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Executive Summary 

 Multiple, stress-level slug tests were performed at selected test/depth intervals within wells 399-2-5, 
399-3-22, and 399-4-14 as part of the 300 Area volatile organic compound characterization program at 
the Hanford Site in Washington State.  The temporary test screen lengths were characterized as the 
boreholes were advanced to their final drill depths and before their completion as monitor-well facilities.  
Following well completion, slug tests were performed in the final, completed well-screen sections.  The 
objectives of the slug tests were to provide the vertical distribution of hydraulic conductivity with depth at 
these locations and to support selection of the final well screen-depth interval for each of these monitor-
well facilities.  This characterization information is important for predicting/simulating contaminant 
migration (i.e., numerical flow/transport modeling) and designing proper monitor-well strategies within 
this area. 

 Test-analysis results obtained from the multiple, stress-level slug tests provide vertical distribution of 
hydraulic conductivity for hydrogeologic units generally within the upper, middle, and lower sections of 
the unconfined aquifer.  Individual test/depth intervals were sited to provide hydraulic-property infor-
mation for the highly permeable Hanford formation (Unit 1) within the upper part of the unconfined 
aquifer and the underlying, less permeable Ringold Formation (Unit 5) within the middle and lower 
sections of the unconfined aquifer.  Eight out of 10 discrete-depth intervals were tested successfully 
during borehole advancement, and one test/depth interval was tested after the wells were completed as 
monitor-well facilities.  Two of the temporary test screen lengths could not be tested during borehole 
advancement because of sediment in-filling that occurred inside the temporary well-screen section. 

 No quantitative analysis for slug tests conducted within the three Hanford formation (Unit 1) test 
intervals was realized because of test-system limitations.  Limiting qualitative analysis results, however, 
provide a lower, bounding hydraulic conductivity estimate range of ≥300 to ≥400 m/day for these 
Hanford formation tests.  These hydraulic conductivity estimates were derived for test-interval sections 
that ranged from only 0.5 to 1.1 m in length.  These lower bounding Hanford formation test values are 
comparable to the general range of lower bounding values (i.e., >100 to >2,000 m/day) for 300-Area test 
characterizations recently cited in Williams et al. (2007) and to the estimate of 568 m/day for one 
previous 300-Area volatile organic compound characterization test/depth interval (Spane 2007). 

 Analysis of the slug-tests conducted within six test/depth intervals within the Ringold Formation 
(Unit 5) indicates average hydraulic conductivity estimates ranging from ≤0.01 to 2.48 m/day.  Hydraulic 
conductivity estimates for the Ringold Formation (Unit 5) were derived for test-interval sections that 
ranged from 0.6 to 2.9 m in length.  These average hydraulic conductivity values are comparable to the 
lower range of 0.04 to 41.2 m/day, with a geometric mean of 2.38 m/day, for 16 other Ringold Formation 
test/depth intervals recently obtained for test-characterization boreholes in the 300 Area (Williams et al. 
2007; Spane 2007). 
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1.1 

1.0 Introduction 

 Pacific Northwest National Laboratory conducted multiple, stress-level slug tests at selected test/ 
depth intervals within wells 399-2-5, 399-3-22, and 399-4-14 as part of the 300 Area volatile organic 
compound (VOC) characterization program at the Hanford Site in Washington State for the U.S. Depart-
ment of Energy (Figure 1.1).  The temporary test screen lengths were characterized as the borehole was 
advanced to its final drill depth and before its completion as a monitor-well facility.  Where possible, the 
final well-screen sections were characterized following well completion.  The primary objective of the 
slug tests was to provide information pertaining to the vertical distribution of hydraulic conductivity with 
depth at these locations and to select the final well screen-depth interval for each monitor-well facility.  
This type of characterization information is important for predicting/simulating contaminant migration 
(i.e., numerical flow/transport modeling) and designing proper monitor-well strategies within this area. 

 Section 2 describes the general hydrologic test system employed to perform the series of multiple, 
stress-level slug tests for each isolated test-interval section.  Section 3 discusses slug-test response and 
analysis methods.  Section 4 presents pertinent information describing slug-testing activities and analysis 
results for the test/depth zones that were hydrologically characterized at the 300 Area VOC wells.  Slug-
test results are described for each individual test zone within each of the three well locations.  Section 5 
presents the hydraulic conductivity depth profiles obtained at each of the three well sites.  Conclusions 
and references are provided in Sections 6 and 7, respectively.  Slug-test field notes are provided in 
Appendix A, and borehole lithologic logs are presented in Appendix B. 
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Figure 1.1. Map Showing Locations of 300 Area VOC Well Sites 
 



 

2.1 

2.0 Hydrologic Test System Description 

 The following discussion of the general hydrologic test plan is taken primarily from similar slug-test 
characterization-program descriptions presented previously by Spane.(a)  Hydrologic testing was imple-
mented when the approximate targeted depth intervals within the unconfined aquifer were reached during 
drilling.  To prepare the test zone for slug-test characterization, the packer/well-screen test assembly was 
lowered to the bottom of the borehole, and the drill casing was retracted, exposing an open borehole 
section of ~1 m or less within the Hanford formation and between 1 and 3.5 m within the Ringold 
Formation.  The packer was then inflated to isolate the well-screened/test interval and the testing string 
from the inside of the drill casing.  Following well completion, slug-test characterization was conducted 
in the final, completed well, well-screen section. 

 A series of multiple, stress-level slug tests were attempted for each isolated test-interval section.  The 
reason for using a multi-stress-level approach was to determine whether the associated slug-test responses 
exhibited either a variable or stress-level dependence.  As noted in Butler (1998) and Spane et al. (2003b), 
tests exhibiting either variable or stress-level dependence can provide valuable information pertaining to 
the presence of dynamic well skin or non-linear (i.e., turbulence) test-response conditions occurring 
within the test section.  General slug-test stress levels applied during testing were designed to be within 
the range of ~0.3 to 0.7 m for lower stress tests and ~0.7 to 1.4 m for higher stress tests.  The slug tests 
were initiated with two slugging rods of different, known displacement volumes.  For most test zones, 
three or more multi-stress slug tests were conducted.  Efforts were made to allow individual slug tests to 
approach full recovery before starting the next slug test within the characterization sequence.  A wide 
range in recovery times was expected based on the anticipated range in permeability conditions.  For 
example, Spane et al. (2001a, 2001b, 2002, 2003a) and Spane and Newcomer (2004) report recovery 
times as rapid as <15 sec for high-permeability test intervals (e.g., Hanford formation) to >10 min for 
lower permeability Ringold Formation test zones.  A description of the hydrologic test system used 
during slug test characterization is provided in the following report section. 

 Figure 2.1 shows the general test-system configuration used for the slug tests conducted during the 
drilling and testing of 300 Area wells 399-2-5, 399-3-22, and 399-4-14.  Slug tests were conducted with 
only slugging rods for all test zones (i.e., no pneumatic slug tests were performed).  The test-system 
configuration includes a downhole inflatable packer/well-screen test assembly, a downhole pressure 

                                                      
(a) FA Spane, Jr.  2003.  Slug Test Characterization Results for Multi- Test/Depth Intervals Conducted During the 

Drilling of WMA-C Well 299-E27-22 (C4124).  Letter report to Jane Borghese (Fluor Hanford, Inc.), October 8, 
2003. 
 
Spane FA, Jr.  2005a.  Slug Test Characterization Results for Multi-Test/Depth Intervals Conducted During the 
Drilling of WMA-BX-BY Well 299-E33-49.  Letter report to Jane Borghese (Fluor-Hanford, ORP), January 10, 
2005. 
 
Spane FA, Jr.  2005b.  Slug Test Characterization Results for Multi-Test/Depth Intervals Conducted During the 
Drilling of CERCLA Operable Unit UP-1 Wells 299-W19-48, 699-30-66, and 699-36-70B.  Letter report to 
Mark Byrnes (Fluor-Hanford, ORP), September 13, 2005. 
 
