time when WSU 7 pumping began to the cha

in water level slope, and from the change in water level slope to the time that 

pumping in Palouse 1 first resumed after the aquifer test.  The numerical difference 

between the water levels projected by the two lines represents potential pumpin

induced drawdown.  The 444-minute mark on Figure 23 indicates when WSU 7 

pumping stopped.  The difference between the two regression lines at the 444-

minute mark is .087 feet.  This apparent drawdown is much greater than was 
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Figure 23.  Linear trend line analysis for the Palouse 1 water level data.  Green 
line is the linear regression for the water level data from the time that WSU 7 

el 

use 

 

.  The  

pumping began to the change in slope of the water level plot.  Red line is the 
linear regression for the water level data from the change in water level slope 
to the time that Palouse 1 pumping resumed.  The 444-minute mark indicates 
the time WSU 7 pumping stopped. 
 

calculated by McVay (2007) or Owsley (2003) who calculated apparent drawdowns 

of approximately 0.05 feet (after approximately 1000 minutes of pumping) and .02 

feet (after 720 minutes of pumping), respectively. 

 Because it is not clear if this slope change represents drawdown due to 

pumping, the Clark (1967) method for determining BE was applied to the water lev

data for the Palouse 1 well from the time WSU 7 began pumping to the time Palo

1 pumping resumed (Figure 24).  The Clark (1967) method yields a BE of 99%. 

Figure 25 shows a plot of the Palouse 1 water levels corrected for a BE of 99%
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Figure 24.  Clark (1967) plot of ∑ΔW versus ∑ΔB for the Palouse 1 well during 
the WSU 7 Aquifer Test.  The slope of the line is the BE, here calculated to be 
99%. 

 

well from the time that WSU 7 pumping began to the time that Palouse 1 

using the Clark (1967) method. 

Figure 25.  Hydrograph of corrected water levels for the Palouse 1 observation 

pumping resumed.  Water levels are corrected for a BE of 99% calculated 
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water levels in Figure 25 appear to be rising and leveling off to something 

resembling a static level.  Unfortunately significant uncertainty still exists whether the 

change in slope in the water level plot represents drawdown from WSU 7 pumping, 

other Moscow or Pullman wells, or water level recovery from Palouse 1/Palouse 2 

pumping.  Data logger resolution errors (flat line segments of the data points) tend to 

mask potential small water level changes that might allow a more definitive analysis.  

However, more control over Moscow and Pullman pumping would be required for 

future tests to delineate pumping effects from specific wells. 

w 6/Moscow 8 Aquifer Test 

 On November 5, 2007, an aquifer test was conducted with a focus on the 

Moscow 6 and Moscow 8 wells.  The Moscow 6 and Moscow 8 wells were grouped 

together because a clear connection between the two wells exists that is believed to 

be through the Latah Formation interbeds in which both wells are partially screened.  

The use of both pumping wells allowed for a longer total pumping duration.  A long 

pumping interval test was arranged for the Moscow 6 and 8 wells because these 

wells are usually considered to be hydraulically isolated from other wells; however, 

in the analysis of the WSU 7 Aquifer Test data suggests that the Moscow 6 and 8 

wells may be hydraulically connected to the IDWR 4 well. 

 The pumping period for the Moscow 6/Moscow 8 Aquifer Test lasted just over 

ping 

 

Mosco

2.5 days.  Moscow 6 pumped continuously at approximately 1000 gpm from 7:22:34 

AM on November 5, 2007 to 21:55:28 PM on November 7, 2007, for a total pum
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parate 

 

 

k 

 The Mt. View Park well 

 located northeast of the city of Moscow off of Mt. View Rd., and the Moscow 

side of the city of Moscow near the intersection 

n 

IDWR 4 Observation Well 

 Figure 26 is the hydrograph for the IDWR 4 observation well during and after 

the Moscow 6/Moscow 8 Aquifer Test.  Moscow 9 did not pump at any time during 

this period.  Based on the pumping records, the UI 4 well caused all of the large 

changes in the water level measured in well IDWR 4.  An approximate time lag of 

one hour is apparent between the time UI 4 began pumping and when drawdown 

began in IDWR 4.  Barometric effects are suggested in the water level record for 

observation well IDWR 4 during the time period that well Moscow 9 was off.  These 

possible effects are identified with red arrows in Figure 26 labeled as “Baro”.  The 

water levels at the end of the recovery periods tend to mimic the barometric  

time of approximately 3753 min.  In addition, Moscow 8 pumped for two se

periods on November 7, 2007 to help meet city water needs.  Moscow 8 was 

pumped from 9:35:18 AM to 14:17:32 PM (280.23 minutes) and from 14:19:51 PM to

21:55:12 PM (456.65 minutes) at approximately 1000 gpm.  The complete pumping

records for all wells included in the following analysis are presented in Table 2B in 

Appendix B. 

 In addition to well IDWR 4, the Moscow Cemetery well and the Mt. View Par

well were also used as observation wells for the aquifer test. 

is

Cemetery well is located on the east 

of Hwy. 8 and Mt.  View Rd (Figure 1).  Both wells are screened in Latah Formatio

sands, which is why they were selected as observation wells for this test. 
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Figure 26.  Hydrograph for the IDWR 4 observation well.  Water levels (blue) 
are compared to barometric pressure (orange) for the period before during 

oscow 8 Aquifer Test. 

®

and after the Moscow 6/M
 

pressure records; however, no barometric corrections were made for IDWR 4 

because the large pumping cycles effectively mask most the barometric pressure 

effects.  No long period of drawdown (~2.5 days) is evident in the water level record 

during the Moscow 6/Moscow 8 Aquifer Test.   

 Figure 27 is the Aqtesolv  plot for the IDWR 4 observation well corresponding 

to the hydrograph in Figure 26.  Figure 27 shows the type curve match for a window 

in time between 1000 minutes and 10,000 minutes.  This time period was used for 

the aquifer test analysis rather than including the time period between 0 and 1000  
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Figure 27.  Aqtesolv® log-log plot of drawdown and recovery for the IDWR 4
well during the Moscow 6/Moscow 8 Aquifer Tes

 
t using a Hantush-Jacob 

955) leaky aquifer solution.  Observed drawdown and recovery (green 
circles) are shown compared to the blue type curve (predicted drawdown and 

f 
superposition for multiple pumping wells with the wells Moscow 6 and 

mping is identifiable.  Prior to 1000 

(1

recovery) based on the Hantush-Jacob (1955) equation with the method o

Moscow 8 included. 
 

minutes because the graph is clearer and all pu

minutes, not enough pumping well rate data exist to achieve a suitable match.  In 

addition to pumping information for Moscow 6 and Moscow 8, pumping information 

for well UI 4 was used to generate the type curve based on the Hantush-Jacob  

(1955) equation with the method of superposition for multiple pumping wells, 

Moscow 6/Moscow 8 
pumping period 



69 

 

including the boundaries shown in Figure 11.  The Hantush-Jacob (1955) equation 

predicts a large amount of drawdown from Moscow 6 and Moscow 8 with these T 

and S values; however, lower values completely remove the individual effects of 

pumping of these wells from the type curve. 

 Figure 28 presents the same data as Figure 26 with Moscow 6 and Moscow 8 

pumping removed.  Even with the removal of Moscow 6 and Moscow 8 pumping, 

Hantush-Jacob (1955) is a poor match to the observed water level data.  The small 

water level fluctuations at the bottoms of the recovery troughs are possibly the result 

of WSU 7 pumping.  The type curve does predict smaller fluctuations within the 

recovery periods, but the type curve does not match the data very well.  The 

magnitude of the recovery spikes, starting around 10,000 minutes, is not predicted 

by the Hantush-Jacob (1955) equation with the r/B value selected.  Either a greater 

 may 

of 

nalysis used (Hantush-Jacob, 1955).  This means that the method used is not 

  

r/B value is required or water also was derived from storage in the aquitards (β).  