Spane FA, Jr.  2005c.  Slug Test Characterization Results for Multi-Test/Depth Intervals Conducted During the 
Drilling of CERCLA Operable Unit ZP-1 Wells 299-W11-43, 299-W15-50, and 299-W18-16.  Letter report to 
Mark Byrnes (Fluor-Hanford, ORP), September 13, 2005. 
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transducer, a slugging rod lowered by a drill rig, and a surface data-logger system.  The drill-casing string 
used for borehole advancement during the drilling of each well had inside diameter (I.D.) and outside 
diameter (O.D.) dimensions of 0.273 m (10 ¾ in.) and 0.298 m (11 ¾ in.), respectively.  Except for slug 
tests conducted in Zone 1 near the water table, an inflatable packer was used to seal and isolate the 
temporary test screen length and test-casing string from the encompassing drill-casing area.  The packer 
was not inflated during testing near the water table.  While the packer was inflated, test-interval isolation 
was verified by adding ~20 L of water above the packer (i.e., in the annular area between the testing 
string and drill casing), both at the beginning and end of the testing sequence.  A 3.05-m length of 
0.152-m I.D., 30-slot (Schedule 20), well-screen section attached below the packer was used to maintain 
an open section for testing the formation after retracting the drill casing.  A 0.1-m-long cap was attached 
to the bottom of the well-screen section.  The inside diameter of the attached test-casing string above the 
well-screen section was 0.102 m.  A Druck, Inc. pressure transducer strain-gauge, 0- to 69-kPa (0- to 
10-psig) pressure transducer was installed below the fluid-column surface within the temporary test-
casing string to monitor downhole test-interval response before and during slug testing.  Pressure-
transducer measurements were recorded with a Campbell Scientific, Inc. model CR-10X™ data logger. 

 Figure 2.2 shows the general slug-test configuration following well completion of each of the three 
wells.  Slug tests were conducted in the final well-screen sections with the same slug rods as those used 
during testing within the temporary test-casing string.  The test-system configuration within the final 
well-screen section includes a downhole pressure transducer, a slugging rod lowered by a drill rig, and a 
surface data-logger system.  The final 10-slot (Schedule 10) well-screen section had a length of 3.0 m 
(10 ft) or 6.1 m (20 ft) and an I.D. dimension of 0.152 m (6 in.).  A Druck, Inc. pressure transducer strain-
gauge, 0- to 69-kPa (0- to 10-psig) pressure transducer was installed below the fluid-column surface 
within the well casing or well-screen section to monitor downhole test-interval response before and 
during slug testing.  Pressure-transducer measurements were recorded with a Campbell Scientific, Inc. 
model CR-10X™ data logger. 
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Figure 2.1. General Slug-Test Configuration within the Temporary Test-Casing String during the 
Drilling and Testing of Wells 399-2-5, 399-3-22, and 399-4-14 
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Figure 2.2.  General Slug-Test Configuration within the Final Well-Screen Section 
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3.0 Slug Test Response and Analysis 

 The following discussion pertaining to slug-test response and analysis is taken primarily from Spane 
[see footnote 2.0 (a)].  As shown in Figure 3.1 and discussed in Butler (1998) and Spane et al. (2003b), 
water levels within a test well can respond in one of three ways to the instantaneously applied stress of a 
slug test.  These response model patterns are 1) an over-damped response, where the water levels recover 
in an exponentially decreasing recovery pattern, 2) an under-damped response, where the slug-test 
response oscillates above and below the initial static, with decreasing peak amplitudes with time, and 3) a 
critically damped response, where the slug test behavior exhibits characteristics that are transitional to the 
over- and under-damped response patterns.  Factors that control the type of slug-test response model that 
is exhibited within a well include a number of aquifer properties (hydraulic conductivity) and well-
dimension characteristics (well-screen length, well-casing radius, well-radius, aquifer thickness, fluid-
column length) and can be expressed by the response-damping parameter, CD, which Butler (1998) 
reports for unconfined aquifer tests as: 

 [ ]
KL

rRr
L
gC wec

e
D 2

ln2

∗=  (3.1) 

 
where g = acceleration due to gravity 
   Le = effective well water-column length 
 rc = well casing radius; i.e., radius of well water-column that is active during testing 
 Re = effective test radius parameter; as defined by Bouwer and Rice (1976) 
 rw = well radius 
 K = hydraulic conductivity of test interval 
 L = well-screen length. 
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Figure 3.1.  Diagnostic Slug Test Response (taken from Spane and Newcomer 2008) 

 Given the multitude of possible combinations of aquifer properties, well-casing dimensions, and test-
interval lengths, no universal CD value ranges can be provided that describe slug-test response conditions.  
However, for various combinations anticipated for testing at 300 Area VOC well sites during drilling, the 
following general guidelines on predicting slug-test responses are provided: 

• CD    >3 = over-damped response 
• CD  1 - 3 = critically damped response 
• CD    <1 = under-damped response. 

 An over-damped test response generally occurs within stress wells monitoring test formations of low 
to moderately high hydraulic conductivity (e.g., Ringold Formation) and are indicative of test conditions 
where frictional forces (i.e., resistance of groundwater flow from the test interval to the well) are predom-
inant over test-system inertial forces.  Figure 3.2 shows predicted slug-test recovery as a function of 
hydraulic conductivity (K range: 1.0 to 40 m/day; 1.0-m test interval) for test intervals exhibiting over-
damped response characteristics and for general 300 Area VOC test well/interval conditions.  The test 
predictions shown in the figure are based on responses occurring within a test system casing 
I.D. = 0.1016 m.  As indicated in the figure, test intervals having hydraulic conductivity values of 
approximately 40 m/day or less should be readily resolved for tests exhibiting over-damped slug-test 
behavior.  For over-damped slug tests, two different methods can be used for the slug-test analysis: the 
semi-empirical, straight-line analysis method described in Bouwer and Rice (1976) and Bouwer (1989) 
and the type-curve-matching method for unconfined aquifers presented in Butler (1998).  For 
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over-damped slug tests, hydraulic-conductivity estimates obtained with the Bouwer and Rice analytical 
method are generally less reliable than corresponding estimates obtained with the type-curve-matching 
method (Hyder and Butler 1995; Butler 1998).  For this reason, only the type-curve-matching analytical 
method was used for estimating hydraulic conductivity for zones tested at the 300 Area VOC wells.  A 
detailed description of over-damped, slug-test-analysis methods is presented in Spane and Newcomer 
(2004). 
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Figure 3.2. Over-Damped Slug-Test Response as a Function of Test-Interval Hydraulic Conductivity 

 The time-history matching method is used for lower permeability test intervals, where individual 
over-damped slug tests do not fully recover to pre-test conditions.  This analysis method is based on the 
superposition principle that relies on super-imposing the predicted slug-test responses of subsequent tests 
that are conducted in a series.  The predicted slug-test responses are calculated with the type-curve 
matching method described in Butler (1998), which are combined by super-imposing their individual 
responses for the respective times of test initiation to yield a predicted composite test response (i.e., time-
history response).  The analysis method is greatly facilitated by maintaining uniform slug-test recovery 
time periods and using equal slug-test volume displacements (e.g., alternating slug withdrawal and 
injection tests with a slugging rod, each phase for 30-minute periods).  Strictly speaking, the super-
position principle (and time-history matching) is only appropriate for linear-response aquifer systems 
(e.g., confined aquifers).  However, Reilly et al. (1987) state that it is also appropriate for unconfined 
aquifers (non-linear response systems) if test stress levels are kept within 10% of the unconfined aquifer’s 
thickness.  This was the case for the time-history analysis of the testing sequence conducted for well 
399-2-5, Zone 3. 
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 Under-damped test-response patterns are exhibited within stress wells where inertial forces are 
predominant over formational frictional forces.  This commonly occurs in wells with extremely long fluid 
columns (i.e., large water mass within the well column) and/or that penetrate highly permeable aquifers 
(e.g., Hanford formation).  Tests exhibiting under-damped behavior should be conducted with very small 
stress-level applications.  No 300 Area VOC well test intervals displayed formational test-response 
characteristics that were under damped. 

 As mentioned previously, critically damped test responses are indicated by stress well water-level 
responses that are transitional to the over- and under-damped test conditions, as shown in Figure 3.1.  
They typically occur in wells that monitor test formations exhibiting intermediate to high hydraulic 
conductivity.  As noted in Butler (1998), distinguishing between slug-test responses that are over damped 
and critically damped may be difficult in some cases (i.e., due to test signal noise) when examined on 
arithmetic plots.  Proper model identification may be enhanced when semi-log plots are used, i.e., log 
head versus time (e.g., Bouwer and Rice plot).  Critically damped slug tests exhibit a diagnostic concave-
downward pattern when plotted in this semi-log plot format.  This is in contrast to over-damped response 
behavior, which displays either a linear or concave upward (elastic) pattern.  Critically damped slug-test 
responses are influenced by processes (e.g., inertial) that are not accounted for in the previously discussed 
slug-test analytical methods (i.e., for over-damped tests).  Because of this, slug tests exhibiting these 
response characteristics cannot be analyzed quantitatively with the Bouwer and Rice or standard type-
curve methods.  High-K analysis methods that can be employed for analyzing unconfined aquifer tests 
exhibiting response behavior that is either critically damped or under damped include those described in 
Springer and Gelhar (1991), Butler (1998), McElwee and Zenner (1998), McElwee (2001), Butler and 
Garnett (2000), and Zurbuchen et al. (2002).  Because of the ease provided by a spreadsheet-based 
approach, the test-analysis method presented in Butler and Garnett (2000) is preferred for analyzing tests 
exhibiting critically damped behavior.  A detailed discussion of this analytical procedure and method is 
presented in Spane and Newcomer (2004).  No 300 Area VOC well test intervals displayed formational 
test-response characteristics that were critically damped. 
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4.0 Slug-Test Results 

 The following discussion presents pertinent information describing slug-testing activities and analysis 
results for the test/depth zones that were hydrologically characterized at the 300 Area VOC boreholes as 
they were advanced to their final drilling depths.  Table 4.1 presents slug-test information for the 
respective test/depth intervals, while Table 4.2 summarizes the slug-test-analysis results.  Selected 
borehole logs are presented in Appendix B, which can be referred to for a geologic description of the 
respective well test zone/depth intervals. 

Table 4.1. Slug-Test Characteristics for Selected Test/Depth Intervals at 300 Area VOC Test Wells 
399-2-5, 399-3-22, and 399-4-14 

Test Parameters 
Test Well 
Number 

(Borehole 
ID) 

Test 
Zone Test Date 

Number 
of Slug 
Tests 

Depth 
to 

Water 
(m bgs) 

Depth/Test 
Interval 
(m bgs) 

Diagnostic Slug- 
Test Response 

Model 
Hydrogeologic 
Unit Tested(a) 

Zone 1 9/7/07 4 9.72 10.1–10.9 
(0.8) 

Homogeneous 
Formation/ 
Exponential-Decay 
(over-damped) 

Hanford 
formation 
(Unit 1) 

Zone 2 9/19/07 8 10.09 21.3–22.3 
(1.0) 

Heterogeneous 
Formation/ 
Exponential-Decay 
(over-damped) 

Ringold 
Formation 
(Unit 5) 

399-2-5 
(C5708) 

Zone 3 9/27/07 1 9.69 37.5–38.1 
(0.6) 

Homogeneous 
Formation/  
Exponential-Decay 
(over-damped) 

Ringold 
Formation 
(Unit 5) 

Zone 1 11/6/07 9 13.50 16.3–16.7 
(0.4) 

Homogeneous 
Formation/ 
Exponential-Decay 
(over-damped) 

Hanford 
formation 
(Unit 1) 

Zone 2 11/8/07 3 13.55 23.6–24.3 
(0.7) 

Heterogeneous 
Formation/  
Exponential-Decay 
(over-damped) 

Ringold 
Formation 
(Unit 5) 

Zone 3 11/15/07 0 13.93 39.0–41.0 
(2.0) NA 

Ringold 
Formation 
(Unit 5) 

399-3-22 
(C5706) 

Zone 4(b) 12/3/07 6 13.29 38.2–41.1 
(2.9) 

Homogeneous 
Formation/ 
Exponential-Decay 
(over-damped) 

Ringold  
Formation 
(Unit 5) 
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Table 4.1.  (Cont’d.) 
 

Test Parameters 
Test Well 
Number 

(Borehole 
ID) 

Test 
Zone Test Date 

Number 
of Slug 
Tests 

Depth 
to 

Water 
(m bgs) 

Depth/Test 
Interval 
(m bgs) 

Diagnostic Slug- 
Test Response 

Model 
Hydrogeologic 
Unit Tested(a) 

Zone 1 10/10/07 8 13.05 14.5–15.6 
(1.1) 

Homogeneous 
Formation/ 
Exponential-Decay 
(over-damped) 

Hanford 
formation 
(Unit 1) 

Zone 2 10/15/07 0 13.03 24.5–25.4 
(0.9) NA 

Ringold 
Formation 
(Unit 5) 

Zone 3 10/19/07 6 13.14 31.9–32.7 
(0.8) 

Homogeneous 
Formation/  
Exponential-Decay 
(over-damped) 

Ringold 
Formation 
(Unit 5) 

399-4-14 
(C5707) 

Zone 4 10/23/07 6(c) 13.01 36.6–39.1 
(2.5) 

Homogeneous 
Formation/ 
Exponential-Decay 
(over-damped) 

Ringold 
Formation 
(Unit 5) 

NA = Not applicable. 
Note: For all test wells, rc ranged between 0.0508 and 0.0762 meter; rw = 0.1492 meters.  Hydrogeologic unit 
number in parentheses indicates the relevant groundwater-flow model layer, as described in Thorne et al. (1993). 
(a) Assumed to be uniform within the well-screen test section. 
(b) Final, completed well-screen section. 
(c) No quantitative analysis was possible for one of the slug tests because the response of the exponential decay 

test was disturbed. 

4.1 Well 399-2-5 (C5708) 

 The drilling of 300 Area VOC well 399-2-5 was initiated on September 4, 2007, and continued until 
reaching a final depth of 39.8 m bgs on September 28, 2007.  The Lower Mud unit of the Ringold 
Formation was encountered at a depth of 38.1 m bgs, which represents the bottom boundary of the 
unconfined aquifer at this location.  Three test-depth intervals were tested at the borehole location:  
Zone 1 = 10.1 to 10.9 m bgs; Zone 2 = 21.3 to 22.3 m bgs; and Zone 3 = 37.5 to 38.1 m bgs.  Slug tests 
conducted within the final, completed well-screen section, with a test/depth interval of 9.9 to 12.5 m bgs, 
yielded test results similar to the Zone 1 test results (i.e., full recovery within ~3 seconds after test 
initiation).  Because of these similar test results, the data analysis for tests conducted within the completed 
well-screen section was not included in this report.  The slug-test field notes for this test/depth interval, 
however, are provided in Appendix A. 

4.1.1 Zone 1 (Depth:  10.1 to 10.9 m) 

 After reaching a drill depth of 11.3 m bgs, the bottom 0.3 m of the borehole filled in with sediment 
slough.  The well-screen assembly was lowered to the bottom of the borehole at a depth of 11.0 m bgs, 
and the 0.2985-m O.D. (11 ¾-in. O.D.) drill casing was retracted 0.9 m (i.e., from 11.0 to 10.1 m bgs), 
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producing a test/depth interval for Zone 1 of 10.1 to 10.9 m bgs (bottom end-cap at 10.9 to 11.0 m bgs).  
The borehole geology log (Appendix B; Figure B.1) indicates that the test-interval section generally 
consists of a sandy gravel and gravel unit, composed of ~80% gravel, ~15% sand, and ~5% silt.  At the 
time of testing, the well-screen test interval was located ~0.4 m below the unconfined aquifer water-table 
surface, and test results reflect sediments of the Hanford formation (Unit 1). 

Table 4.2. Slug Test Analysis Results for Wells 399-2-5, 399-3-22, and 399-4-14 

Type-Curve Analysis Method 

Test Well Number 
(Borehole ID) Test Zone 

Hydraulic 
Conductivity, Kh,

(a) 

(m/day) 
Specific Storage, 

Ss (m-1) 

Zone 1 ≥300 1.0E-5 
Zone 2 (outer zone 

formation) 
1.17–1.73 

(1.42) 1.0E-5 

Zone 2 (artificially-
created inner zone) 

6.05–9.50 
(7.72) 1.0E-5 

399-2-5 
(C5708) 

Zone 3 ≤0.01 1.0E-5 
Zone 1 ≥400 1.0E-5 

Zone 2 (outer zone 
formation) 

0.32–0.61 
(0.44) 1.0E-5 

Zone 2 (artificially-
created inner zone) 1.56 1.0E-5 

Zone 3 NA NA 

399-3-22 
(C5706) 

Zone 4(b) 1.04–1.51 
(1.34) 1.0E-5 

Zone 1 ≥300 1.0E-5 
Zone 2 NA NA 

Zone 3 2.20–2.85 
(2.48) 7.0E-4–1.6E-3 

399-4-14 
(C5707) 

Zone 4 0.93–1.12 
(1.04) 1.0E-4–2.0E-4 

NA = Not applicable. 
Note:  Number in parentheses is the average value for all tests. 
(a) Assumed to be uniform within the well-screen test section. 
(b) Final, completed well-screen section. 