This region of the aquifer system does contain appreciable sediment layers that

provide water from storage during pumping. 

 In general, these test data give relatively poor matches to the method 

a

entirely adequate as a model for this aquifer, or that critical pumping data are 

missing, or both.  In most cases, real world data do not match the ideal 

mathematical models because aquifers usually violate one or more assumptions of 

the mathematical model.  Regardless of the method used, the basic water level  

changes (i.e., peaks and troughs) should be present in the predicted curve.  A
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®

rawdown and recovery (green 
ype curve (predicted drawdown and 

 

comparison of peaks and troughs between the observed water level data and the 

predicted responses can be indicative of the connections between the observation 

well and the pumping wells used in the analysis.   

 

 

Figure 28.  Aqtesolv  log-log plot of drawdown and recovery for the IDWR 4 
well during the Moscow 6/Moscow 8 Aquifer Test using a Hantush-Jacob 
(1955) leaky aquifer solution.  Observed d
circles) are shown compared to the blue t
recovery) based on the Hantush-Jacob (1955) equation with the method of 
superposition for multiple pumping wells with the wells Moscow 6 and 
Moscow 8 removed. 
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 In the case of the Moscow 6/Moscow 8 Aquifer Test, the Hantush-Jacob 

(1955) equation with the method of superposition for multiple pumping wells predicts 

17 peaks and 16 troughs without the effects of Moscow 6 and Moscow 8 included in 

the analysis.  What is observed in the IDWR 4 well is 17 peaks and 16 troughs.  This 

fact suggests that pumping of wells Moscow 6 and Moscow 8 did not cause 

detectable drawdown/recovery in the IDWR 4 observation well during the Moscow 

6/Moscow 8 Aquifer Test. 

Moscow Cemetery Observation Well 

 The Moscow Cemetery well was used as an additional observation well 

during the Moscow 6/Moscow 8 Aquifer Test because it is screened in the Latah 

Formation.  Figure 29 presents the water level hydrograph and barometric pressure 

record for the Moscow Cemetery well for the period before, during and after the 

ic 

arometric effects in the water levels.  

) 

 

sents the BE for the well.  In this 

ase, a BE 92% is estimated.  However, the Clark (1967) method appears to be 

adequate for use in the estimation of BE for some Moscow-Pullman area wells 

Moscow 6/Moscow 8 Aquifer Test.  Water levels in the Moscow Cemetery well 

exhibit a confined aquifer type response in that water levels rise when barometr

pressure falls and vice versa.  Use of the Clark (1967) method was attempted to 

determine the barometric efficiency (BE) for the aquifer and to remove the 

b

 Figure 30 is the plot of the sum of the water level changes per minute (∑ΔW

versus the sum of the barometric pressure changes per minute (∑ΔB).  According to

the Clark (1967) method, the slope of the line repre

c

in
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compared to barometric pressure (orange) for the time period before, durin
Figure 29.  Hydrograph for the Moscow Cemetery well.  Water levels (blue) are 

g 
and after the Moscow 6/Moscow 8 Aquifer Test. 

 

Moscow Cemetery well.  The slope of the line represents the BE, here 
Figure 30.  Clark (1967) plot of ∑ΔW versus ∑ΔB to estimate BE for the 

calculated to be approximately 92%. 
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 (Figure 31, graph #1), because application of a BE of 92% over corrects the water 

levels, causing them to mirror the changes in barometric pressure.  Because of this, 

a trial-and-error method for removing the barometric fluctuations was used.  In 

Figure 31, graphs #3 through #6 show the adjusted water levels using different trial 

values for BE.  Figure 31, graph # 7, shows the same water level record for the 

Moscow Cemetery well that is shown in Figure 29.  It appears from Figure 31 that a 

BE of 25% removes the majority of the barometric fluctuations.  For a BE of ≥30%, 

the corrected water levels tend to mirror the barometric pressure variations; for a BE 

≤20%, the corrected water levels tend to mimic the barometric pressure changes.  

Therefore, a BE of 25% is used to correct the water levels in the Moscow Cemetery 

well for barometric effects. 
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Figure 31.  Water level corrections using different values for BE.  Plots are 

entified as follows:  BE calculated using the Clark (1967) method (# 1), initial 
water levels (# 7), barometric pressure (# 2), and a range of trial-and-error BE 
orrected levels (# 3 through # 6).  The BE value used is identified to the left of 

each line. 
 

 Figure 32 compares the corrected water levels using a BE of 25% and the 

barometric pressure readings.  The bracket indicates the approximate time that well 

Moscow 6 was pumping.  No clear evidence of pumping induced drawdown exists 

corresponding to Moscow 6 pumping.  Other remaining water level fluctuations 

cannot be linked to any of the pumping records in Table 2B in Appendix B. 

 

id

c
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 denoted by the bracket. 

Mt. View Park Observation Well 

 Just as with the Moscow Cemetery well, the Mt. View Park well was included 

as an observation well for the Moscow 6/Moscow 8 Aquifer Test because it is at 

least partially screened in the Latah Formation.  Figure 33 is the hydrograph for the 

Mt. View Park observation well for the period before, during and after the Moscow 6/ 

Moscow 8 Aquifer Test.  Similar to the Moscow Cemetery well, this well responded 

to barometric pressure changes.  

Figure 32.  Hydrograph of corrected water levels for the Moscow Cemetery 
well using a BE = 25%.  Corrected water levels are shown in blue, and 
barometric pressure readings are shown in orange.  The period of the Moscow 
6/Moscow 8 Aquifer Test is
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Figure 33.  Hydrograph for the Mt. View Park observation well.  Water levels
(blue) are compared to barometric pressure readings (orange) for the t
period before, during, and after the Moscow 6/Moscow 8 Aquifer Test. 
 

 
ime 

 Figure 34 is the Clark (1967) plot of ∑ΔW versus ∑ΔB for the Mt. View Park 

bout 95%.  However, a 95% correction causes the 

od 

r a BE of 80% are used for further analysis. 

well.  The BE is calculated to be a

water level to mimic the barometric pressure changes (Figure 35, graph #1).  

Because of the over-correction by the Clark (1967) method, a trial-and-error meth

was applied to estimate the BE in order to remove the barometric effects.  In Figure 

35, graphs # 2 through # 5 show trial-and-error water level corrections using several 

values for BE.  A BE of about 80% appears to remove the barometric fluctuations 

the best.  Water levels corrected fo
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Figure 34.  Clark (1967) plot of ∑ΔW versus ∑ΔB to estimate BE for the Mt. 
View Park observation well.  The slope of the line represents the BE, here 
calculated to be approximately 95%. 

 
Figure 35.  Water level corrections using different values for BE.  Plots are 

(uncorrected) water levels (# 7), barometric pressure (# 6), and a range of t
identified as follows:  BE calculated using the Clark (1967) method (# 1), raw 

rial-
and-error BE corrected water levels (# 2 through # 5).  The BE value used is 
identified to the left of each line. 
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 Figure 36 shows the corrected water levels for a BE of 80%.  The pumping 

period for the Moscow 6/Moscow 8 Aquifer Test is indicated by the bracket.  Water 

levels appear to be increasing over the entire pumping portion of the test.  This 

suggests strongly that pumping during the Moscow 6/Moscow 8 Aquifer Test did not 

have any obvious effect on the Mt. View Park well.  There is a prolonged period of 

decreasing water levels that began after Moscow 6 pumping ended and continued 

beyond the time period shown in Figure 36.  This may be the result of another 

aquifer test (Bennett, 2008) that had the city of Moscow relying heavily on its 

Wanapum wells (Moscow 2 and Moscow 3) for an extended period of time (months). 