 A series of four slug withdrawal tests (one low-stress and three high-stress tests) were conducted 
between 0742 hours and 0810 hours (Pacific Standard Time [PST]), September 7, 2007.  The slug tests 
were conducted with two different sized slugging rods that were partially submerged in the water column, 
one with a partially submerged volume of 0.0027 m3 and a larger one with a partially submerged volume 
of 0.0059 m3.  These partially submerged slug-rod volumes imparted a theoretical applied stress level of 
0.15 m for the low-stress test and 0.32 m for the high-stress tests within the 0.1524-m (6-in.) I.D. 
temporary screen.  Downhole test-interval response pressures during testing were monitored with a 0- to 
69-kPa (0- to 10-psig) pressure transducer set at a depth of ~11-m bgs.  The static depth-to-water for the 
test interval measured before testing was 9.72 m bgs. 
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 All slug tests for Zone 1 exhibited full recovery within ~3 seconds after test initiation.  A selected 
example of the pressure-test response for one of the slug-withdrawal tests is shown in Figure 4.1.  Test 
responses of the formation dissipated within the initial seconds of the test because of very high-
permeability test conditions within the Hanford formation.  This rapid test response (i.e., 90% recovery 
within ~3 seconds) will be used for analyzing a minimum value for K. 
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Figure 4.1. Example of Slug-Withdrawal Test Pressure Response for Zone 1, Well 399-2-5 

 To provide a bounding, greater-than K estimate for Zone 1 tests, a series of over-damped slug-test 
type curves were generated for various high K values with Zone 1 test parameters.  Normalized plots of 
the type curves for K values ranging between 100 and 1000 m/day are shown in Figure 4.2.  The plots in 
Figure 4.2 indicate a range of K ≥ 300 m/day (and assuming Ss = 1.0E-05 m-1) that correspond to rapid, 
formational test response recovery of 90% within ~3 seconds.  This lower bounding limit value for K is 
the best estimate available for the Zone 1 test/depth interval. 
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Figure 4.2. Over-Damped Slug-Test Type-Curve Plots for Various High K Values With Zone 1 Test 
Parameters, Well 399-2-5 

4.1.2 Zone 2 (Depth:  21.3 to 22.3 m) 

 After reaching a drill depth of 22.9 m bgs, the bottom 0.5 m of the borehole filled in with sediment 
slough.  The packer/well-screen assembly was lowered to the bottom of the borehole at a depth of 
22.4 m bgs, and the 0.2985-m O.D. (11 ¾-in. O.D.) drill casing was retracted 1.1 m (i.e., from 22.4 to 
21.3 m bgs), producing a test/depth interval for Zone 2 of 21.3 to 22.3 m bgs (bottom end-cap at 22.3 to 
22.4 m bgs).  The borehole geology log (Appendix B; Figure B.1) indicates that the test-interval section 
generally consists of a sandy gravel unit, composed of ~60% gravel and ~40% sand.  At the time of 
testing, the well-screen test interval was located ~11.2 m below the unconfined aquifer water-table 
surface, and test results reflect sediments of the Ringold Formation (Unit 5). 

 A series of four slug-injection tests and four slug-withdrawal tests (four low-stress and four high-
stress tests) were conducted between 0931 hours and 1252 hours (PST), September 19, 2007.  The slug 
tests were conducted with two different-sized slugging rods, one with a volume of 0.0055 m3 and a larger 
one with a volume of 0.011 m3.  These slug-rod volumes imparted a theoretical applied stress level of 
0.68 m for the low-stress tests and 1.36 m for the high-stress tests within the 0.1016-m (4-in.) I.D. 
temporary casing string.  Downhole test-interval response pressures during testing were monitored with a 
0- to 69-kPa (0- to 10-psig) pressure transducer set at a depth of ~13-m bgs.  The static depth-to-water for 
the test interval measured before testing was 10.09 m bgs. 
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 A diagnostic analysis of slug tests conducted for this test/depth interval indicates a heterogeneous 
formation response condition.  This test pattern exhibits a high-permeability, inner-zone response during 
the initial fast-recovery portion of the test that slowly transitions to a lower permeability response for the 
surrounding outer-zone formation.  The presence of an elastic, high-permeability inner-zone reflects an 
artificially induced condition that was likely attributed to collapse of unconsolidated formation sediments 
around the temporary well screen as the drill casing was retracted.  An examination of the drilling log 
geologic description indicates sand heaving within this test interval during drilling. 

 As discussed in Spane (1993), slug tests exhibiting linear response characteristics for heterogeneous 
formation tests can be analyzed using the homogeneous formation analysis approaches described in 
Section 3.0.  A comparison of the normalized, higher and lower stress, slug-test responses indicated 
identical behavior.  For the homogeneous-formation analysis, the type-curve method estimates for K 
ranged between 1.17 and 1.73 m/day (average of 1.42 m/day) for the outer-zone formation and ranged 
between 6.05 and 9.50 m/day (average of 7.72 m/day) for the artificially created, higher permeability, 
inner-zone.  Selected examples of the diagnostic and test-analysis plots for this test/depth interval are 
shown in Figure 4.3 and Figure 4.4(a, b), respectively. 
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Figure 4.3. Selected Diagnostic Plot for Zone 2, Well 399-2-5 
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(b) 

Figure 4.4. Selected Type-Curve Analysis Plots, Zone 2, Well 399-2-5, for (a) the Artificially Created, 
High-Permeability Inner-Zone and (b) the Lower Permeability Outer-Zone Formation 
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4.1.3 Zone 3 (Depth:  37.5 to 38.1 m) 

 After driving the 0.2985-m O.D. (11 ¾-in. O.D.) drill casing to a depth of 37.5 m bgs and then 
drilling the open hole to a depth of 38.7 m bgs, the packer/well-screen assembly was lowered to the 
bottom of the borehole, exposing the temporary screen to the formation at a depth interval of 37.5 to 
38.6 m bgs (bottom end-cap at 38.6 to 38.7 m bgs).  The depth/test interval for Zone 3 was drilled ahead 
of the drill casing because, unlike the test/depth intervals for Zones 1 and 2 for this borehole, the 
formation sediments were consolidated, and the borehole remained open during drilling.  While pumping 
during groundwater sampling before conducting the slug tests, the bottom 0.5 m of the well-screen 
section filled in with sediment slough (i.e., fine-grained sediments), effectively reducing the test/depth 
interval for Zone 3 to 37.5 to 38.1 m bgs.  The borehole geology log (Appendix B; Figure B.1) indicates 
that the test-interval section generally consists of a silty sandy gravel unit, composed of 50 to 75% gravel, 
25 to 50% sand, and <10% silt.  At the time of testing, the well-screen test interval was located ~27.8 m 
below the unconfined aquifer water-table surface, and test results reflect sediments of the Ringold 
Formation (Unit 5) just above the Ringold Lower Mud unit. 

 A series of three slug withdrawal and injection tests were conducted between 0843 hours and 
0943 hours (PST), September 28, 2007.  The tests were initiated by rapidly withdrawing a 0.0055-m3 
volume slugging rod (slug withdrawal test) from the fluid column within the 0.102-m (4-in.) I.D. testing-
string casing used to set the packer/well screen assembly.  After 30 minutes of recovery, the slugging rod 
was rapidly immersed into the fluid column initiating a slug-injection test.  After another 30 minutes of 
recovery (from the slug-injection test), a third slug test (slug withdrawal test) was initiated by rapidly 
withdrawing the slugging rod from the fluid column.  Downhole test-interval response pressures during 
testing were monitored with a 0- to 69-kPa (0- to 10-psig) pressure transducer set at a depth of ~12 m bgs.  
The depth-to-water for the test interval measured before testing was 9.69 m bgs.  This depth-to-water 
level is not representative of “static” conditions since a declining water-level trend of -0.0008104 m/min 
was observed for an extended period before and during slug testing. 

 The three slug tests indicated a recovery response behavior that was extremely slow and over-
damped.  Since the recovery times for the slug tests were slow, with <10% recovery of the applied stress, 
a test history match approach was used for analyzing the slug withdrawal and injection phases of the tests.  
Since a declining water-level trend (i.e., -0.0008104 m/min) was observed during the test phases, the 
predicted test responses were super-imposed on this trend to match the observed test responses. 

 Figure 4.5 shows the observed responses for each of the three slug-test phases and the predicted 
time history match for the testing sequence.  As noted previously, a declining water-level trend of 
-0.0008104 m/min was observed over the test period.  As indicated in Figure 4.5, a hydraulic conductivity 
K estimate of 0.01 m/day provides a good match to the observed test-response sequence. 

 To demonstrate the sensitivity of the analytical solution, Figure 4.6 shows the predicted test history 
match with K values of 0.01, 0.02, 0.05, and 0.1 m/day.  As indicated, test-history matches depart signifi-
cantly from the observed test responses with K values higher than 0.01 m/day.  This suggests a K value of 
≤0.01 m/day for the depth interval tested.  Since slough filled in the lower 0.5 m of the well-screen 
section before slug testing, there is some uncertainty whether the relatively low hydraulic conductivity 
indicated for Zone 3 is representative of in situ formation conditions or is an artifact of borehole insta-
bility around the well screen.  Pumping for groundwater samples from the test interval before slug testing 
may have contributed to this instability.  However, the low-permeability condition is corroborated by the 
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proximity of the test interval to the underlying Lower Mud unit of the Ringold Formation and by the 
observed slow static water-level recovery trend before and during the slug tests. 

4.2 Well 399-3-22 (C5706) 

 The drilling of 300 Area VOC well 399-3-22 was initiated on October 31, 2007, and continued until 
reaching a final depth of 42.8 m bgs on November 13, 2007.  The Lower Mud unit of the Ringold 
Formation was encountered at a depth of 41.1 m bgs, which represents the bottom boundary of the 
unconfined aquifer at this location.  Three test-depth intervals were successfully tested at the borehole 
location: Zone 1 = 16.3 to 16.7 m bgs; Zone 2 = 23.6 to 24.3 m bgs; and Zone 4 = 38.2 to 41.1 m bgs.  
Zone 4 represents the final well-screen completion.  One projected test-depth interval during drill 
advancement, Zone 3 = 39.0 to 41.0 m bgs, was not tested. 
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Figure 4.5. Slug Test Pressure Response and Time History Match for Zone 3, Well 399-2-5 
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Figure 4.6. Slug Test Pressure Response for Zone 3, Well 399-2-5 and Time History Sensitivity 
Analysis Match for Varying K Values 

4.2.1 Zone 1 (Depth:  16.3 to 16.7 m) 

 After reaching a drill depth of 16.8 m bgs, the well-screen assembly was lowered to the bottom of the 
borehole, and the 0.2985-m O.D. (11 ¾-in. O.D.) drill casing was retracted 0.5 m, producing a test/depth 
interval for Zone 1 of 16.3 to 16.7 m bgs (bottom end-cap at 16.7 to 16.8 m bgs).  The borehole geology 
log (Appendix B; Figure B.2) indicates that the test-interval section generally consists of a sandy gravel 
unit, composed of >60% gravel, <40% sand, and <1% silt.  At the time of testing, the well-screen test 
interval was located ~2.8 m below the unconfined aquifer water-table surface, and test results reflect 
sediments of the Hanford formation (Unit 1). 

 A series of five slug-injection tests and four slug-withdrawal tests (five low-stress and four high-
stress tests) were conducted between 0632 hours and 0743 hours (PST), November 6, 2007.  The slug 
tests were conducted with two different-sized slugging rods, one with a volume of 0.0055 m3 and a larger 
one with a volume of 0.011 m3.  These slug-rod volumes imparted a theoretical applied stress level of 
0.30 m for the low-stress tests and 0.61 m for the high-stress tests within the 0.1524-m (6-in.) I.D. 
temporary well-screen.  For the two high-stress slug-withdrawal tests, the pressure transducer cable was 
attached to the slugging rod to prevent the rod and transducer probe from becoming lodged inside the 
0.1016-m (4-in.) I.D. casing above the screen during slug withdrawal.  Downhole test-interval response 
pressures during testing were monitored with a 0- to 69-kPa (0- to 10-psig) pressure transducer set at a 
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depth of ~16-m bgs for the first test and ~14-m bgs for the remaining slug tests.  The static depth-to-water 
for the test interval measured before testing was 13.50 m bgs. 

 All slug tests for Zone 1 exhibited oscillations attributed to a test-configuration-induced condition.  
The oscillatory test pattern is believed to be primarily due to pressure imbalances between the water 
column inside the temporary well-screen and the water column in the annular space between the well-
screen and drill casing.  A selected example of these test-induced oscillations is shown in Figure 4.7.  The 
oscillations in Figure 4.7 indicate a pressure change, ~0.04 m, immediately after test initiation that is 
significantly less than the theoretical Ho value of 0.30 m for this low-stress test (than would occur only 
within the well screen).  This is an indication that the oscillations reflect the test configuration 
(i.e., pressure imbalance) and not an under-damped, oscillatory test response.  The actual applied stress, 
Ho, to the formation is uncertain due to the time it takes (i.e., 1 to 2 seconds) to completely remove the 
slug rod and recover the associated rapid test response.  Due to very high-permeability test conditions 
within the Hanford formation, formational test responses dissipated within the initial seconds (i.e., 90% 
recovery within ~3 seconds) of the test and are not discernable in the test-configuration-induced 
oscillatory pattern. 
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Figure 4.7. Example of Test-Configuration Induced Oscillatory Response for Zone 1, Well 399-3-22 

 To provide a bounding, greater-than K estimate for the Zone 1 tests, a series of over-damped slug-test 
type curves were generated for various high K values, using Zone 1 test parameters.  Normalized plots of 
the type curves for K values ranging between 100 and 1000 m/day are shown in Figure 4.8.  The plots in 
Figure 4.8 indicate a range of K ≥ 400 m/day (and assuming Ss = 1.0E-05 m-1) that correspond to rapid, 
formational test-response recovery of 90% within ~3 seconds.  This lower bounding limit value range for 
K is the best available estimate for the Zone 1 test/depth interval. 
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4.2.2 Zone 2 (Depth:  23.6 to 24.3 m) 

 After reaching a drill depth of 26.2 m bgs, the packer/well-screen assembly was lowered to the 
bottom of the borehole, and the 0.2985-m O.D. (11 ¾-in. O.D.) drill casing was retracted 2.6 m, exposing 
the temporary screen to the formation at a depth interval of 23.6 to 26.1 m bgs (bottom end-cap at 26.1 to 
26.2 m bgs).  While pumping during groundwater sampling before conducting the slug tests, the bottom 
1.8 m of the well-screen section filled in with sediment slough (i.e., fine-grained sediments), effectively 
reducing the test/depth interval for Zone 2 to 23.6 to 24.3 m bgs.  A depth-to-bottom measurement after 
the second slug test indicated that this test/depth interval remained open during three of the four slug tests 
performed at this zone.  The borehole geology log (Appendix B; Figure B.2) indicates that the test-
interval section generally consists of a silty sand unit, composed of ~90% sand and ~10% silt.  At the 
time of testing, the well-screen test interval was located ~10.1 m below the unconfined aquifer water-
table surface, and test results reflect sediments of the Ringold Formation (Unit 5). 
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Figure 4.8. Over-Damped Slug-Test Type-Curve Plots for Various High K Values With Zone 1 Test 
Parameters, Well 399-3-22 

 A series of three slug tests (two low-stress and one high-stress test) were conducted between 
1259 hours and 1439 hours (PST), November 8, 2007.  A fourth slug test was conducted at 0637 hours, 
November 9, 2007, but was abandoned early in the test because of additional slough filling in the 
temporary test/screen interval.  It is likely that deflating and re-inflating the packer contributed to the 
additional slough.  The slug tests were conducted with two different sized slugging rods, one with a 
volume of 0.0055 m3 and a larger one with a volume of 0.011 m3.  These slug-rod volumes imparted a 
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theoretical applied stress level of 0.68 m for the low-stress tests and 1.36 m for the high-stress tests within 
the 0.1016-m (4-in.) I.D. temporary casing string.  Downhole test-interval response pressures during 
testing were monitored with a 0- to 69-kPa (0- to 10-psig) pressure transducer set at a depth of 
~16.6 m bgs for the first three tests.  The static depth-to-water for the test interval measured before 
testing was 13.55 m bgs. 