 
Figure 36.  Hydrograph for Mt. View Park well with an 80% BE correction.  
Water levels are shown as the blue points and barometric pressure readings 
are in orange. 
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he 

7:38 to 12:38; the various pumping rates and times are presented in Table 2.  The 

extended aquifer test lasted just over 24 hours at a rate of 1978 gpm.  The aquifer 

test period is considered to have begun on October 25th at 00:00 (t=t0=0) to include 

pretest pumping and water level changes in the analysis. The elapsed times for the 

Pullman 8 well are presented in Table 2, and those for all other pumping wells are in 

Table 3B in Appendix B.  Telemetry issues made UI 4 pumping records unavailable 

for the Pullman 8 Aquifer Test period. Using the water level hydrograph for IDWR 4, 

on/off times for UI 4 were estimated by noting when the water level changed. 

 Because this was the first aquifer test conducted with well Pullman 8, several 

PBAC monitoring network wells were used as observation wells.  The wells 

monitored in addition to IDWR 4 were Cornelius, Pullman 6, Palouse 1, and WSU 5.  

 1 

lls.  WSU 5 is a non-pumping well located on the eastern side of the  

Pullman 8 Aquifer Test 

 Late in 2007, the city of Pullman drilled a new well.  Golder Associates, Inc. 

conducted a stepped discharge test, and an extended (~24 hours) aquifer test fo

the well.  Golder Associates, Inc. provided the necessary information, including 

pumping rates, times and well construction details so that drawdown in appropriate

wells in the PBAC monitoring network could be recorded for this MS thesis 

investigation. 

 The stepped discharge test was conducted on October 26, 2007, and t

extended aquifer test was conducted on October 28, 2007.  The step test ran from 

Cornelius is a private well located southeast of Pullman.  Pullman 6 and Palouse

are municipal we
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nd Time Pump Rate [gpm] Elapsed t [min] Step Date a
1 10/26/07 7:38 333 1898 
2 10/26/07 8:38 750 1958 
3 10/26/07 9:38 1233 2018 
4 10/26/07 10:38 1700 2078 
5 10/26/07 11:38 2117 2138 
off 10/26/07 12:38 0 2198 
      
~24 hr 10/28/07 11:29 1978 5009 
 off 10/29/07 12:09 0 6489 

Table 2.  Pullman 8 pumping rates and times (from Golder Associates, Inc., 
2007). 

IDWR 4 Observation Well 

conclude that these spikes, identified in Figure 37, were caused by  

 

university grounds near the Moscow-Pullman Airport (Figure 1). 

 Figure 37 is the water level hydrograph for observation well IDWR 4 for the 

time period before, during and after the Pullman 8 Aquifer Test.  It illustrates how 

observation well IDWR 4 responded to area Grande Ronde pumping.  It also 

illustrates that responses to pumping in this well completely overwhelmed any 

barometric effects that may have existed.  No clear visual indication of long-term 

pumping exists in the water level record during the time-period in which Golder 

Associates, Inc. ran the extended aquifer test.  Unfortunately, due to technical 

issues, first-hand information about the pumping cycles of UI 4 could not be obtained 

for this time period.   

 However, Moscow 9 was not pumping when large drawdown and recovery 

spikes occurred between October 26 and October 30; therefore, it is safe to 



81 

 

 

are compared to barometric pressure readings (orange) for the time period 

 

by the Hantush-Jacob (1955) leaky aquifer method with  

Figure 37.  Hydrograph for the IDWR 4 observation well.  Water levels (blue) 

before during and after the Pullman 8 Aquifer Test. 
 

pumping/recovery episodes in well UI 4.  Estimations of the on/off times for UI 4 

(Table 3B in Appendix B) are made from this hydrograph for use in Aqtesolv®. 

 Figure 38 is an Aqtesolv® log-log plot of drawdown and recovery versus time

for the IDWR 4 observation well with a comparison to the drawdown and recovery 

predicted (i.e., type curve) 
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Figure 38.  Aqtesolv® log-log plot of drawdown and recovery versus time for
the IDWR 4 well during the Pullman 8 Aquifer Test u

 
sing a Hantush-Jacob 

955) leaky aquifer solution with the principle of superposition for multiple 
ells with boundary conditions.  Observed drawdown and recovery 

and recovery.  The boundary conditions (Figure 11) are in effect.  The wells used to 

generate the predicted drawdown and recovery curve in Figure 38 are Moscow 9, UI 

4, WSU 7, and Pullman 8.   

(1
pumping w
(green circles) compared to predicted drawdown and recovery (blue type 
curve). 
 

the method of superposition for multiple pumping wells.  Similar to the Moscow 9, 

WSU 7, and Moscow 6/Moscow 8 Aquifer Tests, a discrepancy exists between the 

observed drawdown and recovery, and Hantush-Jacob (1955) predicted drawdown 

Pullman 8 
24 hour Test 

Pullman 8 
Step Test 
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 For comparison purposes, Figure 39 shows the same data as Figure 38 with 

the removal of Pullman 8 from the drawdown and recovery curve.  

Moscow 9, UI 4, and WSU 7 are the wells used to generate the predicted curve. 

Removing the effects of Pullman 8 pumping does provide a slightly better match to 

the observed water level data.  The comparison of Figures 38 and 39 certainly 

suggests that a connection between Pullman 8 and IDWR 4 is unlikely over for the 

period of the aquifer test as conducted. 

 In general, these test data give relatively poor matches to the method of 

analysis used (Hantush-Jacob, 1955).  This means that either the method used is 

not entirely adequate as a model for th r that there are missing critical 

pumping data, or both.  In most cases, real world data do not match the ideal 

mathematical models because aquifers usually violate one or more assumptions of 

tive of the connections between the observation well and the pumping wells 

used in the analysis.   

 In the case of the Pullman 8 Aquifer Test, the Hantush-Jacob (1955) equation 

with the method of superposition for multiple pumping wells predicts 17 peaks and 

15 troughs with or without Pullman 8 pumping included in the analysis.  What is 

observed in the IDWR 4 well is 16 peaks and 15 troughs.  This suggests a 

discrepancy between the wells used to generate the type curve and the responses  

 predicted 

is aquifer, o

the mathematical model.  Regardless of the method used, the water level changes 

due to pumping should be present in the predicted curve.  A comparison of peaks 

and troughs between the observed water level data and the predicted response can 

be indica
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 The Pullman 6 well is a municipal well in the north end of Pullman (Figure 1).  

It is not currently being used as a water supply well, and therefore made an 

appropriate, additional observation well for this aquifer test.  Figure 40 shows the  

Figure 39.  Aqtesolv® log-log plot of drawdown and recovery versus time for 
the IDWR 4 well during the Pullman 8 Aquifer Test using a Hantush-Jacob 
(1955) leaky aquifer solution with the principle of superposition for multiple 
pumping wells with boundary conditions.  Pullman 8 pumping has been 
removed for comparison to Figure 28.  Observed drawdown and recovery 
(green circles) compared to predicted drawdown and recovery (blue type 
curve). 
 

measured in the observation well. 

Pullman 6 Observation Well. 
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Figure 40.  Hydrograph for the Pullman 6 observation well.  Water levels (blue) 

, 

re 

.  This well, like many other wells in Grande Ronde basalt, shows a strong 

onfined type barometric response.  

ethod (Figure 41), a BE of approximately 99% is 

gure 42 shows the water levels corrected for the Clark 

are compared to barometric pressure readings (orange) for the period before
during, and after the Pullman 8 Aquifer Test. 
 

hydrograph of water levels for the well Pullman 6 compared to barometric pressu

readings

c

 Based on the Clark (1967) m

derived for well Pullman 6.  Fi

(1967) derived BE.  Although no clear evidence exists for effects from the Pullman 8 

step test in Figure 42, there is apparent drawdown from the 24-hour test.  This 

drawdown in Pullman 6 appears to be slightly delayed.  The exact time lag 
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Figure 41.  Clark (1967) plot of ∑ΔW versus ∑ΔB for the Pullman 6 well.  The 
slope of the line represents the BE.  BE is approximately 99%. 