 A diagnostic analysis of slug tests conducted for this test/depth interval indicates a heterogeneous 
formation response condition.  This test pattern exhibits a high-permeability, inner-zone response during 
the initial fast-recovery portion of the test that slowly transitions to a lower permeability response for the 
surrounding outer-zone formation.  The presence of an elastic, high-permeability inner-zone reflects an 
artificially induced condition that was likely attributed to the collapse of unconsolidated formation 
sediments around the temporary well screen as the drill casing was retracted.  An examination of the 
drilling log geologic description indicates sand heaving within this test interval during drilling. 

 As discussed in Spane (1993), slug tests exhibiting linear response characteristics for heterogeneous 
formation tests can be analyzed with the homogeneous formation analysis approaches described in 
Section 3.0.  A comparison of the normalized, higher and lower stress, slug-test responses indicated stress 
dependence, with higher stress tests exhibiting a delayed test recovery.  For the homogeneous-formation 
analysis, the type-curve method estimates for K ranged between 0.32 and 0.61 m/day (average of 
0.44 m/day) for the outer-zone formation, and the estimate was 1.56 m/day for the artificially created, 
higher permeability, inner zone.  Selected examples of the diagnostic and test-analysis plots for this 
test/depth interval are shown in Figure 4.9 and Figure 4.10(a, b), respectively. 

4.2.3 Zone 3 (Depth:  39.0 to 41.1 m) 

 After reaching a drill depth of 41.1 m bgs and driving the 0.2985-m O.D. (11 ¾-in. O.D.) drill casing 
to a depth of 39.0 m bgs, the packer/well-screen assembly was lowered to the bottom of the borehole, 
producing a test/depth interval for Zone 3 of 39.0 to 41.0 m bgs (bottom end-cap at 41.0 to 41.1 m bgs).  
The depth/test interval for Zone 3 was drilled ahead of the drill casing because, unlike the test/depth 
intervals for Zones 1 and 2 for this borehole, the formation sediments were consolidated, and the borehole 
remained open during drilling.  The borehole geology log (Appendix B; Figure B.1) indicates that the 
test-interval section generally consists of silty sandy gravel, composed of 60 to 70% gravel, 15 to 30% 
sand, and 10 to 15% silt.  The well-screen test interval was located ~25.1 m below the unconfined aquifer 
water-table surface, and the test/depth interval reflects sediments of the Ringold Formation (Unit 5) that 
were resting on the Ringold Lower Mud unit encountered at a depth of 41.1 m bgs. 

 While pumping during groundwater sampling (before conducting the projected slug tests on 
November 15, 2007), the entire well-screen test/depth interval filled in with fine-grained sediment.  Slug 
tests were not performed at this test/depth interval for Zone 3 because the final, completed well-screen 
section was to be constructed over the bottom 2.9 m of the Ringold Formation (Unit 5).  However, slug-
test results for characterizing hydraulic properties are available for the final, completed well-screen 
section, which has a 0.9-m longer test/depth interval of 38.2 to 41.1 m bgs (see Section 4.2.4 below for 
Zone 4). 
 



 

4.14 

0.01

0.10

1.00

0 200 400 600 800 1000

Time, sec

 P
re

ss
ur

e 
C

ha
ng

e 
fro

m
 S

ta
tic

,  
m

Test: SW #2

Ho  =  0.6249  m                     
Linear Regression                     
Data Analyzed:  3  to  100  sec

Ho  =  0.2892 m                     
Linear Regression                     
Data Analyzed:  250 to 700 sec 

Well 399-3-22 (C5706)
Test Zone 2:    23.6 - 24.3 m

Inner Zone

Outer Zone

 

Figure 4.9. Selected Diagnostic Plot for Zone 2, Well 399-3-22 
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(a) 

Figure 4.10. Selected Type-Curve Analysis Plots, Zone 2, Well 399-3-22, for (a) the Artificially 
Created, High-Permeability Inner-Zone and (b) the Lower Permeability Outer-Zone 
Formation 
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Figure 4.10.  (contd) 

4.2.4 Zone 4 (Final Well-Screen Section, Depth:  38.2 to 41.1 m) 

 A test/depth interval for Zone 4 of 38.2 to 41.1 m bgs represents the final well-screen section 
following well completion.  The borehole geology log (Appendix B; Figure B.2) indicates that the final 
well-screen test-interval section generally consists of a silty sandy gravel unit, composed of 60 to 75% 
gravel, 15 to 30% sand, and 10 to 15% silt.  At the time of testing, the well-screen test interval was 
located ~24.9 m below the unconfined aquifer water-table surface, and test results reflect sediments of the 
Ringold Formation (Unit 5) just above the Ringold Lower Mud unit. 

 A series of three slug-injection tests and three slug-withdrawal tests (four low-stress and two high-
stress tests) were conducted between 1355 hours and 1512 hours (PST), December 3, 2007.  The slug 
tests were conducted with two different-sized slugging rods, one with a volume of 0.0055 m3 and a larger 
one with a volume of 0.011 m3.  These slug-rod volumes imparted a theoretical applied stress level of 
0.30 m for the low-stress tests and 0.61 m for the high-stress tests within the 0.1524-m (6-in.) I.D. well 
casing.  Downhole test-interval response pressures during testing were monitored with a 0- to 69-kPa 
(0- to 10-psig) pressure transducer set at a depth of ~16 m bgs.  The static depth-to-water for the test 
interval measured before testing was 13.29 m bgs. 

 All slug tests exhibited over-damped (exponential-decay response) homogeneous formation behavior, 
which is indicative of low to moderate permeability test zone conditions.  A comparison of the normal-
ized, higher and lower stress, slug-test responses indicated slight stress dependence, with higher stress 
tests exhibiting a slightly delayed test recovery.  Slug tests exhibiting this type of response behavior can 
be analyzed quantitatively with homogeneous formation analysis approaches, as described in Butler 
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(1998).  For the homogeneous formation analysis, the standard type-curve method provided estimates of 
K ranging between 1.04 to 1.51 m/day, averaging 1.34 m/day, and Ss of 1.0E-5 m-1.  A selected example 
of the test-analysis plots for this test/depth interval is shown in Figure 4.11. 

4.3 Well 399-4-14 (C5707) 

 The drilling of 300 Area VOC well 399-4-14 was initiated on October 8, 2007, and continued until 
reaching a final depth of 41.5 m bgs on October 24, 2007.  The Lower Mud unit of the Ringold Formation 
was encountered at a depth of 39.5 m bgs, which represents the bottom boundary of the unconfined 
aquifer at this location.  Three test-depth intervals were tested successfully at the borehole location: 
Zone 1 = 14.5 to 15.6 m bgs; Zone 3 = 31.9 to 32.7 m bgs; and Zone 4 = 36.6 to 39.1 m bgs.  One 
projected test-depth interval, Zone 2 = 24.5 to 25.4 m bgs, was not tested.  Slug tests conducted within the 
final, completed well-screen section, with a test/depth interval of 13.0 to 17.7 m bgs, yielded test results 
similar to the Zone 1 test results (i.e., full recovery within ~3 seconds after test initiation).  Because of 
these similar test results, the data analysis for tests conducted within the completed well-screen section 
was not included in this report.  The slug-test field notes for this test/depth interval, however, are provided 
in Appendix A. 
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Figure 4.11. Selected Type-Curve Analysis Plot for Zone 4, Well 399-3-22 
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4.3.1 Zone 1 (Depth:  14.5 to 15.6 m) 

 After reaching a drill depth of 16.2 m bgs, the bottom 0.4 m of the borehole filled in with sediment 
slough.  The well-screen assembly was lowered to the bottom of the borehole at a depth of 15.8 m bgs, 
and the 0.2985-m O.D. (11 ¾-in. O.D.) drill casing was retracted 1.7 m (i.e., from 16.2 to 14.5 m bgs).  
Following groundwater sampling from this well screen, the well-screen assembly was inadvertently raised 
0.1 m during sample pump removal, producing a test/depth interval for Zone 1 of 14.5 to 15.6 m bgs 
(bottom end-cap at 15.6 to 15.7 m bgs).  The borehole geology log (Appendix B; Figure B.1) indicates no 
sediment sample recovery from a depth of 13.1 to 17.4 m bgs after cleaning out the borehole.  A split-
spoon sample collected from a depth (i.e., 13.1 to 14.0 m bgs) above the test-interval section indicates a 
unit composed of gravels with a sand matrix.  At the time of testing, the well-screen test interval was 
located ~1.5 m below the unconfined aquifer water-table surface, and test results reflect sediments of the 
Hanford formation (Unit 1). 

 A series of four slug-injection tests and four slug-withdrawal tests (four low-stress and four high-
stress tests) were conducted between 0933 hours and 1019 hours (PST), October 10, 2007.  The slug tests 
were conducted with two different sized slugging rods, one with a volume of 0.0055 m3 and a larger one 
with a volume of 0.011 m3.  These slug-rod volumes imparted a theoretical applied stress level of 0.30 m 
for the low-stress tests and 0.61 m for the high-stress tests within the 0.1524-m (6-in.) I.D. temporary 
screen.  Downhole test-interval response pressures during testing were monitored with a 0- to 69-kPa (0- 
to 10-psig) pressure transducer set at a depth of ~16-m bgs for the first slug test and at a depth of 
~14 m bgs for the remaining slug tests.  The static depth-to-water for the test interval measured before 
testing was 13.05 m bgs. 

 All slug tests for Zone 1 exhibited oscillations attributed to a test-configuration-induced condition.  
The oscillatory test pattern is believed primarily attributable to pressure imbalances between the water 
column inside the temporary well-screen and the water column in the annular space between the well-
screen and drill casing.  A selected example of these test-induced oscillations is shown in Figure 4.12.  
The oscillations in Figure 4.12 indicate a pressure change, ~0.02 m, immediately after test initiation that 
is significantly less than the theoretical Ho value of 0.30 m for this low-stress test (than would occur only 
within the well screen).  This is an indication that the oscillations reflect the test configuration 
(i.e., pressure imbalance) and not an under-damped, oscillatory test response.  The actual applied stress, 
Ho, to the formation is uncertain due to the time required (i.e., 1 to 2 seconds) for complete slug-rod 
removal and the associated rapid-test-response recovery.  Due to very high-permeability test conditions 
within the Hanford formation, formational test responses dissipated within the initial seconds (i.e., 90% 
recovery within ~3 seconds) of the test and are not discernable in the oscillatory pattern. 

 To provide a bounding, greater-than-K estimate for the Zone 1 tests, a series of over-damped slug-test 
type curves were generated for various high K values, using Zone 1 test parameters.  Normalized plots of 
the type curves for K values ranging between 100 and 1000 m/day are shown in Figure 4.13.  The plots in 
Figure 4.13 indicate a range of K ≥ 300 m/day (and assuming Ss = 1.0E-05 m-1) that correspond to rapid, 
formational test response recovery of 90% within ~3 seconds.  This value range for the lower bounding 
limit for K is the best available estimate for the Zone 1 test/depth interval. 
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Figure 4.12. Example of Test-Configuration Induced Oscillatory Response for Zone 1, Well 399-4-14 
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Figure 4.13. Over-Damped Slug-Test Type-Curve Plots for Various High K Values With Zone 1 Test 
Parameters, Well 399-4-14 



 

4.19 

4.3.2 Zone 2 (Depth:  24.5 to 25.4 m) 

 After reaching a drill depth of 26.2 m bgs, the packer/well-screen assembly was lowered to a depth 
of 25.5 m bgs, and the 0.2985-m O.D. (11 ¾-in. O.D.) drill casing was retracted 0.8 m (i.e., from 25.3 to 
24.5 m bgs), producing a test/depth interval for Zone 2 of 24.5 to 25.4 m bgs (bottom end-cap at 25.4 to 
25.5 m bgs).  The bottom of the open borehole between 25.5 and 26.2 m bgs collapsed after reaching the 
drill depth.  The borehole geology log (Appendix B; Figure B.1) indicates that the test-interval section 
generally consists of sand, composed of >90% sand and <10% silt.  The well-screen test interval was 
located ~11.5 m below the unconfined aquifer water-table surface, and the test/depth interval reflects 
sediments of the Ringold Formation (Unit 5). 

 While pumping during groundwater sampling (before conducting the projected slug tests on 
October 15, 2007), the entire well-screen section filled in with slough (sand) to a depth of 22.4 m bgs just 
above the top of the screen.  Since “heaving” sand was an observed condition at this test/depth interval 
during drilling and borehole cleanout, slug tests were not performed and no slug-test results are available 
for characterizing hydraulic properties for Zone 2. 

4.3.3 Zone 3 (Depth:  31.9 to 32.7 m) 

 After driving the 0.2985-m O.D. (11 ¾-in. O.D.) drill casing to a depth of 31.9 m bgs and then 
reaching a drill depth of 35.1 m bgs, the bottom 1.1 m of the borehole filled in with sediment slough.  The 
packer/well-screen assembly was lowered to the bottom of the borehole at a depth of 34.0 m bgs, 
exposing the temporary screen to the formation at a depth interval of 31.9 to 33.9 m bgs (bottom end-cap 
at 33.9 to 34.0 m bgs).  While pumping during groundwater sampling before conducting the slug tests, the 
bottom 1.2 m of the well-screen section filled in with sediment slough (i.e., fine-grained sediments), 
effectively reducing the test/depth interval for Zone 3 to 31.9 to 32.7 m bgs.  The borehole geology log 
(Appendix B; Figure B.1) indicates that the test-interval section generally consists of a silty sandy gravel 
unit, composed of 50 to 75% gravel, 30 to 40% sand, and 15 to 20% silt.  At the time of testing, the well-
screen test interval was located ~18.7 m below the unconfined aquifer water-table surface, and test results 
reflect sediments of the Ringold Formation (Unit 5). 

 A series of three slug-injection tests and three slug-withdrawal tests (four low-stress and two high-
stress tests) were conducted between 1322 hours and 1511 hours (PST), October 19, 2007.  The slug tests 
were conducted with two different-sized slugging rods, one with a volume of 0.0055 m3 and a larger one 
with a volume of 0.011 m3.  These slug-rod volumes imparted a theoretical applied stress level of 0.68 m 
for the low-stress tests and 1.36 m for the high-stress tests within the 0.1016-m (4-in.) I.D. temporary 
casing string.  Downhole test-interval response pressures during testing were monitored with a 0- to 
69-kPa (0- to 10-psig) pressure transducer set at a depth of ~16-m bgs.  The static depth-to-water for the 
test interval measured before testing was 13.14 m bgs. 

 All slug tests exhibited over-damped (exponential-decay response) homogeneous formation behavior, 
which is indicative of low-to-moderate permeability test-zone conditions.  A comparison of the normal-
ized, higher and lower stress, slug-test responses indicated nearly identical behavior.  Slug tests exhibiting 
this type of response behavior can be analyzed quantitatively with homogeneous formation analysis 
approaches, as described in Butler (1998).  For the homogeneous formation analysis, the standard type- 
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curve method provided estimates of K ranging between 2.20 to 2.85 m/day, averaging 2.48 m/day, and Ss 
ranging between 7.0E-4 and 1.6E-3 m-1.  A selected example of the test-analysis plots for this test/depth 
interval is shown in Figure 4.14. 
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Figure 4.14. Selected Type-Curve Analysis Plot for Zone 3, Well 399-4-14 

4.3.4 Zone 4 (Depth:  36.6 to 39.1 m) 

 After driving the 0.2985-m O.D. (11 ¾-in. O.D.) drill casing to a depth of 36.6 m bgs and then 
drilling an open hole to a depth of 40.1 m bgs, the bottom 0.5 m of the borehole filled in with sediment 
slough.  The packer/well-screen assembly was lowered to the bottom of the borehole at a depth of 
39.6 m bgs, exposing the temporary well-screen to the formation at a depth interval of 36.6 to 39.5 m bgs 
(bottom end-cap at 39.5 to 39.6 m bgs).  While pumping during groundwater sampling before conducting 
the slug tests, the bottom 0.4 m of the well-screen section filled in with sediment slough (i.e., fine-grained 
sediments), producing a test/depth interval for Zone 4 of 36.6 to 39.1 m bgs.  The borehole geology log 
(Appendix B; Figure B.1) indicates that the test-interval section generally consists of a silty sandy gravel 
unit similar to the unit for the Zone 3 test interval (i.e., composed of 50 to 70% gravel, 30 to 40% sand, 
and 15 to 20% silt).  At the time of testing, the well-screen test interval was located ~23.6 m below the 
unconfined aquifer water-table surface, and test results reflect sediments of the Ringold Formation 
(Unit 5) just above the Ringold Lower Mud unit. 