 

ased on 
Figure 42.  Barometrically corrected water levels (blue) compared to 
barometric pressure readings (orange).  Water levels were corrected b
a BE of 99% derived by the Clark (1967) method. 
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 is difficult to determine because of noise in the water level readings.  Additional 

drawdown and recovery periods are attributed to WSU 7 pumping for the times given 

in Table 3B in Appendix B.  These BE corrected data are used in the following 

Hantush-Jacob (1955) analysis. 

 Figure 43 is an Aqtesolv® log-log plot of drawdown and recovery versus time 

for the Pullman 6 well.  Water level displacements are very small, and sensor 

resolutionerrors are prevalent (horizontal banding of the data).  The predicted 

drawdown and recovery curve has some of the same general shapes and 

match is poor.  Pullman 8 and WSU 7 are the pumping wells used to generate the 

theoretical type curve predicted by the Hantush-Jacob (1955) equation with the 

method of superposition for multiple pumping wells and boundaries.  These data are 

analyzed with the boundary conditions shown in Figure 11.  The match between the 

observed and predicted drawdown shown for illustration purposes only was 

achieved with a very large T=1.9 x 106 ft2/d.  The S in this case is 3 x 10-3.  These 

values are similar to what was calculated by Golder Associates, Inc. (2008).  Golder 

Associates, Inc. report values of T=1.3 x 106 ft2/d and S=6 x 10-3.  The water level 

data for this well are noisy primarily because of sensor resolution errors (i.e., errors 

associated with the sensitivity of the data logger to resolve small pressure changes). 

 In general, these test data give a relatively poor match to the method of 

magnitudes as the measured water level data.  However, the overall type curve 

analysis used (Hantush and Jacob, 1955).  This means that either the method  used  
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Figure 43.  Aqtesolv® log-log plot of drawdown and recovery versus time for 
well Pullman 6.  Observed (blue circles) drawdown and recovery, and 
predicted (orange) drawdown and recovery based on the Hantush-Jaco
(1955) equation with the method of superposition for multiple pumping wells 
and boundaries.  Pullman 8 and WSU 7 are the pumping wells.  Pullman 8 
pumping periods are shown by brackets. 

b 

 

 is not entirely adequate as a model for this aquifer, or that there are missing critical 

pumping data, or both.  In the case of the Pullman 6 well, noise in the data is also a 

factor.  In most cases, real world data do not match the ideal mathematical models 

perfectly because aquifers usually violate one or more assumptions of the 

mathematical model.  Regardless of the method used, the water level changes 

should be present in the predicted curve.  A comparison of peaks and troughs 

Pullman 8 
24 Hour Test 

Pullman 8 
Step Test 



89 

 

between the observed water level data and the predicted responses can be 

indicative of the connec

used in the analysis.   

 In the case of the Pullman 8 Aquifer Test, the Hantush-Jacob (1955) equation 

with the method of superposition for multiple pumping wells predicts 12 peaks and 

11 troughs.  What is observed in the Pullman 6 well is 6 peaks and 3 troughs.  This 

suggests a discrepancy between the wells used to generate the type curve and the 

responses measured in the observation well.  However, noise in the data may be 

masking some of the water level changes. 

Cornelius Observation Well 

 The Cornelius well is a private well located southeast of the city of Pullman 

(Figure 1).  Previous aquifer tests (Douglas, 2006; Osiensky, 2007) found no 

e 

quifer Test.  A clear barometric response is obvious in the water levels.  Scattered 

elineate 

tions between the observation well and the pumping well 

connection between the Cornelius well and the pumping wells used in the respectiv

tests.  Figure 44 is the water level hydrograph for the Cornelius well together with 

the barometric record for the time-period before, during and after the Pullman 8 

A

data points (rain drop effect) that plot below the bulk of the water level data 

represent drawdown in the Cornelius well due to periodic pumping of the Cornelius 

well for household water needs.  A large portion of these data that are directly the 

result of this in well pumping have been filtered from the data set to better d

the effects of well pumping outside of the Cornelius well. 
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levels (blue) are compared to barometric pressure readings (orange) for 

 

 Based on the Clark (1967) method for determining BE (Figure 45), a BE of 

approximately 99% is derived for the Cornelius well.  This high BE value is 

reasonable based on the barometric response shown in Figure 44.  A barometric 

correction of the water levels in Figure 44 for this BE gives the hydrograph in

46.  The corrected water levels for the Cornelius well (Figure 46) appear similar to 

the corrected water levels for Pullman 6 (Figure 42) which both show gentle rising 

trends; however, there is more noise in the Cornelius data, because this is an 

actively pumped well.  Potential delayed drawdown due to

Figure 44.  Water level hydrograph for the Cornelius observation well.  Water 
the 

time-period before, during, and after the Pullman 8 Aquifer Test. 

 Figure 

 the 24-hour pumping of 

Pullman 8 does appear in the plot; however, post-pumping recovery (in excess of  
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Figure 45.  Clark (1967) plot of ∑ΔW versus ∑ΔB for the Cornelius well.  Slope 
of line represents the BE, here calculated to be approximately 99%. 

 
Figure 46.  Water level hydrograph for Cornelius well corrected for a BE of 

 
pumping periods are indicated by brackets. 
99%.  Water level (blue) compared to barometric pressure (orange).  Pullman 8



92 

 

the longer term rising trend) of the water levels is not apparent in the data plot.  This 

was also the case with Pullman 6 water levels. 

 Figure 47 is the Aqtesolv® log-log plot of drawdown and recovery for the 

Cornelius well during the Pullman 8 Aquifer Test.  Based on the similarities in the 

water levels for both Pullman 6 and the Cornelius well, only Pullman 8 and WSU 7 

were used as the pumping wells to generate the type curve predicted by the 

Hantush-Jacob (1955) equation with the method of superposition for multiple 

pumping wells and the boundaries shown in Figure 11 (orange).  Based on the 

actual pumping effects within the Cornelius well and sensor resolution errors, no 

definitive (theoretical response) drawdown can be delineated in the plot. 

 In general, these test data give relatively poor matches to the method of 

analysis used (Hantush-Jacob, 1955).  This means that either the method used is 

not entirely adequate as a model for this aquifer, or that there are missing critical 

pumping data, or both.  In most cases, real world data do not match the ideal 

mathematical models perfectly because aquifers usually violate one or more 

assumptions of the mathematical model.  Regardless of the method used, the water 

level changes should be present in the predicted curve.  A comparison of peaks and 

troughs between the observed water level data and the predicted responses may be 

indicative of the connections between the observation well and the pumping wells 

range of apparent water level fluctuations due to noise in the system combined with 

used in the analysis. 
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Pullman 8  

 

the Cornelius well.  Water levels corrected for a BE = 0.99 (green circles), and 

the method of superposition for multiple pumping wells and boundaries 

indicated by brackets.  All other predicted drawdown and recovery are the 

 

 In the case of the Pullman 8 Aquifer Test, the Hantush-Jacob (1955) equation  

with the method of superposition for multiple pumping wells predicts 15 peaks and  

15 troughs.  What is observed in the Cornelius well is 3 peaks and 3 troughs.  This 

suggests a discrepancy between the wells used to generate the type curve and the 

responses measured in the observation well.  