 A series of three slug-injection tests and three slug-withdrawal tests (four low-stress and two high-
stress tests) were conducted between 1250 hours and 1431 hours (PST), October 23, 2007.  The slug tests 
were conducted with two different-sized slugging rods, one with a volume of 0.0055 m3 and a larger one 
with a volume of 0.011 m3.  These slug-rod volumes imparted a theoretical applied stress level of 0.68 m 
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for the low-stress tests and 1.36 m for the high-stress tests within the 0.1016-m (4-in.) I.D. temporary 
casing string.  Downhole test-interval response pressures during testing were monitored with a 0- to 
69-kPa (0- to 10-psig) pressure transducer set at a depth of ~16 m bgs.  The static depth-to-water for the 
test interval measured before testing was 13.01 m bgs. 

 Five of the six slug tests exhibited elastic, over-damped (exponential-decay response) homogeneous 
formation behavior, which is indicative of low-to-moderate permeability test-zone conditions.  Data for a 
sixth slug test (slug injection test #3) could not be analyzed because of a perturbation in the test response 
at an elapsed time of ~100 seconds.  A comparison of the normalized, higher and lower stress, slug-test 
responses for the five analyzable tests indicated nearly identical behavior.  Slug tests exhibiting this type 
of response behavior can be analyzed quantitatively with homogeneous formation analysis approaches, as 
described in Butler (1998).  For the homogeneous formation analysis, the standard type-curve method 
provided estimates of K ranging between 0.93 to 1.12 m/day, averaging 1.04 m/day, and Ss ranging 
between 1.0E-4 and 2.0E-4 m-1.  A selected example of the test analysis plots for this test/depth interval is 
shown in Figure 4.15. 
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Figure 4.15. Selected Type-Curve Analysis Plot for Zone 4, Well 399-4-14 
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5.0 Hydraulic Conductivity Depth Profile 

 Figure 5.1 through Figure 5.3 show depth profiles of the vertical distribution of hydraulic conduc-
tivity values determined from slug tests conducted at the 300 Area VOC wells 399-2-5, 399-3-22, and 
399-4-14, respectively.  The distributions are based on test/depth slug-test characterization results 
summarized in Table 4.1 and Table 4.2.  The unconfined aquifer (not shown) in Figure 5.1 to Figure 5.3 
lies between the water table and the top of the Ringold Lower Mud unit.  As indicated, the limited vertical 
profile information suggests a decrease in hydraulic conductivity with depth at two of the three well site 
locations, 399-2-5 and 399-4-14.  For well 399-3-22, the vertical profile indicates the highest hydraulic 
conductivity within the Hanford unit and lowest hydraulic conductivity within the upper section of the 
Ringold Formation (i.e., fine-grained unit).  The hydraulic conductivity depth profiles indicate that 
K values estimated for the Hanford unit are at least two orders of magnitude greater than K values 
estimated for the Ringold Formation.  The vertical hydraulic conductivity profiles for these three wells are 
consistent with the hydraulic conductivity profile for 300 Area VOC well 399-3-21 provided in Spane 
(2007). 
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Figure 5.1. Hydraulic Conductivity Depth Profile for Well 399-2-5 
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Figure 5.2. Hydraulic Conductivity Depth Profile for Well 399-3-22 
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Figure 5.3. Hydraulic Conductivity Depth Profile for Well 399-4-14 (Note: Other Ringold Formation 
Fine-Grained Units Not Shown) 

 



 

6.1 

6.0 Conclusions 

 Slug-test analysis results were obtained for 8 of 10 planned test/depth intervals during the drilling and 
borehole advancement of three 300 Area VOC wells: 399-2-5, 399-3-22, and 399-4-14.  Of the eight 
successful series of tests conducted, sediment filled in the bottom portion of the well-screen sections 
during pumping for groundwater samples before three of these series of tests, resulting in a smaller 
test/depth interval.  Two of the test/depth intervals planned for slug-test characterization could not be 
tested because of sediment filling the entire temporary well-screen section.  Following completion of each 
of these wells, slug-test results were obtained for one test/depth interval within the final well-screen 
section. 

 Results from the 300 Area well slug tests provide general vertical distribution of hydraulic character-
ization information, for the upper, middle, and lower sections of the unconfined aquifer.  The upper 
section of the unconfined aquifer lies within the Hanford formation (Unit 1), and the middle and lower 
sections occur within the Ringold Formation (Unit 5). 

 For test-depth intervals within the Hanford formation (Unit 1), slug-test responses dissipated within 
the initial seconds of the tests, indicating very-high-permeability conditions.  These high-permeability 
conditions were confirmed by analyzing for a rapid, exponential-decay (over-damped) test response 
recovery of 90% within ~3 seconds.  Analyses indicate a range of K ≥ 300 m/day for two of the well sites 
(399-2-5 and 399-4-14) and a range of K ≥ 400 m/day for the third well site (399-3-22).  These hydraulic 
conductivity ranges were derived for test-interval sections that ranged from 0.5 to 1.1 m in length.  These 
lower bounding hydraulic conductivity values are comparable to the general range of lower bounding 
values of >100 to >2,000 m/day and to the estimate of 568 m/day for other Hanford formation test/depth 
intervals recently tested in 300-Area characterization boreholes. 
 
 All test/depth intervals within the Ringold Formation exhibit exponential-decay (over-damped) slug-
test response behavior.  This type of slug-test response pattern is indicative of test intervals with low to 
medium permeability.  Analysis of slug-test data for these test intervals indicate an average, test-interval 
hydraulic conductivity ranging from ≤ 0.01 to 2.48 m/day for the Ringold Formation (Unit 5).  The 
hydraulic-conductivity estimates were derived for test-interval sections that ranged from 0.6 to 2.9 m in 
length.  These average hydraulic conductivity values are comparable to the lower range of 0.04 to 
41.2 m/day for 16 other Ringold Formation test/depth intervals recently obtained for test characterization 
boreholes in the 300 Area. 

 The limited hydraulic conductivity depth profile information for the three 300 Area VOC wells 
suggests a general decrease in hydraulic conductivity with depth.  An exception is a slightly lower 
hydraulic conductivity in the upper section than in the lower section of the Ringold Formation at one of 
the well-site locations. 
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Appendix A 
 

Slug Test Field Notes for Wells 399-2-5, 
399-3-22, and 399-4-14 

 



 

A.1 

Well 399-2-5, Zone 1 
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A.4 

Well 399-2-5, Zone 2 

 



 

A.5 

 



 

A.6 

 



 

A.7 

Well 399-2-5, Zone 3 

 



 

A.8 

 



 

A.9 

Well 399-2-5, Final, Completed Well-Screen Section 

 



 

A.10 

 



 

A.11 

Well 399-3-22, Zone 1 

 



 

A.12 

 



 

A.13 

Well 399-3-22, Zone 2 

 



 

A.14 

 



 

A.15 

Well 399-3-22, Zone 3 
 

(no field notes—slug testing abandoned) 



 

A.16 

Well 399-3-22, Zone 4 (Final, Completed Well-Screen Section) 

 



 

A.17 

 



 

A.18 

Well 399-4-14, Zone 1 

 



 

A.19 

 



 

A.20 

Well 399-4-14, Zone 2 

 



 

A.21 

Well 399-4-14, Zone 3 

 



 

A.22 

 



 

A.23 

Well 399-4-14, Zone 4 

 



 

A.24 

 



 

A.25 

 
 



 

A.26 

Well 399-4-14, Final, Completed Well-Screen Section 
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Appendix B 
 

Borehole Logs for Wells 399-2-5, 399-3-22, and 399-4-14 
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