Figure 47.  Aqtesolv® log-log plot of drawdown and recovery versus time for 

drawdown and recovery predicted by the Hantush-Jacob (1955) equation with 

(orange) for the Pullman 8 Aquifer Test.  Pullman 8 pumping periods are 

effects from WSU 7 pumping. 

24 Hour Test 

Pullman 8 
Step Test 
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Unresponsive Observation Wells 

 Two of the observation wells monitored during the Pullman 8 Aquifer Test did 

not show any obvious responses to the pumping of Pullman 8 or any of the other 

area pumping wells.  No measurable drawdown was detected in the WSU 5 well, or 

the Palouse 1 well during the Pullman 8 Aquifer Test.  

WSU 5 Observation Well 

 The WSU 5 well shows a typical confined aquifer response to changes in 

barometric pressure (Figure 48).  Based on the Clark (1967) method (Figure 49), a 

BE of approximately 99% is calculated.  Figure 50 shows the BE corrected water 

levels for the WSU 5 observation well.  Figure 50 shows no clear drawdown resulting 

from the pumping of Pullman 8, and other water level changes do not correspond to 

the pumping records presented in Table 3B in Appendix B.  However, a gentle rising 

trend in the water levels is apparent. 
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Figure 48.  Water level hydrograph for the WSU 5 observation well.  Water 
levels (blue) are compared to barometric pressure (orange). 
 

  
Figure 49.  Clark (1967) plot of ∑ΔW versus ∑ΔB.  The slope of the line 
represents the BE.  BE = 99%. 
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evel 

resented in Table 3B in Appendix B. 
 
 

Palouse 1 Observation Well 

 Figure 51 shows the hydrograph for the Palouse 1 well.  Palouse 1 appears to 

have responded to barometric pressure changes more than was apparent during the 

WSU 7 Aquifer Test.  Water levels were rising during the extended aquifer test, and 

it is most likely that the obvious drawdown in the early hours of October 29th is the 

result of pumping of Palouse 2 and not Pullman 8 because the duration of drawdown 

 too short, the initial recovery is too rapid, and it is similar to other drawdown spikes 

Figure 50.  Water levels for the WSU 5 well corrected for a BE = 99% for the
time-period before, during and after the Pullman 8 Aquifer Test.  No water l

 pumping records changes can be attributed to Pullman 8 pumping or any
p

is

seen in the hydrograph.  Unlike for the WSU 7 Aquifer Test, the city of Palouse did 
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not discontinue pumping during the Pullman 8 Aquifer Test; however, pumping 

records for Palouse 2 are not available.  The separated ‘tails’ at the bottom of Figure 

48 resulted from pumping in Palouse 1.  There are no definitive drawdown and 

recovery visible in Figure 51 other than what were caused by the pumping of the 

Palouse 1 well itself.  However, the times that the drawdown occur do not 

correspond to the pumping information for any of the wells presented in Table 3B in 

Appendix B.  In addition, the amount of drawdown is far greater than what would be 

expected to be caused by wells that are more than ten miles away (Moscow-Pullman 

area).  Therefore, it must be concluded, based on the data, that measurable 

drawdown did not occur in the Palouse 1 well due to pumping of well Pullman 8. 
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igure 51.  Water level hydrograph for the Palouse 1 well.  Water levels (blue) 

are compared to barometric pressure readings (orange).  The four tails (blue 
vertical lines at bottom of plot) in the water level record reflect drawdown in 
Palouse 1 due to direct pumping of Palouse 1. 
 

Summary of Aquifer Test Hydraulic Connections 

 Well-to-well hydrologic connections within the Palouse Basin, and Grande 

Ronde hydraulic continuity are difficult to prove.  The variable, seasonal water 

supply needs of Moscow, Pullman, WSU and UI make it difficult to conduct aquifer 

tests because water levels in observation wells are precluded from reaching static 

levels.  The wide range of barometric efficiencies also makes it difficult to remove 

barometric effects from the observed water levels.  This is further compounded when 

methods like Clark (1967), which are meant to handle non-barometric water level 

F
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fluctuations, frequently fail leaving only a trial-and-error method to best remove the 

barometric effects on the observed water levels. 

 It appears that the IDWR 4 well responds quite well to Moscow 9 and UI 4 

pumping.  All three wells appear to be open to the same Grande Ronde producing 

zone, and the wells are relatively close to each other (within one mile).  IDWR 4 may 

also respond to WSU 7 pumping.  WSU 7 is completed with several relatively long 

open intervals, and likely draws from many water bearing zones simultaneously; the 

well has approximately 800 feet of open hole at its bottom.  IDWR 4 does not appear 

to respond to Pullman 8 or Moscow 6/Moscow 8 pumping even over longer than 

typical pumping durations.  Although Moscow 6 and Moscow 8 appear to be open to 

deeper layers of the Grande Ronde, Pullman 8 is comparable to IDWR 4 and UI 4 in 

 

urations of pumping. 

 The Pullman 6 and Cornelius wells appear to show some responses (non-

g; however, the level of noise 

er, 

 

 

depth, and is completed with multiple, long, open sections at varying depths.  It may

be possible to see connections between Pullman 8 and IDWR 4 over longer 

d

theoretical in shape) to Pullman 8 and WSU 7 pumpin

in the data for those wells makes it difficult to be certain.  Both Pullman 6 and 

Cornelius appear to be open to the same producing zones as Pullman 8; howev

only Pullman 6 appears to share a producing zone with WSU 7.  The Cornelius well

is completed well above the uppermost open interval of WSU 7. 

 Palouse 1 did not appear to respond to either WSU 7 or Pullman 8 pumping

over extended pumping periods.  WSU 7 pumped for more than seven hours, and 
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ater levels was due to WSU 7 

f 

draped 

rock are believed to separate basalt flows from crystalline 

hat is actually 

Pullman 8 pumped for about 24 hours.  In the case of Palouse 1, it is not possible to

determine if an apparent time-lagged change in w

pumping, just barometric effects, or something else entirely.  Too many potential 

local causes of Palouse 1 water level fluctuations existed during the Pullman 8 

Aquifer Test to determine any connection there. 

 The Moscow Cemetery well and the Mt. View Park well did not respond to 

prolonged pumping of the Moscow 6 and Moscow 8 wells (~2.5 days).  Moscow 6 

and Moscow 8 are open to far greater depths than the Mt. View Park well or the 

Moscow Cemetery well, but all four wells are known to be open to long sections o

Latah Formation sands.  Individual layers of the Latah Formation sands are 

separated by layers of basalt through most of the Palouse Basin; however, the 

basalt flows appear to have pinched out before actually contacting the granitic 

outcrops that form the eastern perimeter of the basin.  Therefore, sediments 

over the crystalline bed

rocks laterally and vertically along most of the perimeter of the basin.  Hydraulic 

connections here may be possible over long periods of pumping. 

 Heterogeneity and anisotropy in the Moscow-Pullman area were not 

accounted for in these analyses.  Uncertainty also exists in the placement of 

boundaries and the inability to both account for all of them and model them 

accurately (straight lines at right angles instead of the ‘C’ shape t

seen).  Because of this, it should be noted that the transmissivity and storativity 
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values calculated in these analysis may in no way reflect the actually properties of 

the Grande Ronde aquifer system. 
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Chapter 5 – Conclusions and Recommendations 

Introduction 

 The hydrogeology of the Palouse basin is not easy to delineate.  

Heterogeneity and boundary effects factor heavily into the effects of pumping on 

ground water levels in the Moscow-Pullman area.  To complicate matters, low 

permeability zones within the basin in the form of pre-basalt, crystalline rock, 

topographic features (hills, buttes, ridges, stream scours in bedrock, etc.) likely exist 

throughout the basin, but are buried beneath hundreds to thousands of feet of basalt 

flows of the CRBG.  

Conclusions 

 The nest of monitoring wells drilled north of Moscow, Idaho by the Idaho 

Department of Water Resources is a valuable addition to the network of wells being 

monitored throughout the Palouse area by PBAC, and will provide valuable 

information and insight into the state of the groundwater in the Palouse Basin.  This 

is especially true because most of the monitoring wells in the PBAC network are 

actually public or private pumping wells.  Based on a series of aquifer tests 

conducted as part of this thesis research, the following conclusions are made: 

General Conclusions 

1. Barometric efficiencies of the Grande Ronde basalt wells studied during this 
investigation can be very high, ranging from 25% to 99%. Failure to correct 
for the effects of fluctuations in barometric pressure during aquifer tests can 
completely mask drawdown due to pumping. 
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2. Crystalline rock bodies that surround the Moscow-Pullman area on the east, 
south ility 
boundaries that violate key assumptions in most analysis methods.  Because 
these boundaries affect the amount of drawdown, it is important to account for 

 derive accurate results. 
 

3. onsists of 

l 

 in the 

lusions 

 
sponse 

ult to 

 for 

for a 

4. Well interference effects are important because the effects of distant or low 
ion wells can easily be masked by closer or higher 

 and north sides as hills, buttes and ridges, form low permeab

them to

The Grande Ronde aquifer system in the Moscow-Pullman area c
an interconnected, multiple aquifer/aquitard system where aquifers (i.e., 
producing zones) exist in fracture zones, interflow zones between individua
basalt flows and in interbeds between individual basalt flows; producing 
zones are separated by aquitards that consist of low permeability basalt
centers of thick basalt flows or low permeability interbeds composed of clay. 

 
4. The IDWR 4 well is completed in the primary producing zone for Moscow 

area Grande Ronde pumping, and shows continuous water level fluctuations 
in the form of drawdown and recovery.  This well should provide excellent 
long-term Grande Ronde water level data for monitoring the ground water 
resource system both short-term (hours-days) and long-term (months-years).  

 

Specific Conc

Moscow 9 Aquifer Test 

1. The IDWR 4 well is very responsive to the pumping of the Moscow 9 and UI 4
wells.  The water levels in the IDWR 4 well fluctuate continuously in re
to area pumping.  This makes analysis of the data from this well diffic
analyze. 

 
2. Boundaries are important because they increase the amount of drawdown

a given time period which greatly effects the derived aquifer coefficients. 
 

3. Leakage is important because it decreases the amount of drawdown 
given time period and can mask boundary effects. 

 

producing extract
producing extraction wells. 

 
5. Connections between the IDWR 4 observation well and the Moscow 9 well 

appears to be instantaneous or nearly so and independent of the length of 
time that the well is pumped. 
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sed on aquifer test data compared to the 
Hantush-Jacob (1955) leaky aquifer model. 

 
level, and as water levels begin to level off during recovery from Moscow 9 

 

Moscow area pumping during short-term aquifer tests on the order of a few 
days or shorter.  If full recovery from the effects of Moscow 9 and UI 4 
pumping  is not achieved, these effects are easily masked by the recovery. 

3. The Grande Ronde aquifer system in the Moscow-Pullman area is best 
ltiple-aquifer/aquitard leaky aquifer system based on 

es measured during the WSU 7 Aquifer Test.  However, no 
definitive connections could be measured in Palouse 1 because this well is at 

4. There does not appear to be any obvious hydraulic connection between the 

oscow 6/Moscow 8 Aquifer Test 

y connected to IDWR 4, 
Moscow Cemetery, or Mt. View Park over long pumping durations (2.5 days). 

g from 
r normal use pumping durations in conjunction 

with WSU 7 during the WSU 7 Aquifer Test; however, prolonged usage of 

6. IDWR 4 and Moscow 9 appear to be open to a common producing zone, 
which provides a good connection between the two wells. 

 
7. Evidence exists that some variety of multiple leaky aquifers exists in the 

Grande Ronde aquifer system ba

WSU 7 Aquifer Test 

1. WSU 7 may be hydraulically connected to the IDWR 4 well for pumping 
durations on the order of hours (normal university use).  Both wells produce 
from the same zone between elevations of 1850 and 1950 ft above mean sea

and UI 4 pumping, fluctuations can been seen in the IDWR 4 data that can
not be entirely attributed to barometric effects. 

 
2. The possible effects of Pullman area pumping on IDWR 4, and likely the 

Moscow area as a whole, are likely small and will easily be masked by 

 

characterized as a mu
hydraulic respons

a great distance, and separating out the likely small effects of WSU 7 
pumping from barometric responses, data noise, or anything else that could 
affect the Palouse 1 well is difficult. 

 

WSU 7 well and the Palouse 1 well for pumping periods of less than 10 hours. 

M

1. Wells Moscow 6 and Moscow 8 are not hydraulicall

 
2. IDWR 4 may have appeared to experience some response to pumpin

wells Moscow 6 and 8 unde

Moscow 6 failed to produce a response. 
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 a potentially thick 

section (~200 feet) of Latah Formation sands.  This is consistent with Jones 
 

) who delineated laterally 
connected producing zones. 

Pullman 8 Aquifer Test 

 
f, between wells Pullman 8, 

Pullman 6, and the Cornelius well cannot be delineated based on the aquifer 

an 8 

Aquifer Test made a definitive analysis impossible. 

A lot of study on the ground water of the Palouse basin has been conducted 

t aquifer properties are poorly defined, such 

1. Further refine the application of leaky aquifer models to the Grande Ronde 

e. 

3. Apply present knowledge of the Moscow-Pullman hydrology to a whole basin 
model. 

3. The wells Moscow 6 and Moscow 8 are completed in a separate producing
zone, that is separated from the IDWR 4 producing zone by

and Ross (1969; 1972), and Sokol (1966) who divided the Grande Ronde
aquifer system in the Moscow area into upper, middle and lower producing 
zones, and Owsley (2003) and McVay (2007

1. No apparent hydrologic connection exists between Pullman 8 and IDWR 4 
over a 24-hour period. 

 
2. Well interference effects of Pullman 8 pumping on wells in the Pullman area

are small.  Hydraulic connections, or lack thereo

test data. 
 

3. The Pullman 6 well and the Cornelius well both appear to respond to similar 
effects in similar ways, and visually they appear to be affected by Pullm
and WSU 7 pumping.  Noise during the period monitored for the Pullman 8 

 
4. The WSU 5 well and the Palouse 1 well did not respond to pumping of the 

Pullman 8 well during either the short-term step test or the longer 24-hour 
test. 

Recommendations 

 

over the past several decades.  Because of the often confusing nature of ground 

water connectivity, and the fact tha

studies should continue.  Recommendations based on this investigation are: 

aquifer system. 
 

2. Basin wide monitoring of ground water in the Palouse basin should continu
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le 

r a data purchase system should be put in 
place so that interested parties can have access to and utilize the large 

 
l 

tain errors seem to occur in the water level data when 
duties of acquisition and processing of the data are transferred to new 

54) cyclic pumping schedule analysis.  This is true particularly if 
pumping in one of the two wells, Moscow 9 or UI 4, that has the greatest 

, 
 easily lost in both natural 

and artificial noise, especially in pumping wells. 

s the Palouse Basin to prove hydraulic connections at the basin scale so 
future researchers and water managers can more fully utilize the water level 

exists for the Palouse Basin. 

4. Monitoring wells should be drilled at strategic locations west of Pullman.  Litt
knowledge exists, but  much speculation occurs, about the Palouse basin 
aquifers west of the Pullman area.  This would also help to delimit the 
westward extent of these aquifers. 

 
5. The water level data should be made more easily accessible.  Either a 

computer download system, o

amount of data. 

6. A written standard policy should be established for converting the water leve
data to elevations.  Cer

researchers. 
 

7. The IDWR 4 monitoring well may be an excellent candidate for a Theis and 
Brown (19

effect on well IDWR 4 can be temporarily stopped. 
 

8. Future researchers should be aware, that if aquifer transmissivities are high
drawdown at great distances likely will be small and

 
9. A series of overlapping aquifer tests should be designed and conducted 

acros

database that 
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Appendix A – Aqtesolv® 

troduction 

 The following discussion is the explanation of the program Aqtesolv, (theory, 

methods, concept) for the methods used in this thesis taken directly from the 

program documentation (modified after Duffield, G.M., 2007. AQTESOLV for 

Windows Version 4.5 User's Guide, HydroSOLVE, Inc., Reston, VA.). 

Theis (1935)/Hantush (1961) Solution for a Pumping Test in a Confined Aquifer 

Theis (1935) derived a solution for unsteady flow to a fully penetrating well in a 
confined aquifer. The solution assumes a line source for the pumped well and 
therefore neglects wellbore storage. 
� 
Hantush (1961a, b) extended the Theis method to correct for partially penetrating 
wells. When you choose the Theis solution in AQTESOLV, you may analyze data for 
fully or partially penetrating wells. 
� 
AQTESOLV uses the principle of superposition in time to simulate variable-rate tests 
including recovery with the Theis solution. AQTESOLV uses the principle of 
superposition to analyze both pumping and recovery data from constant - or 
variable-rate pumping tests. 
� 
You can use the Theis (1935) solution for residual drawdown to analyze a recovery 
test via a straight-line matching procedure. For a well performance test, you may 
choose the Theis (1935) solution for a step-drawdown test. 
 

 

 

 

 

 

In
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Illustration 

�  

�Equations 

�  

here: w
• �Q is pumping rate [L3/T] 
• �r is radial distance [L] 
• �s is drawdown [L] 
• �S is storativity [dimensionless] 
• �t is time [T] 
• �T is transmissivity [L2/T] 

 
ydrogeologists commonly refer to the exponential integral in the drawdown  

equation as the Theis well function, abbreviated as W(u). Therefore, we can write  
e Theis drawdown equation in compact notation as follows: 

H

th
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��  
 
Hantush (1961a, b) derived equations for the effects of partial penetration in a 
confined aquifer. For a piezometer, the partial penetration correction is as follows: 
� 
�

 
� 
�For an observation well, the following partial penetration correction applies: 
� 
�

 
� 
where:� 

• �b is aquifer thickness [L] 
• �d is depth to top of pumping well screen [L] 
• �d' is depth to top of observation well screen [L] 
• �l is depth to bottom of pumping well screen [L] 
• �l' is depth to bottom of observation well screen [L] 
• �Kz/Kr is vertical to horizontal hydraulic conductivity anisotropy [dimensionless] 
• �W(u,r/B) is the Hantush-Jacob well function for leaky confined aquifers 
• �z is depth to piezometer opening [L] 

 
At large distances, the effect of partial penetration becomes negligible when 

�

� 

 

Assumptions 
• �aquifer has infinite areal extent 

eous and of uniform thickness 
 penetrating 

ing well is horizontal when pumping well is fully penetrating 

• �flow is unsteady 
 

• �aquifer is homogen
• �pumping well is fully or partially
• �flow to pump
• �aquifer is confined 

• �water is released instantaneously from storage with decline of hydraulic head
• �diameter of pumping well is very small so that storage in the well can be 

neglected 



115 

 

Data Requirements 
• �pumping and observation well locations 
 �pumping rate(s

•

• �hydraulic conductivity anisotropy ratio (for partially penetrating wells) 

Solution Options 
• �constant or variable pumping rate including recovery 
• �multiple pumping wells 

• �boundaries 

Estimated Parameters 
• �T (transmissivity) 
• �S (storativity) 

Kr (hydraulic conductivity anisotropy ratio) 

timate Kz/Kr and b. 

umping Test in a Leaky 

n for unsteady flow to a fully penetrating 
ell in a homogeneous, isotropic leaky confined aquifer. The solution assumes a line 

ntush (1964) e tended the method to correct for partially penetrating wells and 
isotropy. When you choose the Hantush-Jacob solution in AQTESOLV, you may 

or fully or partially penetrating wells. 

sts including recovery 
 time. Use this solution to 

ing 

d a manual curve-fitting procedure based on the Hantush-

� 

• ) 
 �observation well measurements (time and displacement) 

• �partial penetration depths (optional) 
• �saturated thickness (for partially penetrating wells) 

• �multiple observation wells 
• �partially penetrating wells 

• �Kz/
• �b (saturated thickness) 
• �Partially penetrating wells are required to es

 

Hantush-Jacob (1955)/Hantush (1964) Solution for a P
Aquifer 
� 
Hantush and Jacob (1955) derived a solutio
w
source for the pumped well and therefore neglects wellbore storage. 
� 
Ha x
an  
analyze data f
� 
The Hantush-Jacob solution can simulate variable-rate te
through the application of the principle of superposition in
analyze both pumping and recovery data from constant - or variable-rate pump
tests. 
 
Walton (1962) develope
Jacob solution. To apply Walton's method in AQTESOLV, choose the Hantush-
Jacob solution. 



116 

 

ce test, you may choose the Hantush-Jacob (1955) solution for 
r. 

n in a leaky 
., a leaky strip 

solution in conjunction 
the 

aluate partially penetrating wells and observation wells may be 

For a well performan
a step-drawdown test in a leaky confined aquife
� 
Vandenberg (1977) presented a solution for evaluating drawdow

o-flow boundaries (i.econfined aquifer bounded by two parallel n
aquifer). In AQTESOLV, you may use the Hantush-Jacob 
with aquifer boundaries to evaluate the same leaky strip aquifer problem as 
Vandenberg method. Unlike Vandenberg's method, however, you may use 
AQTESOLV to ev
located at any radial distance from the pumped well. 

Illustration 

�  

Equations 

onfined aquifer 
uming steady flow (no storage) in the aquitard(s): 

� 
Hantush and Jacob (1955) derived an analytical solution for predicting water-level 
changes in response to pumping in a homogeneous, isotropic leaky c
ass

�  
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• �K' is vertical hydraulic conductivity in the aquitard [L/T] 

gists commonly refer to the integral expression in the drawdown equation 
ush well function for leaky aquifers, abbreviated as W(u,r/B). Therefore, 

we can write the Hantush drawdown equation in compact notation as follows: 
� 

�

where: 
• �b' is aquitard thickness [L] 

• �Q is pumping rate [L3/T] 
• �r is radial distance [L] 
• �s is drawdown [L] 
• �S is storativity [dimensionless] 
• �t is time [T] 
• �T is transmissivity [L2/T] 

 
Hydrogeolo
as the Hant

 
� 
Hantush (1964) derived equations for the effects of partial penetration and 
anisotropy in a leaky aquifer. The partial penetration correction for a piezometer is 
as follows: 
� 
�

 
� 
For an observation well, the following partial penetration correction applies: 
� 
�

 
� 
where:� 

• �b is aquifer thickness [L] 
• �d is depth to top of pumping well screen [L] 
• �d' is depth to top of observation well screen [L] 
• �l is depth to bottom of pumping well screen [L] 
• �l' is depth to bottom of observation well screen [L] 
• �Kr is radial hydraulic conductivity [L/T] 
• �Kz is vertical hydraulic conductivity [L/T] 
• �z is depth to piezometer opening [L] 
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e distances, the effect of partial penetration becomes negligible when �At larg

�  

Assumptions 
• �aquifer has infinite areal extent 

uniform thickness 
 penetrating 

rizontal when pumping well is fully penetrating 

 
neglected 

• �confining bed(s) has infinite areal extent, uniform vertical hydraulic 
conductivity and uniform thickness 

• �confining bed(s) is overlain or underlain by an infinite constant-head plane 
source 

• �pumping and observation well locations 
• �pumping rate(s) 
• �observation well measurements (time and displacement) 
• �partial penetration depths (optional) 
• �saturated thickness (for partially penetrating wells) 
• �hydraulic conductivity anisotropy ratio (for partially penetrating wells) 

lution Options 
• �constant or variable pumping rate including recovery 
• �multiple pumping wells 
• �multiple observation wells 
• �partially penetrating wells 

ndaries 

 estimate Kz/Kr and b. 
erties (K'/b' and K') computed from the 

leakage parameter (r/B)

• �aquifer is homogeneous and of 
ll is fully or partially• �pumping we

• �flow to pumping well is ho
• �aquifer is leaky confined 
• �flow is unsteady 
• �water is released instantaneously from storage with decline of hydraulic head 
• �diameter of pumping well is very small so that storage in the well can be

• �flow is vertical in the aquitard(s) 

Data Requirements 

So

• �bou
• �Estimated Parameters 
• �T (transmissivity) 
• �S (storativity) 
• �r/B (leakage parameter) 
• �Kz/Kr (hydraulic conductivity anisotropy ratio) 
• �b (saturated thickness) 
• �Partially penetrating wells are required to
• �The Report also shows aquitard prop
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and 

 

 

 

Appendix B – Aquifer Test Pumping Records 

 

Aquifer Test Pumping Records are provided in MS EXCEL 97-2003 Workbook, 

CSV (text) format on a CD attached to the inside back cover of this thesis.
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Appendix C – Calculating Drawdown and Matching with Aqtesolv® 
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Appendix C – Calculating Drawdown and Matching with Aqtesolv® 

troduction 

To illustrate the way in which the data are analyzed in this thesis, the 

following tests are used with synthetic water level data generated for five pumping 

w  

to the 89th factorial in Excel.  The synthetic drawdown and recovery data for each of 

the five pumping wells were added together to make the hydrographs presented 

below.  A transmissivity of 1000 ft2/min, and a storativity of 5 x 10-3 were used.  All 

type curves are presented using these aquifer coefficients and compared to the 

various calculated drawdown data. 

Tests for Calculating Drawdown  

 Figure 1C shows the hydrograph (a) and the calculated drawdown and 

recovery curve (b) based on a known initial static water level condition.  The 

drawdown and recovery curves (b) are calculated from the initial pumping point (# 1) 

which is also from the static water level, and from the maximum recovery achieved 

after pumping began (#2).  These two drawdown and recovery curves are each 

analyzed in two different ways.  First, they are analyzed where t0 equals the time 

that pumping first begins (t0=0), and then they are analyzed where the first instance 

of pumping begins after the water level record begins (t0>0).  In this case t0=31 

minutes.  

In

 

ells using the Theis (1935) equation with the principle of superposition carried out
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a 

b 

Figure 1C.  (a) Hydrograph of synthetic water levels with an initial static level.  
(b) Drawdown and recovery calcu
on (a). 

lated from the two different points indicated 

 

 Figure 2C shows the Aqtesolv® plots for drawdown calculated from the initial 

instance of pumping (also static water level).  In both cases, the visual match 

between the water level data and the type curve is good.  As this is also the only 

time that Theis (1935) assumptions are not violated, this is the only time the visual 

match between the synthetic water level data and the type curve will match this well.  

The accuracy of the fit is about the same for both a t0=0 and a t0>0 

 Figure 3C shows the Aqtesolv® plots for drawdown and recovery calculated 

based on the maximum water level recovery that occurred after pumping began.  

This is done to illustrate potential error involved when an initial static water level 

does not define the start of the test.  As in Figure 2C, the visual fits of the type 

curves to the synthetic water level data are the same regardless of whether t0=0 or  
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Figure 2C.  Theis (1935) analysis using drawdown and recovery calculated 
from a static level.  (a) t0=0.  (b) t0=31. 

 
Figure 3C.  Theis (1935) analysis using drawdown and recovery calculated 
from the maximum recovery.  (a) t =0.  (b) t =31. 
 

0 0

>0.  H

rves 

t0 owever, in Figure 3C, because drawdown and recovery are not calculated 

from an initial static water level (violating one of the Theis assumptions), a 

discrepancy exists between the type curve and the synthetic water level data. 

 Figure 4C shows the hydrograph (a), and the drawdown and recovery cu

(b) calculated without an identified initial static water level.  Because an initial static 
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water level was not used to calculate drawdown, it is to be expected that 

transmissivity and storativity values derived from these data will be in error relative 

to those used to generate the synthetic water level data under ideal conditions (e.g., 

static water level at t=0, and all Theis (1935) assumptions).  This scenario most 

closely represents what is seen in the IDWR 4 well aquifer test data. The drawdown 

and recovery curves in Figure 4C (b) are calculated from the initial pumping point (# 

2), and from the maximum recovery achieved after pumping began (# 1). For 

d in 

two different ways.  First, they are analyzed where t0 equals the time that pumping 

first begins (t0=0), and then they are analyzed where the first instance of pumping 

begins after the water level record begins (t0>0).  In this case t0=31 minutes.  

 Figure 5C shows the Aqtesolv® plots for drawdown and recovery calculated 

from the maximum water level recovery after pumping began (#1 on Figure 4C (a)), 

without an identified initial static water level at t=0.  As in Figure 2C and Figure 3C, 

the overall visual match between the type curve and the synthetic water level data is 

itial static water level, a greater 

discrepancy exists between the type curve and the synthetic water level data. 

illustration purposes, these two drawdown and recovery curves are each analyze

about the same regardless of whether t0=0 or t0>0 minutes.  However, because

drawdown and recovery are not calculated from an in
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Figure 4C.  (a) Hydrograph for synthetic water levels with no initial static leve
(b) Drawdown and recovery calculated from the two different points indicated 
on (a). 

a 

b

l.  

 
Figure 5C.  Theis (1935) analysis using drawdown and recovery calculated 
from the maximum recovery.  (a)  t0=0.  (b)  t0=31 minutes. 
 
 Figure 6C shows the Aqtesolv® plots for drawdown calculated from the water 

levels at the time pumping began (#2 on Figure 4C(a)), without an identified initial  

static water level at t0=0.  As in Figure 2C, Figure 3C. and Figure 5C, the overall 
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Figure 6C.  Theis (1935) analysis using drawdown and recovery calculated 
from the water level at which pumping begins.  (a)  t0=0.  (b)  t0=31 minutes. 
 

0=0 or t0>0 minutes.  However, because drawdown and 

recovery are not calculated from an initial static water level, and the water level at 

the time pumping began was not anywhere near the static water level, (typical for a 

heavily used aquifer) the visual match between the type curve and the synthetic 

water level data is very poor and is the worst match presented here. 

Conclusion 

 In line with the governing assumptions of the Theis (1935) equation, only

qtesolv® capable of deriving close to an accurate visual match to observed water 

 

visual match between the type curve and the synthetic water level is about the same 

regardless of whether t

 

when drawdown and recovery are calculated from an initial static water level is 

A

level data.  The manual type curve matching method used to derive drawdown and 

recovery in this thesis potentially yields transmissivity values to the correct order of 

magnitude, but may miscalculate storativity by up to two orders of magnitude.   
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Appendix D – Water Level Data 

 

Water level data are provided in MS EXCEL 97-2003 Workbook, and CSV (text) 

format on a CD attached to the inside back cover of this thesis. 
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